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Abstract: Wildfires affect and change the burned sites” condition, functionality, and ecosystem
services. Altered hydrologic processes, such as runoff, increased streamflows, and sediment transport,
are only a few examples resulting from burned soils, vegetation, and land cover. Such areas are flood-
prone and face risks of extreme peak flows, reduced infiltration, water pollution affecting habitats,
and hydromorphological changes. In this study, we present the different post-fire erosion and flood
protection treatments that have been developed to avoid and mitigate the consequences and risks
mentioned above. We categorize them into Land, Channel, Barrier, and Road treatments and analyze
their types, such as cover-based methods, barriers, mulching, in-channel treatments, such as check
dams, seeding, or even chemical treatments. Examples of how such treatments were used in real
cases are provided, commenting on their results in flood and erosion protection. We found that cover
changes were more effective than barriers, as they provided an immediate ground-cover increase
in both Mediterranean and US sites. We explore the factors that play a role in their effectiveness,
including storm duration and intensity, topography and slopes, land cover and uses, treatment
implementation-installation, as well as fire-related factors such as burn severity. These factors have
different effects on different treatments, so we further discuss the suitability of each one depending
on the site’s and treatment’s characteristics. The outcomes of this work are expected to improve the
understanding of the practical aspects of these treatments, providing for the first time a synthesis of
the available knowledge on the multiple complex factors that can determine their efficiency.

Keywords: wildfires; post-fire; flood protection; soil erosion; sediment; reforestation; land treatments;
in-channel treatments

1. Introduction

Watersheds receiving precipitation close to their usual-average levels and having
generally good hydrologic conditions yield relatively small amounts of sediment, while
their stream baseflow remains sustained for extended periods or even the entire year. For
example, in watersheds with satisfactory hydrologic conditions (e.g., dominated by litter
and vegetation exceeding 75% of their ground cover), only about 2% of rainfall becomes
surface runoff, and erosion rates are low [1]. Even if such watersheds receive enough
rainfall, sustainable annual streamflow conditions and little sediment production can be
achieved with good hydrologic conditions [2].

However, this behavior can significantly change after wildfires. Wildfires affect all
watershed characteristics, including soils, vegetation, and land cover, which are critical to
fundamental hydrologic processes such as runoff, streamflows, and sediment transport [2,3].
In particular, depending on the burn severity and the wildfire’s duration, post-fire areas
have reduced organic litter and vegetation covering the ground surface (even less than 10%
of the ground), so there is very limited water retention. Subsequently, increased runoff
leads to sediment transport, soil erosion, and water quality deterioration, even after mild
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precipitation events [4]. Robichaud et al. [5] find that surface runoff can increase by over
70% in such cases, while erosion can increase by three orders of magnitude. In general,
after a wildfire, precipitation events have noticeable effects, such as the formation of water-
repellent soils that cause immediate runoff, floods, roughness reduction, high peak flows,
hydrological connectivity alteration, disruption of the infiltration processes, topographical
alterations, delivery of sediment, post-fire debris flows and ash to streams [5-8]. The
above negatively affects habitats, bridges, roads, buildings, and other infrastructures [9-11].
Water quality and channel stability are also severely affected, along with soil erosion, due
to the movement of soil particles. Studies in Australia also show the effects of such
post-fire cascade effects and the impacts on erosion, flood risks, sediment transport, and
water quality [12,13]. The hillside slopes can also be affected, leading to the immediate
occurrence of dry ravels after a wildfire event [14]. The occurrence of dry ravels can further
enhance surface material transport through channels [15,16]. Many studies provided
evidence that the most severe sediment losses occurred within the first year after the
wildfire [17-19]. However, the magnitude of the damages can vary depending on multiple
factors, such as climate, fire frequency, soil type, geology, topography (especially slopes),
and vegetation [20,21]. Regarding water quality, Rust et al. [22] studied several sites in the
western USA and found that nutrient flux (different forms of nitrogen and phosphorus),
major-ion flux, and metal concentrations are the most common pollutants in streams within
the first five years after a wildfire.

As years pass, watershed ecosystems can recover, the burned sites are stabilized, and
all the above phenomena usually decline, along with the recovery of the vegetation and
the land cover. There are also cases where wildfires can play an important positive role
for ecosystems concerning vegetation renewal and the establishment of diverse habitats,
among other functions. Thus, human fire suppression can result in unintended ecosystem
changes [23-26]. In this study, we focus on the short-term flood and soil erosion risks
caused by wildfires, and our goal is to describe the treatments for the recovery of burned
sites and the protection from such risks. The importance of good hydrologic and land
cover conditions in watersheds will be more valuable in the future as the changing climate
increases the length of the fire weather seasons [27]. Considering all the consequences
mentioned in the previous paragraph, one can understand how many co-benefits lie in the
timely restoration of post-fire sites. As Girona-Garcia et al. [7] noted, mitigating the prone
areas to erosion and floods after wildfires is crucial to decreasing potential downstream
risks and preserving the ecosystems’ sustainability.

In order to speed up a burned watershed’s land cover restoration and thus boost
its hydrological and erosion response, several practices have been developed, known as
post-fire erosion and flood protection techniques (or post-fire protection treatments—PPT).
These can be cover-based and include barriers; mulch or hydromulch; erosion control mats;
slit fences; seeding; or even in-channel treatments, such as check dams, grade stabilizers,
in-channel tree felling, debris basins, channel deflectors, and stream channel armoring,
while road and trail or even chemical treatments can be used.

While the literature review highlights the importance of immediate action by ap-
plying various PPTs, considerably less information is available about the operation and
effectiveness of those PPTs. The lack of consistency in evaluating and assessing the PPTs’
effectiveness is due to the highly variable influence of site-specific factors (climate, terrain
slopes, land uses, burn severity, costs, etc.). The large dependence of a watershed’s response
to PPTs on multiple factors that interact makes any evaluation of PPTs challenging and
the generalization of most findings almost impossible. Thus, the literature is restricted to
specific case studies on a regional or local scale, evaluating PPTs under certain conditions.
At the same time, the need and importance to timely restore the post-burned sites to avoid
short-term flood and erosion damages are being increasingly recognized [28], calling for
further research assessing the role of PPTs.

In this paper, we provide an overview of the different PPTs, describing each one of
these treatments, analyzing their type and works required, the suggested suitable sites,
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and the specific factors affecting their effectiveness. To our knowledge, this is the first
attempt to categorize, summarize, and analyze the effectiveness of PPTs in relation to
most factors reported by the existing literature. Furthermore, we present several case
study applications to improve the practical aspects of applying PPTs and the watersheds’
behavior and indicate site-specific differences.

We believe this paper can be an insightful resource, allowing practitioners and re-
searchers to assess and compare the different techniques. The contribution of this overview
of the existing knowledge is expected to be also timely, given the increased risk that wild-
fires are posing worldwide, and considering the country-specific limited existing literature
on the topic. Ultimately, the findings can set the basis for developing overarching research
guidelines for properly applying PPTs, and guidance based on the factors that generally
affect their performance.

2. Categorization of Post-Fire Protection Treatments—PPT

There are many different kinds of PPTs. They all aim to speed up the recovery of
burned watersheds, improving their response to hydrological processes and erosion. The
way each PPT tries to achieve this differs. The most common PTTs’ categorization is based
on which watershed element they aim to improve. According to Napper [29], PPTs can be
categorized per treatment type, such as land treatments, channel treatments, and road and
trail treatments. These are described as follows:

Land treatments: Stabilizing burned areas can be accomplished using several land
treatments by providing soil cover (reducing erosion), trapping sediment (reducing sedi-
mentation), and/or reducing water repellency (improving infiltration). These treatments
aim to speed up recovery while maintaining ecosystem functionality and integrity by
limiting the expansion of unwanted species. Land treatments can be cover-based (working
on the land cover improvements, including seeding) or barrier-based (installed barriers to
trap sediments, reduce excess flow, or slow runoff).

Channel treatments: Channel treatments focus on mitigating the negative post-fire
effects on water quality, loss of water control, lower water velocity, trapping sediment, and
preserving channel characteristics. As a result, they are highly beneficial for downstream
areas, minimizing the hazardous impact of potential high flows and flooding, erosion,
deposition, and sediment transport.

Road and Trail Treatments: Combined with the previous two types (land and channel
treatments), road and trail treatments can reduce the post-fire effect on the transportation
infrastructure. They also protect life, safety, and property, supporting critical natural or
cultural resources.

In the Annex, we have formed a Table to provide a detailed overview of the most
typical works under each type of treatment, along with a description based on Napper [29],
commenting on their suitability /effectiveness. In Table A1, the name of each PPT is shown
along with the type of treatment according to the above three types. The type of work is
related to their application, which can be cover-based, barriers to the flow and/or sediment
transport, seeding, chemical treatment, or other.

In this section, Table 1 highlights the main factors that one must consider when
assessing the effectiveness and suitability per type of treatment.
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Table 1. Different treatment types with the most common works, and comments on site suitability and effectiveness.

Type of Treatment Typical Works Suitability and Effectiveness
N Aerial Hydromulch Suitability: Areas with high-moderate burn severity; steep slopes; soils with high erodibility factor; low winds.
L e  Ground Hydromulch . . . A . o S .
and— . Straw Mulch Effectiveness depends on: Proper installation, application rates, slope length and steepness, and wind conditions. Combinations of mulching and
Cover-based . seeding are more effective in germination but not necessarily in surface cover. Wood-based mulches are equally or more effective than straw
e  Slash Spreading 3 . . . . . . . . .
. mulch in reducing post-fire erosion. Erosion Control Mats are costly solutions, with limited information about their effectiveness [29].
° Erosion Control Mats, etc.
Suitability: Areas with high-moderate burn severity and highly erodible and water-repellent soils; slopes between 20-60%; accessible for
Land— Log Erosion Barriers maintenance and inspection.
Barriers Fiber Rolls or Wattles Effectiveness depends on: Proper installation, slope, tree size and length. Barriers are more effective in low-intensity storms [30]. Their
Silt Fences, etc. maintenance requires significant effort and attention. Barrier construction remains a typical hillslope treatment with better effectiveness when
combined with other treatments [7].
o Soil Scarification Suitability: Areas with high-moderate burn severity and highly erodible slopes; vulnerable to invasive and noxious plants spreading.
Land— . Effectiveness: While there is limited available information, seeding is inefficient in reducing sediment yield compared to no treatment [31,32].
Seeding ¢ Ploughing Seeding (e.g., <60% surface cover) is not very effective in the first year after a fire and is neutral in the following seasons. Combining seeding with
. Seeding, etc. g8 . Lot very . ¥ & ’ & &
mulch treatments increases the germination potential.
Land—Chemical e Polyacrylamides (PAM) Suitability: T}'lere is not adequate information to generalize their site suitability. Areas with very mild rainfall events are preferred, as they quickly
treatments o other polymers boost vegetation development.
Effectiveness: Very few cases report their effectiveness, with no effects found on runoff and little erosion reduction achieved [33,34].
. Check dams Suitability: Areas with high burn severity; smooth slopes where sediment storage can be achieved; with <20% ground cover; small catchments and
. In-Channel Tree Felling drainage areas; where construction, maintenance, and inspection are accessible; high risk value (road crossing, sensitive aquatic species) and need
) . Grade Stabilizers to protect the downstream areas.
Channel—Barriers e  Stream Channel Armoring Effectiveness: Channel barriers are more effective in smooth slopes when used in series and for mild storms and flows [7]. They can reduce most
e  Channel Deflectors of the runoff and also significant amounts of erosion, but they have short-term effectiveness and require maintenance following runoff events [35].
. Debris Basins, etc. Debris basins are expensive treatments [29].
e Outsloping et . . . . . . . .
o Rolling Dips Suitability: Areas prone to flow concentration (e.g., mild slopes, bad drainage with undersized culverts) that need immediate protection from
) e Overflow Structures floods (important access, infrastructure, vulnerability, etc.).
Road and Trail e Effectiveness: Limited data suggest that if properly designed and installed correctly, they provide significant benefits in terms of discharge,
. Culvert Modification . . -
. e s reduced sediment delivery to stream channels, and less road maintenance [29].
. Trail Stabilization, etc.
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It is worth noting that the costs of post-fire erosion and flood protection techniques
can vary widely depending on factors such as the size and severity of the burn area, the
steepness and slope of the terrain, the proximity to water bodies and infrastructure, the type
of vegetation present, and the specific technique employed [31]. These factors affect not only
the costs but also the effectiveness of most treatments. There is very limited information
on the cost-effectiveness of PPTs. A recent assessment based on 63 sites in Spain, Portugal,
USA, and Canada [36], finds that land treatments are the most cost-effective (e.g., straw
mulch, wood-residue mulch, and hydromulch). The cost-effectiveness of barrier PPTs was
found to be low because their effectiveness is low related to the reduced erosion rates, and
they might have high implementation costs in some cases [36]. Concerning the barriers,
it is noteworthy to mention that log erosion barriers had slightly better cost-effectiveness
values than other barrier types [36]. Keeping in mind that the cost ranges can be highly
variable, seeding PPTs generally have low costs (but require considerable time and labor
to implement), while chemical treatment erosion control mats are considered costly PPTs.
In certain cases, invasive plant management may also be necessary to prevent further
ecosystem damage but can be expensive.

According to Girona-Garcia et al. [7], while all treatment types significantly reduce
post-fire soil erosion, the cover and barrier treatments also significantly reduce the runoff.
In particular, straw and wood mulches were much more effective in mitigating erosion than
hydromulch. This finding is in line with Robichaud et al. [37]. Mulch is generally more
effective in short-duration and high-intensity rainfall events than erosion barrier treatments
that provide little ground cover.

However, the effectiveness of the different mulch types depends on several factors,
e.g., application rates, while other measures (e.g., seeding) still have uncertain potential.
Seeding can provide hardly any protection during the initial post-fire damaging runoff
events since it must grow first.

Barrier treatments were effective when applied in the appropriate slopes for immediate
protection from excess runoff and sediment transport.

Channel and road treatments are effective when properly applied to serve certain
purposes, namely, to avoid expected failures in certain channels, culverts, and road passages
at risk.

Based on limited information, chemical treatments were found inefficient for runoff
and erosion reduction. According to Robichaud et al. [38], their effectiveness majorly
depends on the occurrence of light rainfall events in order to allow vegetation to grow
shortly after fire.

3. Application Examples

Before delving into the drivers of the suitability and effectiveness of the different PPTs
of Table 1, it is worth reviewing the existing literature that provides real-life application
examples that tested the effectiveness of various PPTs under certain conditions. These real-
life application examples are particularly useful for identifying the parameters affecting
the effectiveness of PPTs, which will be discussed next. The examples presented below
illustrate that different PPTs have been applied in different sites worldwide, provide a
picture of their practical application, and that their results have been approached from
different angles (e.g., different study periods, effects on runoff or erosion were studied, etc.).
Even in cases where the same treatment was applied in different sites, its effectiveness can
vary (as we can see from the application examples using mulching treatments below). So,
the following examples show the case- and conditions- specific nature of the effectiveness
of the PPTs.

Example 1: Increasing ground cover to reduce soil erosion

Fernadndez et al. [19] investigated the effectiveness of three post-fire treatments (cut-
shrub barrier, straw mulch, and wood-chip mulch) on soil erosion reduction after a wildfire
occurred in Galicia, North-West Spain. Before the burn, the entire area was dominated by
shrubland. The type of these works refers to cover changes and barriers to improve the
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soil and hydrological conditions. The authors found that straw mulch application during
the first year reduced sediment production by 66% in comparison with the control plots
(previous conditions), while stabilization treatments such as erosion barriers (branches
cut from shrubs) and wood-chip mulch were ineffective concerning soil erosion compared
to the untreated control. Straw mulch treatment’s effectiveness for reducing post-fire soil
erosion lies in achieving an immediate ground cover increase (by 80%).

Example 2: Mulching cover treatments

Robichaud et al. [39] investigated the post-fire mulching treatments effect (wood
strand mulch, wheat straw mulch, and hydromulch) on runoff and erosion, in four different
burned sites in the western USA. The most effective treatment for sediment yield reduction
was the wood strand mulch, followed by wheat straw mulch and hydromulch, which did
not reduce sediment yields on either site tested. The authors underline, however, that the
results may vary a lot as the longevity of the different treatments differs, affecting thus
their performance in reducing sediments’ yield over a period of 4-7 years or less.

Example 3: Soil stabilization treatments to reduce runoff and soil erosion

After a wildfire in Lietor in South-East Spain, Lucas-Borja et al. [40] examined the
impact of different combinations of salvage logging and (straw) mulching on post-fire soil
erosion and runoff. The authors found that mulching in recent fire-affected mountainous
terrains is an efficient treatment immediately after the wildfire, even though runoff was not
affected by mulching either in not logged or logged plots.

Example 4: Seeding and mulching treatments

Following a wildfire in North-West Spain, Fernandez et al. [41] compared the effec-
tiveness of different combinations of needle cast and mulching to reduce soil erosion. In
particular, they applied combusted canopy and helimulching (Figure 1), combusted canopy,
and scorched canopy treatments. Their sediment yield results showed that combusted
canopy treatment areas had significantly higher soil erosion, following the combusted
canopy and helimulching and scorched canopy treatments where the soil erosion rates
were similar. The findings are in line with the author’s previous work (Example 1), where
they note the importance of immediately covering the burned ground. In this case, he-
limulching covered approximately 90% of the soil, whereas the fallen needles from the
scorched trees totally covered the burned soil.

Figure 1. Helimulching operations in this study area. Retrieved from Fernandez et al. [41].

Example 5: Assessing ground cover and contour-felling treatments
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In this example, the case study is the post-fire area North-West of Loveland, Colorado,
in Central USA. Wagenbrenner et al. [42] investigated the effectiveness of three post-
fire rehabilitation treatments by comparing the sediment yields of untreated plots, straw
mulching, seeding, and contour felling over the period 2000-2003. The authors report
that important variations of sediment yields were observed depending on the treatment
used and were correlated mostly with the ground cover amount. Natural regrowth is
a considerable positive factor, while seeding, in this case, did not affect either sediment
yields or the amount of ground cover. With mulching, sediment yields are significantly
reduced (around 95% or more). Moreover, the authors report that trenches behind the
contour-felled logs had higher infiltration rates than the disturbed areas till they were filled
with sediments. Figure 2 below shows an example of a contour-felled log in this site.

Figure 2. A contour-felled log. The trench upslope of the log is created by excavating the soil and
piling it against the log to prevent underflow. Retrieved from Wagenbrenner et al. [42].

Finally, the contour-felling treatments largely depend on the installation quality, re-
sulting in variable sediment storage capacities (e.g., they cannot reduce sediment yields
from more intense and longer storms but could retain much of the generated sediment in
an average year). Thus, it might not be the best treatment for areas with frequent storms of
high intensity.

Example 6: Contour-felled log erosion barriers in different sites

Robichaud et al. [30] evaluated the effectiveness of contour-felled log erosion barriers
in reducing post-fire runoff and erosion in six small burned watersheds in the Western
USA. The authors noted the relationship between sediment yields and runoff and rainfall
characteristics. As expected, they proved that higher intensity and longer duration rainfalls
generally result in higher runoff and sediment yield. They underline the importance of
properly installing the contour-felled log erosion barriers to improve their effectiveness.

Example 7: Mixed check dams and bio-engineering interventions

A large wildfire took place in 2007 in the Canary Islands, Spain. Lovreglio et al. [43]
investigated the effect of different treatments on reducing soil erosion and the reestablish-
ment of vegetation. These treatments included traditional channel works, bio-engineering
interventions, and a series of mixed check dams (stones with a core filled with forest
residues and wooden elements) constructed in gullies created by surface runoff (Figure 3).

The results showed that selected bio-engineering techniques reduced soil erosion rates,
facilitated the germination of seedlings, and allowed forest ecosystem restoration. Finally,
the advantages attributed by the authors to the specific mixed check-dam are (a) noticeable
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sediment storage capacity composed of large material such as rocks or vegetal debris, (b)
remarkable vegetation recovery and colonization, (c) high design adaptability, and the
components used to the environment conditions.

Figure 3. During the application of channel works, re-sprouting of local small trees (pinus canariensis),
and series of mixed check dams. Retrieved from Lovreglio et al. [43].

Example 8: Different dam treatments from various case studies

In this example, we provide a brief overview of post-fire case studies using different
dam treatments to reduce runoff and soil erosion. Robichaud et al. [44] used straw bale
check-dams after the 2010 Twitchell Canyon Fire in the Tushar Mountains of South-Central
Utah, USA. They found that these dams trapped less than 50% of the total sedimentation,
with the efficiency decreasing over time. Applying this treatment may be justifiable in
areas where rainfall intensity is expected to be lower and soil is less erodible. Another
example considering dam treatment to ‘block” runoff and sediment yield is reported by
Badia et al. [45], who applied a hillslope log debris dam in a post-fire site in the Castejon
Mountains of Ebro Basin, Spain (Figure 4).

o

Figure 4. An example—detail of a hillslope log debris dam (bottom). Retrieved from Badia et al. [45].
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The third year after the wildfire, which was the first year after the dam’s construction,
a significant decrease in runoff and sediment yields was reported due to the combined
effect of immediate mulching using branches and the overlapping logs damming effect.
Considering the performance of the log dams for all study sites according to soil erosion
and runoff, it was approximately 90% and 52%, respectively. The finding regarding the
check dams’ effectiveness in reducing soil erosion and runoff, with decreasing performance
over time, is a common element in the above studies and also in agreement with the
one of Quifionero-Rubio et al. [46], who used check dams at Upper Taibilla and Rogativa
catchments in South Spain. They also find that check dams have a more significant impact
on controlling sediment yield for a short time period. Other studies (in Spain and China)
support that despite check dams having a short-lived effect, they can be efficient and
valuable sediment control measures [35,47].

Example 9: Seeding treatments

The study mentioned above by Quifionero-Rubio et al. [46], also highlights that refor-
estation has sustained and important long-term effects, sometimes with smaller economic
cost than, e.g., check-dams for large areas. Achieving fast reforestation is crucial to avoid
flood damage or other ecosystem degradation effects. Seeding has been used alone or in
combination with other cover-based techniques, such as mulching, for soil erosion reduc-
tion, vegetation cover increase, and minimizing the establishment and spread of non-native
plant species [32]. For example, Groen and Woods [48] used aerial straw mulch and seeding
to reduce post-wildfire erosion in North-West Montana (Fox Creek), USA. Straw mulch
was found to be more efficient than the seeds, mainly because of the seeding’s limited and
slow increase in ground cover. The same finding is supported by the study of Diaz-Ravifia
et al. [49], comparing the short-term efficiency of seeding and mulching treatments in a
post-fire area in North-West Spain (Laza). Concerning the broader ecosystem effects of
seeding treatments, and their long-term efficiency, there is little evidence: In a review
of 94 relevant studies in the Western USA, Peppin et al. [32] conclude that post-wildfire
seeding is an ineffective post-fire soil protection measure in the short term, concerning the
invasion of non-native species the effect of seeding is ambiguous, and it is possible to affect
the native vegetation recovery negatively. Finally, based on the analysis of Girona-Garcia
et al. [7], despite seeding being frequently used as post-fire treatment, it is categorized as
an ineffective measure, especially in the first year, because seeding does not have an instant
protective effect. However, as presented in the work of Peppin et al. [32] more long-term
studies should be conducted to properly evaluate the effectiveness of seeding, especially
after the first years after the wildfires.

Example 10: Chemical treatments

Chemical treatments can also be applied to modify burned soil attributes and improve
their infiltration rate, runoff, and soil erosion. The most commonly used practice is an
anionic polyacrylamide (PAM) add-on, which is a dry, granular material. Prats et al. [34]
used PAM in north-central Portugal and compared its performance versus forest residue
mulching. They found that chopped eucalyptus bark mulch reduced runoff and soil erosion,
whereas PAM did not. Inbar et al. [33] report that while considering the first rainstorm
event in the short term, PAM can decrease soil loss and infiltration rate and increase runoff.
However, in subsequent rainstorm events where the PAM is dissolved, the reduction in
soil loss persists, but its effect on infiltration and runoff does not. The authors confirmed
these findings in the post-burned Birya forest area of Israel.

Lessons learned

From the above examples, one can easily understand that the role of any PPT is to
speed up the natural recovery of a burned watershed or at least minimize potential risks
that arise from its deteriorated hydrological responses. In hydrological terms, we could
say that PPTs try to bring the watershed’s Curve Number as close as possible to its pre-fire
status, increase the runoff lag-time, and increase the potential of sediment retention. The
above examples also show that all PPTs played a positive role in the sites’ recovery, bringing
their functionality closer to the pre-fire conditions. This is the main common message from
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the cases described above. It is crucial to show the importance of such actions, even with
simple PPTs, compared to a ‘“do-nothing’ situation after a wildfire.

Moreover, it is evident that most of the existing studies on the topic have explored
cases in the Mediterranean and the USA. Other studies also admit that no PPT works are
described in the literature from other regions, such as Australia, South Africa, or South
America [7]. However, the cases reviewed from the Mediterranean and the USA can pro-
vide an idea of some common and different factors that determine the effectiveness of PPTs.
In the Mediterranean (Examples 1, 3, 4, 7), cover changes (such as mulching and seeding
treatments) have been found to be more effective than barriers, as they provide immediate
ground cover increase. This finding regarding the effectiveness of cover treatments com-
pared to seeding and barrier treatments is also confirmed in the USA sites (Examples 2,
5, 6). However, these results may vary greatly due to factors such as installation quality,
storm characteristics, and slopes. Dam treatments can be effective for lower-intensity
rainfalls, both in the Mediterranean and the US, but require maintenance to ensure a stable
performance over time. For cases where a fast recovery of high performance is needed, a
combination of measures is the recommended strategy (e.g., mulching, barriers, seeding),
along with the necessary installation and maintenance works.

4. Site Suitability and Effectiveness of Different Treatment Types

Although each treatment of the categories presented has case-specific factors and
potentially different site suitability, we can draw a general conclusion regarding their
effectiveness:

e Land treatments can generally reduce runoff and/or sediment yields during the
first rainfall events. Still, their effectiveness depends on several factors, such as
the application rates [7], the proper installation (e.g., log barrier installation is vital
for the effectiveness of the treatment [50]), post-fire climatological conditions (e.g.,
rainfall amount and intensity [37]), slope length and steepness-terrain gradient [37],
make/brand of tackifier [37], and the time (e.g., seeding does not provide instant
protective effect, especially in the first year) [7].

e  Channel treatments seem more efficient in gentle gradients and areas of low or mod-
erate flows, as the risk of failure is lower. Moreover, channel treatment effectiveness
is highly correlated with the adjacent areas’ land treatments since these areas supply
the channels with water and sediments [29]. However, specifically for check dams
with finite storage capacity, their effectiveness is restricted due to their limited life
expectancy (short-term sediment control solution) [51]. Moreover, channel treatment
effectiveness is usually a function of the proper installation (e.g., log dams’ installation
is essential for the effectiveness of the treatment [50]), the appropriate positioning of
the treatment (e.g., some channel treatments should be constructed in series), their
maintenance (e.g., debris basin maintenance) [29], and the post-fire climatological
conditions (e.g., rainfall amount and intensity affect the erosion, sediment transport,
and deposition processes).

e Road and trail treatments may benefit road facilities and deliver less sediment into
channels. However, similar to the channel treatment, the effectiveness of these treat-
ments can be affected due to their poor installation and/or due to insufficient mainte-
nance. On the other hand, limited data are documenting their effectiveness [52].

Overall, the effectiveness of all treatment types is subject to large uncertainties due to
the difficulty in monitoring their actual effect and the multiple factors that can affect it. Even
listing and documenting these factors is not easy, as it would be an attempt to generalize
several site-specific cases. According to Robichaud et al. [37], these factors can be divided
into not-fire-dependent and fire-dependent, as their combination determines the actual
watershed response and, subsequently, the effectiveness of the post-fire treatments [53].
These factors are presented and further discussed in Table 2.
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Table 2. An overview of some important factors affecting the effectiveness of post-fire treatments
where all factors, except the “treatment implementation-installation”, are based on the analysis of
Robichaud et al. [37] and references therein.

Factors

Description

1. Factors Unrelated to Fire:

Rainfall characteristics,
especially rainfall intensity

Intense, short-duration storms with high rainfall intensity and low rainfall volumes cause high stream peak
flows and substantial erosion episodes after wildfires.
An increase in runoff, erosion rates, and stream flows means potentially lower effectiveness of any treatment.

Topography

o

Erosion rates are generally higher in bigger slopes and hillslope lengths (flow path).
Drainage patterns and topographies that enhance erosion and peak flow concentration are more challenging
for post-fire treatments.

Land use and management

In addition to natural elements such as rainfall and topography, the extent of a watershed’s reaction to a
hydrological event is also influenced by manmade activities such as road construction, fuel reduction, and
timber harvesting.

The cumulative effect of these anthropogenic activities can lead to the rise of runoff severity and, by
extension, erosion, and flooding, posing important challenges for any treatment.

Treatment
implementation-installation
and design matters

The effectiveness of many post-fire treatments depends on the accuracy of the installation, the selected
design type, the post-installation maintenance, and the level of experience of the personnel used for the
treatments [7,50,54].

With proper treatment implementation, we can avoid failures and improve functionality and effectiveness
over the long term.

2. Fire-Dependent Factors:

Burn severity (also referred
to as “fire severity”)

Burn severity can be seen as a measure of damage to ecosystem properties. It is usually expressed by the
degree of soil heating and /or vegetation mortality or precisely the degree of overstory plant mortality.

In general, higher burn severity is translated into larger and quicker watershed responses to rainfall, being
thus more challenging for the post-fire treatments.

Soil burn severity

=

Soil burn severity expresses the fire effects of soil heating and the soil’s organic material consumption. Thus,
higher soil burn severity leads to soil property alteration, resulting in soil infiltration reduction and high soil
erodibility.

Both these effects increase surface runoff, higher peak flows, flow concentration, sediment transport, and
erosion.

Amount of bare soil

A crucial factor for burn severity mapping, which is positively related to postfire erosion rates.
Land cover treatments, such as natural or straw mulching, can reduce post-fire erosion.

Soil water repellency

IS e

Post-fire soil water repellency is associated with soil burn severity and reduced infiltration.

Although its effects vary over space, time, and soil type, most relevant treatments aim to rewet the soil to
minimize the soil water repellency and its negative consequences since it depends on soil moisture (it is
reduced or absent following prolonged wet conditions).

Soil erodibility

The treatments’ effectiveness is largely dependent on runoff, sediment transport, and soil erosion. Moreover,
soil texture, structure, and organic matter content are important factors considering erosion resistance.

Soil texture (namely its inorganic particles by size, such as sand, silt, and clay) is ordinarily unaffected by the
fire. On the other hand, soil structure is affected by fire (namely, the arrangement of primary particles into
aggregates). Therefore, soil structure can become disaggregated, making soil more erodible and reducing its
infiltration capacity.

Time since the fire

This factor refers to the ecosystem’s natural recovery (soil structure, vegetation, microclimate, etc.). For
example, more significant and faster vegetation recovery means smaller instant surface runoff rates and
reduced erosion rates.

As discussed above, timely action with post-fire treatments can improve watersheds’ overall response and
avoid post-fire negative consequences.

The factors in Table 2 are the main and more generic ones but are not the only ones
relevant to the effectiveness of the post-fire treatments (for example, roughness also changes
after a fire, affecting water retention and flow [55]). Finally, we should keep in mind that all
these factors are interrelated, resulting in more complex cause—effect relations in terms of
watershed responses (damage, runoff, erosion, etc.), and more complex relations between
the treatment’s impact and effectiveness.

5. Discussion

The sections above clarify that many PPT techniques mainly aim to improve the wa-
tershed’s hydrological response. Improving ground cover, vegetation, roughness, ‘cutting’
the runoff and increasing the lag-times, and blocking the sediment movement passages,
among other types of works, are common approaches.
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It is difficult to determine which is the most efficient, and perhaps there is no point in
seeking a sole answer. The application examples reviewed show that all treatments efficiently
improve the post-fire hydrological and soil conditions to different degrees, always depending
on site-specific factors. The most important ones, according to the studies reviewed, are:

The burn severity and extent, as it determines the damages caused;
The climatic conditions, especially rainfall intensity, and duration, as it determines
the risk;

e  The slopes and roughness; or, in general, the terrain morphology (geomorphology) of
the areas, as they affect the runoff and sediment movements, as well as the accessibility
for applying the treatments reviewed;

e  The proper application—installation of the works and their monitoring over time (e.g.,
annual time step) to ensure maximum efficiency;

e  Other site-specific factors, including social and behavioral aspects, that define the re-
sponse to human interventions and other criteria such as costs and rehabilitation efforts.

Thus, a combination of techniques will be the most efficient way (and also necessary)
to adequately mitigate and protect from erosion and flooding risks. The effectiveness of
any intervention also heavily relies on their fast application, if possible, before the first
rainfall events, to avoid any negative consequences [56].

The majority of the examined land treatments can reduce post-fire erosion [29] and
support natural recovery, while only the cover (treatment that covers the area) and barrier-
based (treatment that works as a barrier) PPTs can reduce the post-fire surface runoff [7].
Channel treatments, especially durable structures, can also reduce post-fire surface runoff,
while check-dam treatments are more effective regarding sediment trapping, velocity
reduction, and peak flow reduction [29].

The limitations of this study arise due to the limited information available on the
role of each PPT type in the response of burned watersheds, as well as the limited studies
exploring their cost-effectiveness. Thus, we were not able to provide a systemic literature
review, but only a narrative review, summarizing the available knowledge. Moreover, the
existing information is so poor that it prevents us from having a more structured typology
in Tables 1 and 2. However, if a first step is taken to improve the understanding and
encourage research on this topic, we believe this paper provides holistic and up-to-date
information about PPTs, and especially their effectiveness, an overlooked issue of increasing
importance in the future. We hope that this work will set the basis for further research to
address the current gaps.

6. Conclusions

Wildfires are ecological destructions, affecting multiple ecosystem services and pro-
cesses. In such extreme cases, intervention to mitigate the consequences is mandatory
and urgent. This paper summarized the most common PPTs, analyzed them and their
effectiveness, and provided examples from the existing literature. The literature is poor
in assessing the impact of PPTs, so very little is known about their effectiveness. We
found that cover changes were more effective than barriers, as they provided an immediate
ground-cover increase in both Mediterranean and USA sites. What is certain is that PTTs
should be prioritized in burned areas, as they can deliver multiple co-benefits by reducing
the negative consequences of post-fire conditions. It is important to raise awareness and
communicate the importance of the timely application of a PPT and/or the combination of
some PPTs, as necessary action in burned sites.

Future studies should further explore the overlooked research area for finding ways to
optimize the PPTs’ performance and the overall watersheds’ recovery. The limited number
of published works on the topic, and in different regions of the world, indicates that more
studies should be encouraged. Research should be conducted further to investigate the
effectiveness and suitability of the different PPTs, also considering their combination, to
optimize their results.

Future research should focus on:
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e Raising awareness and promoting action through such treatments rather than do-
ing nothing.

e  Carrying out more studies, extending the geographical scope beyond the USA, Spain,
and Portugal [7] and exploring more diverse conditions, such as large-scale and other
possible treatments (e.g., complex bioengineering works, nature-based solutions, etc.).

e Increased monitoring, and data reporting, to expand the (very poor) existing data for
post-fire conditions and conditions after the application of PPTs.

e  Hydraulic and sediment transport models, as well as water quality monitoring and
modeling in burned areas, should explore different scenarios assessing the potential
impact of different PPTs.

e Improve assessment of post-wildfire erosion impact on soils and runoff, carbon release,
air pollution, and nutrient losses, and soil loss [57].

e Improve the modeling tools for impact assessment at the watershed level, considering
finer resolutions and scales. These improvements are possible, especially considering
the advances in modeling technologies, but detailed and integrated data are necessary.

e Integrate the wildfire events and the counter-measures into the overall assessments
for land degradation. All assessments should include minimum background data,
field reviews, and other information. Assessing and mapping soil burn severity is
the important first step in any analysis, forming the basis for subsequent soil erosion,
hydrology, and geomorphic hazard assessments [58].

The implementation and success of most of the above recommendations depend on
policy and the broader environmental management approach followed, with emphasis on
social governance and sufficient funding [59]. Policy-makers also need to become more fa-
miliar with PPTs, and this will be an easier task if they realize the damages after wildfires, as
well as the potential of PPTs to alleviate several negative consequences. For such purposes,
economic tools from the environmental economics and ecosystem services valuation fields,
have been proved particularly useful, since the conversion of damages and ecosystem
benefits in monetary terms have the ability to influence policies [60,61]. The inability of
decision-makers to realize the magnitude and extent of the post-fire consequences is often
the reason behind the inaction or poor action with respect to PPTs [62].

The recovery of a burned site is an interdisciplinary problem that deteriorates the
physical environment, natural processes, ecosystem, and socio-economic systems. Thus,
it is crucial to support and develop policies in favor of high levels of fire protection,
prioritization of post-fire recovery, seeking the timely and efficient application of PPTs, as
well as encourage further research to improve the understanding of the mechanisms behind
PPTs efficiency and improve their performance. Such policies will be of major importance
in the coming years of drier climates and scarcer environmental resources.
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Appendix A

Table Al. Analysis of Post-Fire Protection Treatments (PPTs), their suggested suitable areas for application, and their effectiveness.

Type of Type of e . . Specific Factors Regarding
Work Treatment Works Description Suggested Suitable Sites Appropriateness/Effectiveness
Areas: (1) without ground access, (2) withburn It can decrease sediment yields in the short
Aerial hydromulch is the hydromulch of an area severity hlgh—mo.derafe, (3) with hlgh e.I'Odlllellty term, but its long-term effectiveness is
. . . . o factor (K) and soils with decreased infiltration unknown. It works better on short slopes than
Aerial using aerial means. Thus, soil stabilizers and o . . o
Land Cover- . . capability, (4) sporadically forested with 25-50% longer slopes because longer slopes are more
Hy- fiber mulches that form a matrix on the surface . .
treatment based . . . slopes, (5) where adjacent or lowland areas from  susceptible to concentrated flows. Its

dromulch when mixed with water are used to help erosion . L : . .

reduction and plant growth the treatment sites have high risk values, (6) that  effectiveness is influenced by various factors,
’ includes domestic water supply subwatersheds, including the application rates, slope length
(7) prone to vigorous winds. and steepness, and the type of tackifier used.
Areas: (1) with high-burn-severity soils, (2) with
high erodible soils, (3) with steep slopes of
Ground Land Cover- Hydromulch using ground means. Description ~ 25-50% without cover, (4) with no litter or Same as above. Hydromulch is wind resistant,
Hvdromulch  treatment based of the hydromulch is presented in the Aerial regrowth in the first year, (5) where adjacent or  but its effectiveness depends on multiple
y Hydromulch description. lowland areas from the treatment sites have factors, as mentioned before.
high risk values, (6) with slopes lower from 25%
with rocky surface and deeper than 20 cm soils.
Straw mulching using weed-free straw is . 1 . Straw mulch is higly effective in reducing
implemented to cover vulnerable areas to é;iz?ﬂflg V\;g}é;;g};i;nzge{;; iﬁlﬁi;i:;egz’us surface erosion with an application rate
erosion. The straw dispersion can be achieved : P o STopes, 'S exceeding 60% of ground cover and may
. . winds, (3) that are compatible for seeding, . . .
using aerial (large areas) or ground means (small . or reduce runoff. High winds can reduce its

Straw Land Cover- .o . o r (4) with rare or sensitive plants should be . L .

Mulch treatment based areas). Straw is dispersed until a specific percent dodged, (5) where high-moderate severit effectiveness. A combination of mulching and
of ground cover is achieved or applied in contour im gc te,d the Upper v%atershe 4, 6) whereythe seeding is more effective in germination but
strips. Straw mulching is a well-known P PP ! not necessarily in surface cover. Wood-based

. . . surface roughness can hold mulch or located )
treatment because it can efficiently and rapidly . mulches are equally or more effective than
. limbed trees. - . . .

treat large areas before rainfall events. straw mulch in reducing post-fire erosion.

Areas with high-moderate burn severity can be The scattering of slash created by a chainsaw is

covered with slash spread%ng. Hillslope erosion . (1) with high-moderate burn severity, generally not effective due to slow labor

can be decreased by covering the ground with . - . . production rates and the large amount of
Slash Land Cover- slash spreading. Slash spreading can be (2) that are burned but still exist onsite with material needed for soil cover. However, usin
Spreading treatment based P & P & available slash material, (3) that have high : ’ &

generated using onsite materials involving
felling, lopping, and scattering of
sub-merchantable trees and brushes.

erodible-hazard rating soils.

mechanized equipment such as a hydro ax that
masticates material is considered
moderately effective.
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Table Al. Cont.

Type of Type of e . . Specific Factors Regarding
Work Treatment Works Description Suggested Suitable Sites Appropriateness/Effectiveness
Until vegetation is established, soil stability can
be achieved using rolled erosion control products
(RECPs) or erosion control mats. Synthetic or
organic materials are used for RECP construction
and can be permanent or temporary. Organ.lc Areas: (1) with effective soil cover loss and high
and biodegradable RECPs are produced using - v . .
- . burn severity, (2) with high risk values and Erosion Control Mats are costly solutions.

. several materials such as wood excelsior, : . . s . . . .
Erosion Land Cover- coconut. or straw. Materials can be found with small area size, (3) with a persistent There is limited information about their
Control Mats  treatment based . T . . hydrophobic layer, (4) that have highly erodible  effectiveness, but they are reported to be

netting or netless with variable duration from . . . .
. - hazard rating soils, (5) where the threat by effective when correctly installed.
months to years. Erosion by raindrops, as well as overland runoff is hich
the overland flow absorption, can be treated gh-
using erosion control mats. Moreover, RECPs can
help revegetation by conserving moisture and
decreasing soil temperature. Erosion control
mats are categorized as site-specific treatments.
Log erosion barriers have limited effectiveness
. s in high-intensity rain events but can reduce
Timbered areas with high-moderate burn . - .
oo 4 . runoff, peak flows, and sediment yields during
severity hillslopes and fire-affected hillslope . . .
. . . low-intensity events [30]. Sediment storage
erosion rates can be treated using Log Erosion decreases with each rain event but proper
Barriers (LEBs). Logs are installed parallel to the  Areas: (1) with high-moderate burn severity . . . . prop
. A . . o - implementation can still achieve effective
. contour lines within shallow trenches. The LEBs  hillslopes, (2) with 25-60% slopes, (3) with . . . .
Log Erosion ~ Land Barri ) . . . sediment storage and create microsites, which

. arriers aim to slow runoff, trap sediment when arranged water repellent soils, (4) that have highly .

Barriers treatment depends on slope, tree size and length,

in a bricklayer pattern on hillslopes, and lead to
localized ponding. The potential sediment
volume that can be trapped depends on the
proper installation of the logs, the length and size
of the logs, and the slope of the terrain.

erodible hazard rating soils, (5) with high risk
values at a watershed scale.

frequency, and use of berm traps. On the other
hand, barrier construction remains a typical
hillslope treatment that could be useful for the
runoff velocity reduction and have better
effectiveness when combined with other
treatments [7].
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Table Al. Cont.

Type of Type of e . . Specific Factors Regarding
Work Treatment Works Description Suggested Suitable Sites Appropriateness/Effectiveness
Fiber rolls or wattles are products made from
coconut fiber, rice straw, or other fibers that are
rolled into tubes or cylinders for use in erosion
prevention and soil stabilization. The rolls are . . .
. o . . . Similar to the previous one, these barriers may
placed along the edge, in areas where the soilis ~ Areas: (1) with high-moderate burn severity, . .
. Lo . . . . o . reduce runoff and sediment yields for
Fiber Rolls Land . prone to erosion, in areas with high burn severity, (2) with 20-40% slopes, (3) with slopes less than . .
Barriers . . . N . . low-intensity storms only. Wattles are reported
or Wattles treatment and where LEBs are impractical. Reduction of 25 % surface rock, (4) with soils not less than
. . . to reduce total runoff and peak flow
erosion using fiber rolls can be achieved due to 20 cm deep. rates [30,37]
the reduction of overland flow velocity and the T
slope length shortening. The fiber rolls can work
as sediment traps, stabilize the soil, and help
vegetation recovery.
They are typically constructed with a series of Silt fences have notably high effectiveness
metal or plastic posts driven into the ground and when properly installed and maintained. This
connected by a length. of geotextile fal?rlc. Silt . Areas: (1) with high risk values, (2) where requires them to be stably anchored into the
. Land . fences are used as sediment traps and installed in . ¢ . . soil, allowing water to pass through slowly
Silt Fences Barriers . . . maintenance and inspection are accessible, (3) of . . . . .
treatment high-risk areas where LEBs and Fiber Rolls may e . . while trapping sediment. Their maintenance
- . . specific interest such as heritage sites. . 2 .
not be effective. Finally, silt fences are an requires significant effort and attention.
effective tool for monitoring sediment movement Robichaud and Brown [63] measured their trap
during effectiveness monitoring. efficiency at over 90%.
Highly erodible areas with high burn severity
can be treated using soil scarification. Soil
. .sca.rlﬁcaTtlon is used to mprove the water Areas: (1) with high-moderate burn severity, While there is limited available information,
Soil infiltration of the burned soils, improve the - . . o . . S .
e Land . - . (2) highly erodible slopes, (3) with slopes <20% this treatment is not efficient in reducing
Scarification, Seeding  vegetation recovery rate, and prepare the soil for . . . N . .
. treatment . . . (mechanical equipment), (4) with slopes 20-40% sediment yield, as compared to no
Plouching seeding. Soil scarification breaks up the surface

soil, exposes bare mineral soil to the elements,
and reduces the risk of runoff, water infiltration,
and soil erosion.

(hand tools),

treatment [31].
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Table Al. Cont.

Type of Type of e . . Specific Factors Regarding
Work Treatment Works Description Suggested Suitable Sites Appropriateness/Effectiveness
Seeding (e.g., <60% surface cover) is not very
effective in the first year after a fire and is
neutral in the following seasons. Combining
seeding with mulching may increase the
Spreading of seeds using aerial (large treatment potential f.or germination. Sterll? amu%al and
cereal grain seeds can reduce soil erosion but
areas) and/or ground means (small treatment . . . . . . . . . .
. . . . Areas: (1) with high burn severity, (2) with high ~ may introduce invasive and noxious species.
areas). Hillslope erosion and wind erosion canbe . Lo . . . . . .
. Land . . . . risk value, (3) with high erodible soils, (4) with ~ Despite the ongoing debate about seeding
Seeding Seeding  treated using seeding (vegetation cover). o . . . Do .
treatment . . slopes >60%, (5) that are vulnerable to invasive  effectiveness, it still remains a common
Moreover, seeding can be used in areas . . o 1p
L. . and noxious plants spreading. measure followed for wildfire treatment [32].
vulnerable to spreading invasive and . . . -
noxious plants Seeding often proved ineffective concerning
) soil erosion and some studies showed a trend
of soil stabilization for unseeded and seeded
sites after five (5) years [32]. Further
investigation on the long-term effects of
seeding should be conducted [32].
Noxious and invasive weeds are treated as not Invasive plzjmts s.erlously threaten the
desired species that can disturb the ecosystem ecosystems’ stability and response, as they can
Invasive Land Other . ’ Areas: (1) with weed species, (2) that invasive eliminate other plants and their diversity. The
The treatment of these species involves hand, . . L . .
Plants treatment works . . . . weeds or noxious entered. effectiveness of removing invasive plants in
mechanical, chemical, and biological or . .
- - - preventing runoff and erosion has not
prevention-seeding applications
been reported.
Polyacryla- . Application of chemicals and fertilizers to speed  There is not adequate information to generalize. In one case reporfted, PAM dlc}, not affect runoff
. Chemical ) : . . but reduced erosion by 35-57% compared to
mides (PAM) Land up cover and vegetation growth. Only two Areas with very mild rainfall events are
treat- 2 . . the untreated plots [33]. The other example
and Other treatment examples are reported, highlighting the preferred, as they quickly boost vegetation .
ments . . . shows that PAM did not affect runoff or
Polymers importance of wetting the PAM after application. = development.

erosion [34].
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Type of Type of e . . Specific Factors Regarding
Work Treatment Works Description Suggested Suitable Sites Appropriateness/Effectiveness
Check dams are more effective when placed in
gentle gradients, high in the watershed and
used in series. To be effective, in-channel
treatments must be used together with adjacent
hillslope treatments [7]. On the other hand, the
Areas: (1) with smooth slopes where sediment research of Badia et al. [45] showed that the
Check dams are used to trap and store the . s o
. . storage can be achieved, (2) with high burn performance of log dams was about 90% for
sediments, to reduce the water velocity and the - . . . . . . . o
Check Channel . . . severity, (3) with high erodible soils, (4) with soil erosion and roughly 52% for runoff.
Barriers peak flows. The construction materials can be o . . .
dams Treatment - <20 % ground covert, (5) with high risk value, Generally, check dams have short-term
logs, straw wattles, rock, etc., depending on the > . . . . .
material availabilit (6) <20,234 m~ and catchments with small effectiveness and can retain sediment yield
Y drainage areas. behind the dams [35]. Finally, recent research
on check dams that consist of an embankment
and spillway or a single embankment showed
that they can efficiently reduce the peak
discharge, and the flood volume, as well as
increase the runoff concentration time [64].
Areas: (1) with high burn severity (consumed
Debris and sediments can be trapped within a woody material sites), (2) high risk value (road . . . .
. . . . . . . Same as in the previous case, the main drivers
In-Channel Channel . channel using tree felling. Moreover, tree felling  crossing, sensitive aquatic species), (3) prone to . .
. Barriers . . . . of the effectiveness of these barriers are the
Tree Felling Treatment can work as a valuable habitat for fishes and high sediment load and unstable bedload, slope and the maenitude of the storm
other life forms and provide channel stability. (4) where energy dissipation is essential within p &n '
the channel
The effectiveness of grade stabilizers is
Areas: (1) with channels with stability issues, uncertain due to the lack of quantitative data,
Channel downcutting and incising can be (2) with high burn severity, (3) with stream but they may work well for low to
prevented using grade stabilizers. The main slope <6%, (4) with intermittent streams that moderate-flow areas. They are recommended
Grade Channel . . . . . . . ..
Stabilizers Treatment Barriers construction materials are logs, rocks, or plant have moderate to low flows, (5) where debris to be implemented in gentle gradients, high in

materials. Grade stabilizers are also used for the
reduction of channel scouring.

flow and soil cover loss exist, (6) that exist
persistent hydrophobic conditions, (7) where the
downstream uses are very beneficial.

the watershed, and placed in series. However,
grade stabilizers may fail during large storms,
and in-channel treatments without adjacent
hillslope treatments are ineffective.
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T f T f . . . ific F R i
Work ype o ype o Description Suggested Suitable Sites Speci N actors egafdmg
Treatment Works Appropriateness/Effectiveness
The effectiveness of streambank armoring has
Stream Channel Armoring is the reinforcement not been quantitatively monitored. This
Stream of the streambank using a protective covering treatment is more likely to work better in gentle
Channel . such as riprap, gabions, boulders placement, etc. ~ Areas: (1) with streambanks vulnerable to gradients, high in the watershed, and placed in
Channel Barriers . . . . . . .
Armorin Treatment Thus, such protection covering can reduce bank  erosion, (2) with high risk values series. However, there may be problems such
& erosion and cutting because of the high peak as complete structure failure from large storms.
flows observed after a wildfire event. It is also ineffective as an in-channel treatment
without adjacent hillslope treatments.
Channel deflectors are used for protecting
infrastructure or a structure because of the high
streamflows observed after a wildfire event. Such
protection treatment is composed of structures
such as rock barbs, j-hooks, and double- or Areas: (1) where roads are located parallel to the ~ Similar to the previous case, there is limited
Channel Channel . . . e - - . .
Barriers single-wing deflectors. Therefore, channel stream, (2) where facilities or structures are information for this treatment. It is more
Deflectors Treatment . . . . . . .
deflectors divert the flow and velocity from vulnerable to flooding or streambank erosion effective in gentle gradients and mild storms.
non-stable banks and areas with high risk value
and protect structures (e.g., hydraulic works,
transportation infrastructures) from high
streamflow and/or flooding.
Debris basins are emergency structures designed
for the storage of important amounts of
sediments and rur'lf)ff. These stru'ctures are used Areas: (1) with burn severity high-moderate,
where the probability of human life threats and g .
. (2) that were prone to landslides and debris flow . . .
property is high. On the other hand, the s o Debris basins are expensive treatments. Thus,
. . . even before wildfire event, (3) of specific interest . -
. construction cost and maintenance are high, 11 they are the last resort option. No quantitative
Debris Channel . . L . . .. with high-value resources, (4) that have . . . . .
. Barriers while the construction time is demanding since it . . information is available on their effectiveness,
Basins Treatment locations where there is enough space to storage

is needed timeframes for engineered design and
permit approvals. Debris basins have variable
sizes and types and can be installed within the
channel or off-channel. Their design,
construction and operation, and reclamation
needs are influenced by the selected type.

important amounts of sediments, (5) where
construction, maintenance, and inspection
are accessible.

and they require long-term maintenance
following runoff events.
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Table Al. Cont.

T f T f e . . ific Factors Regardin
Work ype o ype o Description Suggested Suitable Sites Spec N actors ega‘d 8

Treatment Works Appropriateness/Effectiveness
Outslop mg 1s used in areas Wlth hlgh moderate No quantitative data exist for the effectiveness
burn severity where runoff direction and storage . . .

. . .. of outsloping roads, but informal observations
can provide risk. Outsloping is when the road . - .
. . . suggest that they can provide both immediate
template is altered using machinery such as an .
X . . and long-term benefits such as reduced
excavator, dozer, and grader to reduce erosion Areas: (1) prone to flow concentration, (2) with . .
Road and . . . . . sediment delivery to stream channels and less
. . Other and disperse the water. Usually is used on flat high-moderate burn severity, (3) with road . .
Outsloping Trail . o . road maintenance. However, outsloping roads
works roads to disperse the surface flow to prevent slopes >10%, (4) that can be influenced and . o 1 .

Treatment . : . with unvegetated soils in highly erodible areas

runoff concentration on the road surface that can  connected with adjacent burned areas. . . A .
. . . can increase erosion. Outsloping is typically
cause different types of erosion (e.g., rill, gully). . - . -
. . used in conjunction with other road treatments
Other road treatments are usually combined with : . .
. . such as rolling dips and armored crossings to
outsloping such as armored crossing and
. . manage water.
rolling dips.
Areas: (1) Important road infrastructure to
Roadway dips alter the road drainage allowing  maintain water flow control, (2) roads with a
surface flows to frequently scatter across the continuous grade and infrequent drainage Rolling dips and outsloping are common
. Road and road. Dips can be used on sloped roads structures, (3) culverts that have diversion treatments. There are no monitoring data on
Rolling . Other . .. . . . . ;
. Trail (removing the water from the inside of theroad  potential, (4) roads where frequencies between  their effectiveness. They can be easily
Dips works . . . . .

Treatment and allowing it to flow across the road), and on  inspection and maintenance constructed but often are too short in length, or
an outsloped road, where frequent rolling dips May be limited after the fire, (5) roads with too shallow to contain the expected flows.
change the grade of dispersed flows. grades less than 12%, and (6) roads where

outsloping is not feasible.
Armored rolling dips are effective and low-cost
Overflow structures (armored rolling dip, fcreatments when prope.rly designed and
. . - . implemented, but erosion problems can occur
overside drain, or imbricated /overlapped . e - . .
. if they are too short or if insufficient riprap is
rock-level spreader) are used on roads to control ~ Areas: (1) Roads located below high and . . . .
Road and . . used on the fill slope. Overside drains may fail
Overflow . Other runoff and protect the road fill. They are placed =~ moderate burn severity areas, (2) road segments . . - S
Trail . . . . if not designed, installed, and maintained
Structures works in defined channels, or in areas between them, that have a long continuous grade and .
Treatment properly. Imbricated rock-level spreaders were

where increased storm runoff is predicted due to
limited infiltration. The structure used depends
on the road characteristics and conditions.

infrequent drainage, (3) sloped roads.

found to be effective in reducing erosion if they
discharge directly onto a vegetated or wooded
zone, according to initial qualitative
monitoring data.
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Type of Type of .. . . Specific Factors Regarding
Work Treatment Works Description Suggested Suitable Sites Appropriateness/Effectiveness
Areas: (1) Road§ crossing ephemeral or . Ford crossings effectively control water loss at
seasonally flowing channels, (2) where there is road /stream crossings but must be properl
LWSCs protect transportation infrastructure, risk of interrupted traffic due to flooding, . . & © properyy
. . . . designed and implemented to avoid damage to
control water flows, and reduce water quality (3) when fisheries and water quality . .
Low-Water . . . - infrastructure and reduced water quality.
Road and threats, by accommodating aquatic passages. requirements allow vehicles to enter the stream, .
Stream . . . . . Flexible structures are adaptable and not prone
. Trail Barriers They act as culverts under extreme watershed (4) when daily flow is less than 6 inches deep, . . .
Crossings ., . L . to undercutting, while boulder or riprap
Treatment response conditions. The most common LWSC (5) when expensive pipe sizes or pipes that do .
(LWSC) o . . . structures should be long enough to avoid
types are: Natural fords, Vented fords with pipes, not fit the roadway cross section are required, . . .
. . . being outflanked by high flows. Jersey barriers
and Low-water bridges. (6) when culverts are at risk of plugging, (7) . .
. . . ; are not flexible and, therefore, less effective as
road crossings where high sediment delivery .
. an end wall material.
is expected.
Replacing or upgrading damaged culverts in a
compatible way with road and trail management
p.la.ns, forest plans, and gulldehnes for culvert There are only informal qualitative clues about
sizing. The cost of upgrading should be less than . .
. . . the effectiveness of this treatment. It performs
Road and the cost to repair damages after they occur. The  Areas: (1) High-burn-severity watersheds, .
Culvert . Other . . . . . . . well when new culverts are installed before the
e Trail culvert upgrading design and implementation (2) drainages with undersized culverts, . . )
Modification works . . . . . first rain, but poorly when the upgrade is
Treatment should consider hydraulic capacity and (3) where road access is required. a7 -
. . . delayed or when culverts are still insufficient to
requirements for aquatic species passage. The
. . manage runoff events.
treatment must be quickly designed and
implemented to maintain access and protect
aquatic resources.
These are barriers that prevent large debris from
passing through a culvert. They are designed for
small and medium debris and must have enough  Areas/Cases: (1) Drainages at risk of plugging
storage area to retain debris expected in one with debris, (2) culverts that can accommodate ~ Debris structures lack quantitative
. storm. Debris racks can be made from rail, steel,  the storm runoff design capacity but may have  effectiveness data but may work if properly
Debris Rack  Road and L . . . . . o .
and Trail Barriers wood, or chainlink fence material. Debris increased bedload and debris, (3) movement of  implemented and maintained according to
Deflectors Treatment deflectors are V-shaped structures that divert both bedload and debris, (4) identification of anecdotal information. However, if the design

medium and large debris and large rocks from
the culvert inlet to a storage area where debris is
removed after the flood subsides. Deflectors are
suitable for high-velocity flows and heavy logs,
stumps, or large boulders.

crossings where stream diversion is possible,
(5) downstream infrastructure, public safety, or
other resources are at risk.

structure is too small for the stormflows and
associated debris, problems can occur.
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T f T f . . . ific F R i
Work ype o ype o Description Suggested Suitable Sites Speci N actors egafdmg
Treatment Works Appropriateness/Effectiveness
These low-cost sediment storage systems prevent
culverts from plugging with sediment and debris. ~Areas: (1) limited access at road crossings, There is no formal effectiveness monitoring
They allow the accumulation of sediment and (2) drainages with high burn severity and data for risers. However, reports indicate that
ash in the basin, which can be removed later, erosion predictions indicate a high risk of they perform well when maintained, but
. Road and - o . . . . .
Riser Trail Other reducing downstream water quality impacts. sediment delivery, (3) channels (confined) that problems can occur if they are not routinely
Pipes Treatment works Riser pipes reduce peak flows by storing water have high bedload transport, (4) culverts that checked and debris is not removed from the
and sediment, providing sediment storage range from 18 to 48 inches, (5) paved roads, basin. Risers are inexpensive, easy to install,
upstream of a crossing that would otherwise (6) channels that have high bedload transport and can be quickly disassembled when no
plug. Each riser is designed for a specific capabilities, (7) seasonal channels. longer needed.
crossing and is quickly implemented.
Catchment-basin cleanout removes sediment and sAel::Tiari:eSt) rlzgiiecsr S}slzlzlflsv‘;\;}tlecie E;)éliitmg
Catchment- Road and debris from stream channels, culverts, and . . pacity, Almost no evidence is available for this case.
. . Other . (2) streams where fish requirements are not a . .
Basin Trail catchment basins to prevent blockages and flash o . Anecdotal information suggests that the
works concern, (3) areas in high risk, (4) Locations . .
Cleanout Treatment floods. The frequency of cleanouts depends on . . . treatment is effective.
- - . where clearing can be done prior to the first
the size of the basin and sediment sources. . .
damaging rain.
No formal data are available to evaluate the
. . . o Areas: (1) Road crossings where loss of control ~ effectiveness of storm inspection and response.
Storm inspection and response aims to maintain S ‘e . .
. . . of water or exceedance is identified, (2) Road Informal observations suggest that timely
Storm the functionality of culvert and drainage . . . .
. Road and . . . access is necessary throughout the storm season, clearing and cleaning of road crossings can be
Inspection . Other structures by cleaning sediment and debris from . . . L .
Trail . - (3) road crossings where high sediment and cost-effective in preventing road problems.
and works the inlet during storm events. It ensures road . . . S . - .
Treatment . debris is anticipated, (4) roads susceptible to However, maintaining a dedicated inspection
Response access throughout the designated storm season . . . A .
. . landslides, (5) roads with all-season surfacing team can be challenging, and inadequate
and should meet safety considerations. .
(aggregate or asphalt). coverage may result from excessive areas
to patrol.
Tralll stab.lhzatlon includes methods such as Areas -Trails: (1) within or below
rolling dips, rubber belt water bars, rock water . . . .
. . . high-burn-severity areas, (2) with sustained
bars, and rock spillways used on trails lacking
. Road and . - grade through burned areas that lack adequate
Trail . . adequate drainage features for anticipated . . - .
e Trail Barriers - . drainage, (3) segments that have the potential to  No quantitative data available.
Stabilization increased runoff. These methods aim to reduce . . .
Treatment deliver sediment to streams, (4) where previous

trail erosion or damage and provide drainage
and stability to reduce trail damage or
downstream values at risk.

drainage structures were damaged by the fire,
(5) stream crossings with diversion potential.
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Road decommissioning involves restoring the
original hillslope conditions, recontouring the Areas: (1) with high burn severity and high
I‘Oé.id fill, restormg dra.mage through the roa?l . so1l—§ros1on potential, (2.) destabilized roads by No quantitative data available. Observations
Road Road and prism, and reducing hillslope erosion. Subsoiling  the fire through vegetation loss, (3) loss of . . . .
- . Other . o e ; . from visual inspection reported that this
Decommissi-  Trail with an excavator and/or dozer with rippers stabilizing vegetation to hold soil and prevent .. : R
. works . . . . . - treatment can efficiently improve infiltration
oning Treatment improves infiltration and breaks through erosion, (4) vegetative treatments are unlikely to . .
and reduce erosion by restoring the slope.

compacted soil layers. The process also restores
hillslope hydrology, reduces erosion of sidecast
material, and improves drainage.

be effective, (5) hillslope with multiple
unclassified roads (jammer roads).
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