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Abstract: The 2021 Navalacruz wildfire occurred in a mountainous area in the Sistema Central (Spain).
Despite having an average low severity index (ANBR), the loss of vegetation cover associated with
the fire was responsible for a high rate of sedimentation in the rivers and streams. Additionally, the
burned area affected up to 60 cultural heritage sites, including archaeological and ethnological sites,
and damage ranged from burnt pieces of wood to the burial of archaeological sites. In the present
work, we document and analyze the post-fire evolution in several rivers and streams. This is based on
a field survey of infiltration rates, hydrodynamic modeling, and the study of channel morphological
changes. Our analysis revealed how the first post-fire rains caused the mobilization and transport
of ashes. This created hydrophobicity in the soils, resulting in large amounts of materials being
transported to rivers and streams by subsequent medium- and low-magnitude storms. A hydrological
and hydraulic model of the study catchments under pre- and post-fire conditions suggests that these
trends are a consequence of a post-fire increase in flow rates for similar rainfall scenarios. In this
respect, our estimates point at a significant increase in sediment transport capacities associated
with this post-fire increase in flow rates. The combination of locally steep slopes with high-severity
fire patches, and a considerable regolith (derived from pre-fire weathering), resulted in a series
of cascading responses, such as an exacerbated supply of sand to the drainage network and the
triggering of debris flows, followed by erosion and entrenchment.

Keywords: wildfires; sediment yield; hydrophobicity; curve number; erosion; rock weathering;
floods; cultural heritage; river morphology; debris flow

1. Introduction

Wildfires represent a critical natural phenomenon that can have far-reaching impacts
on various ecosystems and environmental processes, in addition to causing damage to
human structures and cultural heritage sites. Beyond the immediate devastation that they
cause to landscapes, wildfires can also lead to significant alterations in sediment transport
patterns and subsequently induce changes in river morphology. Understanding the com-
plex relationships between wildfire, sediment transport dynamics, and river morphology is
essential to predicting and mitigating the long-term effects of these events on both natural
habitats and human structures.

Wildfires are a fundamental biophysical driver of, firstly, rock weathering and soil
erosion and, secondly, post-fire colluvial-fluvial sediment transport in Mediterranean
environments. The dispersal of sediment through catchments from the source to sink [1]
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triggers morphological changes in channels and valley floors [2]. These changes in rivers
are due to high sediment yields because the channel becomes unstable [3], as well as in
hillslopes, where post-fire soil with low cohesion can be susceptible to the net downhill
sediment transport of soil by rain splash [4]. However, these changes are not necessarily
triggered by high-magnitude events [3,5,6]. Channel instability can also occur with low
peak flows and without large, external increases in sediment supply. The progressive shift
in channel morphology during the early stages, from plane bed (sediment accumulation)
to riffle-pool morphologies, has been described by Ref. [3] as a response to floodplain
occupation. In subsequent stages, extensive bank erosion leads to a dramatic change in
channel morphology; this pattern has already been described by Ref. [7] and is related
to transport-limited conditions resulting in channel deposition in the first storm and,
subsequently, sediment-limited conditions leading to stream scouring and considerable
downstream sediment transport.

Moreover, fire activity is one of the most significant drivers of aquatic degradation
through surface runoff and ashes [8], and it triggers cascading effects over a wide range of
spatiotemporal scales [9,10]. For instance, several authors have reported episodes of intense
surface runoff occurring immediately after fires [5,11,12]. Although the documented time
scale is imprecise, ranging from a few weeks/months up to two/three years after the
event [11-14], fire clearly affects landscapes in the long term [15].

Wildfires are responsible for exacerbated sediment delivery to the drainage network
of headwater streams. In this regard, the main suggested drivers of post-fire sediment
production are fire severity, bare soil, rainfall characteristics (type, erosivity, and intensity),
and hydrophobicity [12,16,17]. Fire-severe years can account for up to 90% of the total
annual soil loss, and this is particularly problematic with the co-occurrence of high-intensity
wildfires and post-fire floods [18]. In this respect, post-fire convective storms have been
suggested to be responsible for 90% of the sediment generated [16], but due to the variable
coverage of storms, the sediment response and degree of channel change can vary from
little or negligible changes to extensive incision and aggradation [12].

The combination of severe wildfires and storms increases long-term suspended sedi-
ment fluxes [19] and the occurrence of debris flows associated with convective storms with
a low duration (<3 h) and a high intensity, with recurrence intervals of two years or less [5].
Conversely, Ref. [20] noted that post-fire debris flows occur mostly in response to moderate-
to-severe rainfall. They identified slopes steeper than 30% as particularly susceptible to soil
erosion. Furthermore, vegetation dams, when burned during wildfires, can rapidly release
large amounts of sediment into river channels and trigger debris flows [15,21]. As a result
of all the above processes, post-fire sediment yields from debris flows have been reported
to be 2-3 orders of magnitude greater than under normal, non-burned conditions [6].

In addition, all the above processes represent a risk to human structures and properties,
with cultural heritage sites being of particular interest, as their damage or destruction
represents a loss that goes beyond the material loss. Archaeological, vernacular, and small-
scale heritage buildings and structures in rural areas are particularly at risk, as they are
often located in secluded areas without proper protection measurements and reduced
access for firefighters [22,23].

Fire affects stonemade heritage structures, generating primary and secondary dam-
age [24]. Primary damage may include that caused directly by high temperatures, which
can reach up to 1000 °C during a fire. Quartz-bearing rocks, such as granitic lithologies,
exhibit intense spalling and granular disaggregation above 573 °C due to quartz-phase tran-
sitions that involve an intense volume change [25-27]. Furthermore, as primary damage,
ion-rich ashes and fumes may penetrate the porous system of rocks and lead, in turn, to
secondary damage caused by the formation of soluble salts which contribute to increasing
long-term weathering [28]. Both processes weaken the rock structure, which may lead
to the destruction of stonemade cultural structures. Subsequent floods accompanied by
exacerbated sediment delivery may obliterate some structures, causing secondary damage.
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A case in point of this last process in the studied area is the destruction of the centennial
“Puente de Muifiico” (Mufiico Bridge) due to the floods caused after the wildfire [29].

In this paper, we studied the effects of the fourth historical wildfire ever recorded in
the Sierra de Paramera (Avila, Spain). This fire event was called the Navalacruz fire because
it started from a roadside crash in the municipality of Navalacruz. The area affected
by the fire has a remarkable cultural heritage, a low population, and a well-preserved
landscape. In total, 46 out of the 60 inventoried cultural assets in the area affected by the
fire were damaged during the fire or just after the fire because of floods and sediment
transport. Besides the destruction of the above-mentioned Mufiico Bridge, 10 of these assets
experienced severe damage, and only nine out of the sixty inventoried assets did not suffer
any damage as a consequence of the fire [29].

We explore the meteorological thresholds through which this wildfire influenced
sediment mobilization and transport, as well as how these transported sediments reshaped
river channels and floodplains. Our objectives are the following: (1) to establish the basin’s
hydro-sedimentary response to low-intensity and high-frequency rainfall events; (2) to
determine whether the previous state of weathering in the soils across the watershed
may be able to enhance the river’s response to wildfire; (3) to determine the degree of
influence of hydrophobicity on flood hydrographs after the wildfire; (4) to estimate the
sediment volume transported during the early stages after the wildfire and to compare
direct in-field measurements with indirect 2D hydrodynamic results; and (5) to determine
the degree of damage to cultural heritage sites, either by direct causes, such as the fire itself,
or by indirect causes, such as subsequent flooding. Despite the short observation period
(~2 years after the fire), this study has already allowed us to highlight important aspects of
the hydro-sedimentary response of the study catchments to the fire.

2. Study Area and Navalacruz Wildfire

The Sierra de la Paramera is a mountain range situated in the northeastern region of
the Spanish Central System (Figure 1). It displays a distinct asymmetry, characterized by a
steep slope on its southern side and a gentle slope on its northern side. The total rainfall
amount is 400 mm in the northern side and 700 mm in the southern side. This is related
to the asymmetry of the mountain range. The rainy season corresponds to late autumn
(November—December), with snowmelt in early spring, and the dry season occurs during
summer with high temperatures. Records show that, in a return period of 3 years, the
rainfall exceeded 250 mm in the span of 1 week [30].
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Figure 1. Location of the study area, wildfire perimeter, studied catchments (in boxes), and infiltration
test sites (black dots).
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The Sierra de la Paramera corresponds to an uplifted asymmetric granitic block within
the pop-up and pop-down structure that originated during the Alpine orogeny (Miocene)
which constitutes the central portion of the Central System. The coarse-grained granite
forming this relief weathers, leaving a regolith formed mainly by sand and gravel, so-called
grus [31]. The grus displays a shear strength resembling that of coarse sand [32], and
when the grus is not stabilized by vegetation, it becomes an important source of sediments
through runoff, particularly in the areas with higher slope (Figure S1).

The mountain range acts as a watershed divide between the Tagus to the south and
the Duero basin to the north. The peaks reach 2100 m and are dissected by deep valleys.
The main rivers are the Picuezo—Adaja Rivers in the north and the Navalacruz—-Alberche
Rivers in the south. Due to their steep slopes, most of the channels on the southern side are
ephemeral mountain streams that flow directly toward the main valleys. The geology of
the study area (Figure S2) is mainly composed of the following: (1) coarse-grained biotite
granites; (2) granitic porphyry dikes, which predominate in areas with slopes of 20-30%;
and (3) slope deposits (colluvium) composed of cobbles and silt. In the valleys, (4) coarse
and fine fluvial deposits predominate.

The joint network of the granitic bedrock conditions heterogeneous weathering which
leaves relatively unweathered boulders embedded within a weathered mantle of variable
thickness. Granite weathering occurs mainly due to hydrolysis, and weathering rates
depend directly on precipitation and temperature [33]. Felsic Fe-poor rocks, such as this
granite, favor the formation of a thick regolith when the climatic conditions are appro-
priate [34]. However, grus’ thickness depends ultimately on erosion rates, as denudation
limits weathering advance [35].

In the studied area, the grus’ thickness is variable, and it is generally thin, particularly
in the steepest sloping south flank of the Sierra, where it is between 1 m [36] and 3—4 m,
but it can attain deeper soils in certain areas of the southern flank [30], in comparison to the
tens of meters in the northern flank [37]. The lack of sediment on the southern side is due
to the more powerful erosion of the Alberche River, which has greater slopes and a greater
erosive capacity than the Adaja River. On the northern side, the grus is an important source
of sediment that migrates through the riverbeds when the vegetation is removed.

The vegetation in the area is divided into Mountain Cytisus formations, mountain
pastures, sparse forest patches of sclerophyllous oak and junipers, and patches of coniferous
forest (Figure 2). The central area is devoid of vegetation, with granitic outcrops.
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Figure 2. Land use map of burned area showing mostly mountain pastures, Mountain Cytisus
formations, and sparse areas of coniferous and oak forest. Black dots show the infiltration test sites
and black boxes show the studied catchments.
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The Navalacruz wildfire, which burned 22,000 ha, was the fourth most serious fire
in extent in Spain since records began (Figure 1). The fire started on 14 August 2021 as a
result of a vehicular accident on a road; the fire then spread rapidly through a mountainous
area due to wind speed and was stabilized after two days. It was finally brought under
control on 17 August. In the days preceding the fire, Copernicus [38] warned of favorable
meteorological conditions for a wildfire; the Fire Weather Index (FWI) was higher, as well as
the BUI index (total amount of fuel available for combustion). The SW-NE wind direction
affected the Sierra de la Paramera, a sparsely populated area, resulting in no fatalities.
Despite the low mean intensity (Figure 3), a large area was burnt, as the fire spread over
very rugged terrain consisting of granitic outcrops, high pastures, and scrubland, which
made it difficult to extinguish with land-based means.
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Figure 3. dANBR index of the studied area of Navalacruz. Black dots show the infiltration test sites
and black boxes show the studied catchments.

3. Materials and Methods

Sentinel-2 was used as the remote sensing platform (corrected with Sen2Cor v2.10),
with images from before and after each fire used for the delimitation of the fire’s extent
and severity and for calculating the dNBR index, following the classification used by the
United States Geological Survey [39].

The degree of influence of the wildfire on soil infiltration was assessed using a random-
ized systematic design in two different areas: burned and unburned areas. Nine infiltration
sites were selected. At each site, at least 2 to 4 infiltration tests were conducted using
the single ring method [40]. Sites were selected according to the type of vegetation cover.
The sites were chosen to be more representative of the main vegetation types: mountain
pastures, Mountain Cytisus formations, and patches of coniferous and oak trees. Due to the
homogeneous geology of the area, most of the soils are granitic regolith with thicknesses
ranging from 1 m on the southern side to 10 m on the northern side. We measured all
samples in flat areas.

Precipitation data were obtained from the Spanish state meteorological agency (AEMET).
We used the station closest to the area (Avila station 4222, 12 km from the fire). In order to
obtain the best information about the rainfall distribution during the events, we used radar
information from AEMET with 10 min time intervals.

A two-dimensional (2D) hydrodynamic model, Iber software v3.3 [41], was used to
reconstruct the rainfall events. Iber is a 2D numerical model that simulates free surface
flow in rivers by solving the 2D Saint-Venant equations. To determine the flow depth
and the two components of the depth-averaged velocity in the XY plane, Iber software
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solves the full depth-averaged shallow water equations. These equations are solved using
unstructured meshes and explicit finite volume techniques.

The Iber software simulations were based on a 5 m resolution DEM, freely available
from the Spanish National Geographic Institute (IGN), derived from LiDAR data. The
simulation used rainfall data (AEMET) from meteorological radar sensors as water inputs to
the two different basins considered here. Other parameters included in the hydrodynamic
simulations were the Soil Conservation Service-Curve Number (SCS-CN) as the rainfall
loss and the surface roughness coefficient (Manning’s value). The last two variables were
considered for both the pre-fire and post-fire scenarios.

The use of the SCS-CN loss method is well developed and widely accepted in the USA
and other countries (e.g., [42—44]). The SCS-CN values were derived from the CORINE
Land Cover (CLC) data and the proposed values for each CLC unit in the Spanish guide [45].
The assignment of SCS-CN values for post-fire conditions used the recommendations of
the aforementioned Spanish guide, as well as the suggestions of Refs. [46,47], considering a
moderate soil burn severity.

The surface roughness coefficient (Manning’s value) for the pre-fire conditions was set
according to the suggestion by Ref. [48]. For post-fire conditions, the previous (pre-fire)
values were reduced to 40% of their original value, following the recommendations of
Refs. [49,50]. However, the previously suggested reduction in Manning’s value was not
applied to the entire study area, as the bare rock outcrops were not affected by vegetation
changes due to the fire occurrence; therefore, Manning’s values were not changed for the
rock outcrop areas or the channels (whose surface roughness is much more related to the
distribution of gravel, pebbles, or boulders than to vegetative effects).

From the available pre- and post-fire hydrodynamic model results, the discharge
hydrograph and shear stress (T) values were used to define the hydrological behavior and
changes due to the Navalacruz 2021 wildfire. The analysis focused on two different basins:
the small basin of the Obreguilla Creek (with only 4 km?) and the medium basin of the
Picuezo River (with an area of 25 km?).

In order to detect changes in fluvial streams, we identified 38 checkpoints, from which
we finally selected 14 sites with the criteria of being easily accessible from the roads and
open to being allowed to take photographs, where a time series of images could be used to
compare the degree of evolution: basically unchanged, predominantly sedimentation, and
predominantly erosion. The first series of images was taken a few days immediately after
the fire and could therefore be considered the original starting framework prior to the river
floods post-fire.

To study the post-fire sediment response in detail, we selected two catchments (see
Figure 1): Obreguilla Creek, an ephemeral mountain stream located on the southern side,
and the Picuezo River, a perennial stream and one of the main streams of the burned area.
At both sites, we recorded the sediment extent (in planform and thickness) of the sediment
wave that propagated downstream during the post-fire events. All length (sediment
width and depth) and slope measurements were made using a TruPulse 360 R Laser
Rangefinder. For the sediment contour in bars (the Picuezo River) and the fan perimeter at
Obreguilla Creek, we used drone imagery and GPS. Sediment volumes were calculated
from isopach maps.

To complement the field measurements, a two-step estimation of the effect of the fire
on bedload mobilization rates was carried out. First, we tried to quantify the increase
in sediment transport capacities that the fire might have caused compared to pre-fire
conditions. To do this, we used the bedload formula developed in [51,52], which is an
equation that performs reasonably well in mountain streams. According to this equation,
the bedload transport rates (gs) are proportional to

%2.5
T

ey (1)

ds X
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where T* is the dimensionless shear stress, which can be estimated as
N T
T = 2
1650¢D @

where T is the shear stress and D is the particle size representative of the riverbed (the 84th
percentile, according to Ref. [51]. Finally, 7,,* is a model parameter, which can be obtained
from the following expression:

Th = 15597 3)

By rearranging Equation (1), we arrived at the following expression:

Dspostfire (Tpost ) 65 ( Tpre + Tm )4 ( Dpre )4 )
Tsprefire Tpre Tpost 1 T Dpost

The 2D hydrodynamical model allowed us to estimate the change in the shear stress
distribution in the pre- and post-fire conditions. Then, we combined the hydrodynamical
model outcomes with Equation (4) to estimate the average change in bedload transport
capacities associated with the change in runoff volumes and flow rates induced by the
wildfire. One unknown that precluded the complete application of Equation (4) was the
uncertainty in the change in the grain size of the streambed linked to the wildfire, which
was difficult to evaluate. Therefore, we decided to assume that there was no significant
change in the grain size of the channel bed before and after the wildfire.

In the second step, we estimated the amount of bedload that was remobilized during
the 2021 post-fire storm. To do this, we used a simple formula that is commonly used
by engineers working on Alpine torrents with a “pulsating” bedload and high sediment
concentrations. These conditions are probably not very different to those that prevailed
in the Obreguilla and Picuezo Rivers (according to our field observations). This equation
makes the sediment concentration (C) dependent on the square of the bed slope (S) [53]:

C=ps 5)

where f§ is an empirical coefficient for which different values have been proposed, e.g., 5.5
and 2.5, Chezy’s roughness coefficient [53,54]. Recently, Ref. [53] found that this equation
well describes the behavior of sediment pulses observed in channel experiments with a
high sediment concentration, with an optimal value of  ~5. We applied Equation (5) to the
modeled flow hydrogram of the storm for the Obreguilla and Picuezo Rivers. We tested
three different values for B: 2, 5, and 8.

We used the range of damage of cultural assets after the wildfire published by Ref. [29]:
no damage (0), slight (1), moderate (2), severe (3), or ruin/collapse (4). In addition, we
carried out an on-the-spot comparison to make a visual assessment of most of the cultural
assets and all of those affected by the floods.

4. Results

As reported in other lithologies [55,56], wildfires increase debris slope destabilization
in the short term, as well as accelerating weathering rates in the medium and long terms,
therefore accelerating the formation of new regolith. In the case of granites, this is exac-
erbated by temperature-induced cracking, particularly when fire exceeds 573 °C and the
a— quartz phase transition takes place [26]. Fire also removes vegetative cover (Figure 4).
The grus displays a shear strength resembling that of coarse sand [32], and when grus is
not stabilized by vegetation, it becomes an important source of sediments through runoff,
particularly in areas with steeper slopes (Figure S1).
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Figure 4. The main source of sediment on slopes and rivers comes from weathered granitic outcrops.
(a) Exposed regolith on the northern side in Picuezo watershed. (b) Wide surface covered by Mountain
Cytisus formations and the loss of protection for regolith soil after the wildfire. These pictures were
taken on 13 September 2021, 27 days after the fire.

4.1. Post-Wildfire Rainfall Events

The wildfire occurred at the end of summer, just before the start of the rainy season.
The results allowed us to identify three main groups of storms (G1, G2, and G3). In G1, we
recognized four events immediately after the fire (events 1 to 4). The first event occurred
15 days after the end of the fire. As can be seen in Figure 5, the first four events showed
moderate rainfall that did not exceed 32 mm but still caused significant changes in the rivers,
with ash transport occurring first and then sand and mud transport occurring later. The
event of 23-24 September was the largest of the four events (58.2 mm/cumulative rainfall),
and it was considered of moderate-low magnitude. These rains caused the flooding of
Garganta Obreguilla (with debris flow generation) and the Picuezo River. Other rainfall
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events during the first two months after the fire were of low magnitude, but they still
mobilized sediment along the channels.
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Figure 5. Rainfall events after the wildfire. Distribution of groups of storms (G1, G2, and G3) and
relationships with ash, sand, and flood occurrence at the Avila rainfall station (2444).

The radar imagery shows a similar trend to the Avila rainfall station, with low precipi-
tation in the study area. Despite having similar distributions, the total amounts differed
between the radar and systematic gauging due to the convective nature of the storm.

The second group of storms, G2 (events 5 to 8), of low magnitude (occurring 2 to 4 months
after the wildfire) and limited amounts of rainfall (~18 mm) revealed the beginning of the
erosional processes in the burned area. The spring rains were the third group of storms,
G3 (events 9 to 13), and, despite having moderate values (~36 mm), like those of the
23-24 September event, these rains did not involve new sediment mobilization in the
burned area. Subsequently, during the hydrological year of 2022-2023, other moderate
rains occurred, but the rivers’ morphologies did not change, and the sediment remained
stored in the sink areas.

A detailed survey of the radar images taken during the first group of events (G1,
Table 1) confirmed the data from the Avila station and revealed that the rainfall duration of
the first group of storms mostly did not exceed 3 h of continuous precipitation, except for
the third storm of G1, which was divided into two consecutive storms of ~90 min separated
by 4 h without rain, with a total cumulative precipitation of 63.8 mm/7 h. The average
storm intensity ranged from 5 to 20 mm /h. The recurrence intervals for each event were
lower than or equal to 2 years.

Table 1. Characteristics of every single event of the G1 group of storms: total rainfall, storm duration,
and average storm intensity. Data are from radar imagery.

Storm Average Storm Storm
Total Storm . .
Storm Date Rainfall (mm) Duration Intensity Recurrence
(h:min) (mm/h) (Years)
31 August 2021 29.4 2:20 12.6 <2
14 September 2021 13.2 1:00 13.2 <2
23/24 September 2021 27.6/34.2 1:30/1:40 18.4/20.52 2

29 October 2021 13.2 2:30 5.28 <2
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4.2. Hydrological Changes
4.2.1. Water Repellency and Infiltration Changes

Water repellency was determined within the fire perimeter in adjacent unburned and
burned soils (see sample locations in Figures 1, 3 and 6). Infiltration times were higher
at most burned sites than at unburned sites. We observed differences depending on soil
coverage. The predominant vegetation cover (>60%) in the study area is Mountain Cytisus
formations. We measured infiltration in this cover at five of the nine sites (Figure 6d).
Despite its lower fuel loadings in relation to its low biomass compared with a forest, the
differences in infiltration between the burned and unburned areas were significant, by up
to four times.

Mixed forest . Coniferous forest
3000 3000
o burned soils -A X1 0 a0
‘é 1500 g 1500
£ 100 threshold? = 100
. unburned soils
500 unburned soils 500
. A
Oak forest Mountain Cytisus formations
3000
2500 C 2500 d ‘
burned soils *
3 WO\ — — 2000 X4
T burned soils? -, H |
‘g 1500 2 1500 * h !
£ i e " threshold?| € ' threshold
’? + B l B
| unburned soils 0 . - ..
. T . 2 unburned soils

Figure 6. Infiltration rates in different soil coverages located within the wildfire perimeter. Red
samples are burned soils and green samples are unburned soils.

In forested areas, such as mixed forest (Figure 6a), the differences between burned
and unburned areas were higher (up to ten times); the dNBR map shows site 4 as having a
moderate severity and a relatively high fuel content. However, the other forested areas,
such as oak or pine forests (Figure 6b,c), revealed lower differences caused by post-fire
management (machinery removed soil in the pine forest and, thus, increased infiltration).
Unfortunately, we did not analyze the forest patches at the core of the wildfire due to the
impossibility of comparison with nearby unburned areas.

Some samples showed similar infiltration times to those from areas with a low
severity index.

We detected several differences in the results of the infiltration test due to the low
degree of severity (low dNBR index), freeze—thaw cycles that waterproofed the soil during
the sampling, and post-fire operational management.

Due to the homogeneous nature of the granitic soils in the studied area, we proposed
a preliminary threshold for fire-induced water repellency, a factor that may contribute to a
reduction in infiltration rates in unburned soils.

4.2.2. Hydrodynamic 2D Model

The Obreguilla Creek and Picuezo River basins show clear morphometric differences
in terms of the total area, mean slope, river reach slope, and land cover. All these variables
determine the hydrological behavior and the peak flows generated in the basins by storms.
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Discharge hydrographs and shear stress values were used to assess the hydrody-
namic behavior and changes in the Obreguilla Creek and Picuezo River basins due to the
Navalacruz 2021 wildfire.

The discharge hydrographs of the Obreguilla Creek and Picuezo River basins (Figure 7)
show differences. For Obreguilla Creek, the pre- and post-fire conditions were responsible
for both a significant increase in the peak flow values under post-fire conditions and a time
reduction in hydrograph peak flow generation. The peak flow values increased by more
than 25% (from less than 4 m3 s~! to more than 5 m> s~ 1), and their occurrence was 18 min
early under post-fire conditions (from 00:05 h to 00:23 h of 1 September).
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Figure 7. Discharge hydrographs for the (A) Obreguilla and (B) Picuezo basins under pre- and
post-fire conditions (light and dark blue lines).

The previous clear differences between the pre- and post-fire results in Obreguilla
Creek were not observed for the Picuezo River. Figure 7 shows very similar discharge
hydrographs for the Picuezo River basin, with equal peak flow values (even slightly higher
under pre-fire conditions; 93.24 m® s~! and 92.88 m? s~! for pre- and post-fire models,
respectively) and peak flow times separated by only 7 min (from 00:39 h under post-fire
conditions to 00:46 h of 1 September).

The shear stress results show similar trends to the discharge hydrographs, where
hydrodynamic changes are more evident in the small basin of Obreguilla Creek. For this
small-stepped basin, the ratio between the post- and pre-fire shear stress values shows
a dominant increase in sediment transport capacity (Figure 8A). Despite the existence of
localized areas with a high increase in sediment transport capacity (shear stress ratios
higher than 34, as on both sides of the main channel defining the alluvial fan), most of the
area shows an increase lower than 2 for the shear stress ratio.

The shear stress ratio between the post- and pre-fire conditions shows a more complex
spatial distribution for the Picuezo River reach analyzed. A succession (Figure 8B) of areas
with an increasing and decreasing sediment transport capacity was observed. The mean
shear stress ratio for the area shows a slight increase in sediment transport capacity, which
is more evident in the upstream area. However, when looking at the downstream reach of
the Picuezo River (Figure 8B), the areas with an increasing sediment transport capacity are
localized in the main channel, while the channel sides and floodplain predominantly show
a decrease in the shear stress values.
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Figure 8. The shear stress ratio from hydrodynamic model results under pre- and post-fire conditions
in the (A) Obreguilla and (B) Picuezo basins. The values of the ratio show the relationship between
shear stress (1) in post-fire and pre-fire conditions (Tpost-fire / Tpre-fire)-

The shear stress ratio results show differences between the Obreguilla and Picuezo
basins, with Obreguilla showing a greater increase than the Picuezo basin. For Obreguilla
Creek, the shear stress value under the post-fire conditions is 1.2-2-fold higher than that
under the pre-fire conditions. These values are similar to the upper part of the Picuezo
reach, where the shear stress ratio decreases to a mean value of 0.7-1.25-fold under the
pre-fire conditions.

Thus, these results highlight a significant change in the hydrodynamic behavior of the
small, circular, and stepped Obreguilla Creek basin (Figure 8A), where the post-Navalacruz
2021 wildfire conditions drove an increase in the peak discharge and potential sediment
transport capacity (by increasing the shear stress). However, the results for the medium
(although still less than 25 km?), elongated, and less stepped Picuezo River basin do
not show this clear significant change in hydrodynamic behavior. The peak flow values
remain constant in magnitude and time scale, and the shear stress ratio does not show a
homogeneous increasing trend in sediment transport capacity.

4.3. River Response
4.3.1. Changes in Morphology

We studied the morphological changes in the channels during the first year after the
wildfire at 22 stations (see Figure 1). As the wildfire occurred at the end of summer, there
was less than one month between the fire and the first rains. The main morphological
effects are shown in Table 2. During the first group of events (1-4), mainly ash and
flotsam entrainment occurred (events 1 and 2), followed by sediment mobilization, mainly
sand from the regolith in less covered areas due to the wildfire. Most of the channels
experienced aggradation, and sand bars covered the channels, leaving a drape-shaped
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deposit with a continuous slope degree. This aggradation phase lasted until events 34,
but it mostly occurred during event 2 and especially event 3. The greater amount of
rainfall, together with the higher rainfall intensity, mobilized a large amount of sediment
in the basins during event 3 (Figures 9 and 10). This event includes the flooding of the
Picuezo River (24 September 2021), as well as the debris flow episode of Obreguilla Creek
(Figure 8A). The high energy developed in this event could be observed in some channels,
such as the Garganta de Toledo, where the entire sediment cover of a bedrock section was
washed away, leaving a clean surface and bedrock erosion (Figure 9a). The mobilization
of sands vs. coarser material in the debris depended on the specific spatial location of the
moments of greatest intensity of the storm, as well as on the previous potential for the
generation of sediment entrainment in each basin (slope and bedload availability). The
Riofrio debris flow involved the blockage of a watercourse at the head of a knickpoint,
with a change in the direction of the waterfall (Figure 9b). The degradation phase (incision)
started during the second group of storms, events 5-10 (Figure 10). The sandbars with a
regular slope angle became entrenched, and meandering embedded channels developed
(Figure 10d,f). The channels widened in width, but erosion also reduced their height until
they reached the original bed (Figure 10g). With the third group of storms, ~7 months after
the wildfire, most of the fluvial network experienced a stabilization period (events 10 to 13).
Remnants of sandbars and debris flows could be seen in protected areas of the floodplain.
After the third group of storms, new rainfalls did not cause major changes in the river
morphology. The longitudinal and cross-sectional profiles could be considered stable.

14-09-2021

G
24-09-2021

=

Figure 9. Morphological changes in bedrock reaches and debris flow generation. (a) Garganta de
Toledo with low effects (ash deposition) of the 1st event (1 September 2021) vs. bedrock erosion of the
3rd storm (24 September 2021). (b) Riofrio stream, with a debris flow plug and change in waterfall
course after the 2nd event. (c) Debris flow at Obreguilla Creek (24 September 2021) and subsequent
erosion of deposits. Red arrows show the same point. Blue arrows show flow path.
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Figure 10. Morphological changes in alluvial reaches. (a) Dam filled with ash and silt during the
1st event in Garganta Honda. (b) Mironcillo check dam blockage during the 2nd event. (c) End of
aggradational phase (photo taken on 5 November 2021) and (d) incision phase in Endrinal Creek.
(e) Sand bars along the entire floodplain in the Picuezo River (photo taken on 19 December 2021).
(f) Entrenched channel in sand bars in Garganta de Zapatero (photo taken on 28 October 2021).
(g) Evolutionary sequence in Garganta de Zapatero, with ash and flotsam deposition during the first
event, the aggradational phase, and finally the degradational phase before stabilization.

Table 2. Sequence of morphological changes in relation to the group of storms involved after the wildfire.

Morphological Changes 1st Storm Events 2nd Storm Events 3rd Storm Events
(G1:1to 4) (G2:5t0 8) (G3: 9to 13)
Flotsam and ash deposition Mostly in 1-2 - -
Sand and mud bars All, mostly in 2-3 - -
Debris flows Event 3 - -
Bedrock exposed Event 3 - -
Post-flood erosion - Startsin 5 Decreases in 10

Stable - - Starts in 10
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We found five small dams in the burned area. Their use is mainly recreational, but
there are also some dams for water supply and irrigation. All small dams were filled with
sediment after the second event (Figure 10a,b).

4.3.2. Sediment Delivery to Mountain Streams

The combination of high slopes, above 40-45%, and the very high dNBR values
(Figures 11 and S2) contributed to the high sedimentation rate in the study area. Within the
two pilot basins, these characteristics, which drive sediment production, were related to
the estimated sediment production values.
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Figure 11. Susceptibility results in the two studied basins using the slope category and dNBR index:
(a) Obreguilla basin, a small catchment facing southward with most of the basin area with 40-45%
slopes and high dNBR values; (b) Picuezo basin, one of the larger catchments in the studied area,
facing northward and with high slope and dNBR values in the upper basin.

Based on the results of the 2D hydrodynamic model and Equation (4), we estimated the
change in the bedload transport capacity associated with the wildfire in both the Obreguilla
and Picuezo Rivers. In the case of Obreguilla, we calculated a remarkable increase in the
channel’s capacity to transport bedload, i.e., an average ratio of 3.0 between the post-fire
and pre-fire bedload capacities. In the case of the Picuezo River, the assessed change
in bedload capacity was less marked: we estimated an average ratio of 1.1 between the
post-fire and pre-fire bedload capacities. However, this result could be biased by the effect
of assuming no change in the channel bed grain size. If we assumed that the fire was
associated with an increase in fine material inputs to the channel and that the bed grain size
was therefore refined (Dpre/Dpost = 2), then we would have estimated a post-/pre-ratio of
47.5 and 17.2 in the Obreguilla and Picuezo Rivers, respectively.

To obtain a quantitative volumetric estimate of bedload sediment delivery, a field
survey was carried out to record the sediment thickness along the Obreguilla and Picuezo
Rivers (Figure 12). The sediment thickness data were then used to derive a post-fire surface
topography. Finally, the Geomorphic Change Detection (GCD; [57,58]) tool was used
to compare the pre- and post-fire surface topographies. For Obreguilla Creek, the GCD
analysis resulted in an estimated sediment volume of ~6400 m® of sediment, a value that
takes into account sediment and pores. For this type of sediment, a porosity of about 35%
is usually considered [59], so the sediment volume could be reduced to ~4200 m?3. For the
Picuezo River, the first estimation, taking into account the sediment and the pores, gave a
value of ~133,000 m3, a result that could be reduced to ~99,800 m? if the volumetric porosity
is not taken into account.
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Figure 12. Sediment delivery in the two studied basins: (A) debris flow extent in the Obreguilla
catchment and isopachs of sediment thickness; (B) medium Picuezo River.

We also estimated the amount of bedload remobilized during the 2021 post-fire storm
using Equation (5). In the case of Obreguilla, we computed a bedload volume between
2300 and 4000 m?, depending on the (B coefficient used in Equation (5) (2 and 8, respec-
tively). The calculated volumes were in the same order of magnitude as those obtained from
topographic surveys in the field. In the case of the Picuezo River, the estimated volumes
ranged between 8400 (3 coefficient = 2) and 13,500 m? (B coefficient = 8). The assessed
volumes were one order of magnitude lower than those derived from the topographic anal-
ysis. These differences may indicate that the volumes determined using the topographic
analysis also included a large proportion of sediment transported as a suspended load,
which was not adequately reproduced by bedload computation.

4.4. Effects on Cultural Heritage

The burned area constitutes an important heritage complex and is also part of the
protected area Natura 2000 network ZEC “Sierra de la Paramera y Serrota”. The most
valuable cultural heritage structure of the area is the Celtic hillfort of Ulaca, one of the
most interesting oppidum (Celtic fortified cities) in all of Europe of the Vetton culture (Iron
Age). This type of structure is typical of the Iberian Peninsula, and some of the “castros”
were used in the post-Roman period. Fortunately, although the archaeological site was
surrounded by fire, it did not burn.

In the wildfire area, there are at least 60 cultural assets [29] (Figure 13), comprising
archaeologically, ethnologically, and historically important sites, three of which are listed as
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goods of cultural interest (BIC, the highest level of protection for cultural heritage in Spain).
Most of them are related to the Vetton culture, but others are also valuable archaeological
assets, such as the Roman road, necropolis, rock paintings, ancient hydraulic mills, the
Visigothic village of Cabeza de Navasangil, and the medieval castle of Aunqueospese
(Figure 14a). All of them are protected within the Spanish archaeological heritage laws.
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Figure 13. Cultural assets protected by Spanish laws (BICs) affected by the wildfire or subsequent
flooding and divided into categories. The red dashed line shows the full perimeter of the Navalacruz
2021 wildfire.

Figure 14. Wildfire effects on cultural heritage. (a) Aunqueospese medieval castle in Mironcillo
(XV century). (b) Vetton (Celtic) sacred stone called “Canto de los responsos”. (c¢) Burned area of
Visigothic village of La Cabeza de Navasangil. (d) Ancient mills covered by sandbars of the Picuezo
River. (e) Quemado hydraulic mill, partially damaged and covered by sand bars. (f) Muiiico historical
bridge (1893), collapsed during the flood on 23 September. All pictures were taken after the wildfire.



Fire 2024, 7, 52

18 of 23

Of all the cultural assets, the list of damage is the following [29]: nine did not suffer
from any type of damage (level 0), forty cases had light damage (level 1), seven had
moderate damage (level 2), three elements had serious damage due to a previous vulnerable
situation or due to operational damage (level 3), and one ethnographic element had to be
classified as a ruin/collapse (level 4).

Among the fire-damaged sites is the “Canto de los Responsos” (Figure 14b), an isolated
boulder located 3 km SW of the Celtic oppidum of Ulaca (Avila). It is associated with a
Celtic folk ritual for travelers. Surrounded by scrubland and mountain pastures, it was
affected by the fire but not destroyed; its ANBR index was moderate to low due to the low
fuel content. The archaeological site of Cabeza de Navasangil (Figure 14c) was completely
affected. This Visigoth village from the 5th century is composed of rock walls with partial
damage to the ashlars (spalling).

However, one of the worst impacts on cultural heritage came from the high rainfall
that resulted in soil erosion, affecting both the non-channeled phase of the slopes and all
riverbeds of the fluvial network. Most of the cultural assets are sites scattered on the slopes,
and many of these sites have been covered by deposits.

There is also a listed ethnological heritage site comprising numerous water mills
that were covered or destroyed by post-fire floods, for example, the mills of the Picuezo
River, comprising six hydraulic mills (Figure 14d), and the destruction of the Molino del
Quemado (Figure 14e). The Muiiico historic bridge, built in 1893, survived the fire, but it
unfortunately collapsed just ten days later, damaged during the floods produced by the
storm of 23-24 September. This bridge can be used as a marker of the return period of the
event (the rainfall during that event did not exceed 2-3 years, and the bridge had 125 years
of undamaged history (Figure 14f)).

5. Discussion and Conclusions

We observed intense runoff during the first events immediately after the fire, as
suggested in [11,13,14]. The onset of stream sedimentation occurred early, during the first
group of moderately sized storms (see Figure 5), consistent with the findings of Ref. [12].
The combination of the first post-fire floods with the first fall convective storms was the
reason for the amount of sediment produced, as suggested by Ref. [16], accounting for 90%
of it. However, this was not the only reason for the large amount of sediment. We observed
a thick regolith in the weathering mantle limited by denudation on both the northern and
southern sides of the burned area. This is consistent with the results of Ref. [34]. According
to the above-mentioned authors, this indicates that slow weathering and deep infiltration
led to the production of both a thick regolith and a wide reaction front.

Despite the low magnitude of rainfall events (~2 years), we reported some debris flow
events associated with the previous high slope percentage >40% and the combination with
the medium-to-high severity of the fire (see Figure 11). The rate of infiltration in deep
weathered areas probably exceeded the rate of percolation, according to Ref. [60], causing
the increase in pore pressure. Other events of this magnitude associated with small storms
have been reported by Refs. [5,19], suggesting the triggering of debris flows with average
intensities between 1 and 32 mm/h, and we found intensities of 20 mm/h. Conversely,
Ref. [20] pointed out that return periods are greater than those of low magnitude, but these
authors agree with >30% of slopes being particularly susceptible to soil erosion.

Morphological changes in fluvial systems rapidly occur in three stages: first, ash and
flotsam deposits form; second, sand deposition and massive aggradation occurs during
the following two months; and, third, erosional processes with channel entrenchment and
lateral erosion occur up to 7 months after the wildfire. Our results are consistent with those
of other morphological works, such as those by Ref. [3]. Within a few months after the
wildfire, most of the streams stabilized, and a particular quantity of transient sediment had
been mobilized, transported, and stored in the channels and floodplain.

Our results show medium rates of the severity index in the studied area (Figure 3).
During the field infiltration test on the wildfire perimeter, we recorded clear differences
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(<10 times) in the forested areas and Mountain Cytisus formations due to fuel availability
that led to more hydrophobicity. However, the mountain pastures and other land coverages
provided unclear results, probably because they are located on the wildfire perimeter under
near fire extinction conditions.

A limitation of the present analysis was the paucity of available data on the pre-fire
channel conditions. As a result, it was not easy to compare the post-fire and pre-fire channel
response to previous seasonal periods of similar precipitation and to establish a robust
conceptual cause—effect model of the influence of wildfire in the study streams. To overcome
this shortcoming, we performed two analyses in the present study: (1) we measured soil
infiltration in the field and compared soil infiltration in burned and unburned areas, and
(2) we used hydrological-hydraulic modelling to compare pre- and post-fire hydraulic
conditions (i.e., flow rates, shear stress) under a similar rainfall scenario.

Wildfires cause a loss of vegetation cover and a hydrophobic effect in the soil of burned
areas. These processes were incorporated into the hydrodynamic model by changing the
values of the SCS-CN and Manning’s coefficient. The SCS-CN value increases under
post-fire conditions, e.g., [47,61], due to the lower infiltration rates of burned soils and
the lower interception of rainfall by vegetation cover; although conditioned by pre-fire
SCS-CN values, the change between the pre- and post-fire conditions was lower than that
indicated by Ref. [62]. The ratio of infiltration rates for burned and unburned sites in the
Mediterranean mountains was 0.9, indicating relatively little change, but this ratio ranged
from 0.3 to 0.5 for the sites in Spain [63,64]. Conversely, Manning’s coefficient decreases
when vegetation cover is burned or when pre-fire land cover is replaced by other types
that are more representative of post-fire conditions. The reduction in Manning’s coefficient
has been estimated to be around 40% (e.g., [50,65]), although [65] shows reductions in
Manning’s coefficient of up to 56%. However, this reduction rate was highly dependent on
the distribution and density of the pre-fire vegetation cover and could not be applied to
rock outcrops with no vegetation or a very low density.

These changes in the pre- and post-fire conditions caused different hydrodynamic
responses in the Obreguilla and Picuezo basins. The small and steep Obreguilla Creek
basin showed some changes in its hydrological behavior, which could be summarized as
a significant increase in peak flow, in agreement with Refs. [62,66,67]. At the same time,
there was an increase in hydrological sensitivity, which is in agreement with Ref. [68], who
reported that the rainfall thresholds for flow generation decreased after wildfires; this was
evident when runoff was generated by the first rainfall under post-fire conditions, whereas
no such runoff occurred under pre-fire conditions. However, other findings by Ref. [68],
such as the absence of changes in peak flows or the duration shortening of flow events,
were not observed here. The effect of the fire on the hydrological response is consistent
with the conclusions of Ref. [69], who stated that smaller catchments are more sensitive to
the effects of wildfire.

However, and as pointed out by Ref. [9], the hydro-sedimentary impacts on river
basins vary according to the basin characteristics, such as size, climate, and, of course, pre-
and post-fire conditions. These differences could be observed in the results for the Picuezo
River, where neither peak flow nor hydrograph volume differed from the pre- to post-fire
conditions. The hydrological behavior of the Picuezo River basin seems to be similar to that
indicated by Ref. [67], who observed no difference in peak flow, but it is not consistent with
their results of a faster response of flow to precipitation. The last point is a common process,
as mentioned by Refs. [65,68,70], and it was an observable behavior in the Obreguilla basin
but not in the Picuezo basin.

All of these hydrological changes are related, among other variables, to the sediment
yield behavior of the catchment. From a hydrodynamics perspective, shear stress changes
could control the bedload sediment transport capacity of the channel. The results of the
Obreguilla and Picuezo Rivers showed an increase in the bedload sediment transport
capacities resulting from the changes in shear stresses. This is in agreement with areas with
extensive sediment deposits linked to post-fire rainfall events and high volumetric estima-
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tions from a DEM of Difference (DoD) analysis. From the DoD analysis, the Obreguilla
basin had a yield of about 26 tha~, a really high value related to that recorded (19.7 tha~?)
by Ref. [71] in the southeast of France. For the Picuezo basin, the same analysis showed a
rate of about 46.5 t ha—!, which is close to the highest value recorded by Ref. [67] and related
to that recorded (0.017-50 t ha=1) by Ref. [72] in southeastern Australia. All these values
are still far from those reported by Ref. [6] from post-fire debris flows (113-294 t ha—?).
Based on the field observations and hydrodynamic model results (with higher shear
stress ratios within channels), it was determined that the main source of sediment in the
Obreguilla and Picuezo basins could be channel erosion, as in the analysis by Refs. [73,74],
rather than slope erosion, as in the analysis by Ref. [72]. However, our results show
differences that may be related to basin characteristics and pre- and post-conditions, as well
as possible differences in the fine sediment available for transport; the thickness; and the
stony soil cover, which had a variable potential of available sediment for transport [9,68].
All these effects constitute a risk to cultural heritage sites in runoff areas and along
water courses, which adds to the immediate breakdown effects that a fire itself may cause.
Scattered archaeological sites located on slopes and water-related structures (water mills
and bridges) are the cultural heritage assets that are more sensitive to the combined risk of
fire and the subsequent sediment mobilization. In total, 85% of the inventoried cultural
heritage sites in the area were affected to some extent by the fire, and 18% of them showed
moderate-to-severe damage. Most of the severe damage caused to the heritage sites as
a consequence of this fire event was due to sediment mobilization and flooding, which
speaks to the relevance of this short-term destructive effect of wildfires on heritage sites.
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