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Abstract
Aim of the study: A meta-analysis was applied to evaluate surface runoff and soil loss after fires of different severity and 

post-fire treatments in semi-arid forests of Central Eastern Spain.
Area of study: Four sites (Lezuza, Agramón, Liétor and Ayna) were identified in Castilla-La Mancha and were monitored 

throughout 10 years at the plot and event scale.
Material and methods: Rainfall simulations and observations after natural rainfalls were carried out, to measure surface 

runoff and soil loss in unburned sites, burned and untreated sites, and burned sites treated with post-fire management 
techniques. The log response ratio of runoff and soil loss was calculated at the same site in order to evaluate the hydrological 
response to fire and post-fire management.

Main results: The meta-analysis has shown: (i) prescribed fires do not noticeably increase runoff, while wildfires at every 
severity is able to trigger erosion, except in the case of low-severity fires and less intense rainfall; (ii) runoff generation 
capacity of burned soils is higher after moderate rainfalls; (iii) fire changed  soil erodibility according to  rainfall intensity 
between unburned and burned soils; (iv) in general, the evaluated treatments were not effective at reducing surface runoff 
(except for mulching using wood chips and manual logging); (v) in contrast, soil erosion under burned conditions decreased 
after almost all techniques, especially with mulching using Loranthus europaeus J. and wheat straw; (vi) the mulch made of 
the latter substrate (combined with manual logging or not) seems to be the most feasible post-fire anti-erosive action.

Research highlights: Forest managers should prioritise areas potentially affected by high-severity wildfires for fire 
prevention. The most effective post-fire management technique is mulching, using wheat straw and wood chips to mitigate 
soil erosion and surface runoff, respectively.

Keywords: post-fire management; rainstorms; semi-arid environment; soil hydrology; wildfire effects.

Escorrentía y erosión del suelo después del fuego y tratamientos post-fuego 
en ecosistemas forestales de Castilla La Mancha: Análisis de una base de 
datos de 10 años

Resumen
Objetivo del estudio: Se aplicó un meta-análisis para evaluar la escorrentía superficial y la pérdida de suelo tras incendios 

de diferente severidad y tratamientos post-incendio en ecosistemas forestales semiáridos del centro-este de España.
Área de estudio: Se identificaron cuatro lugares (Lezuza, Agramón, Liétor y Ayna) en Castilla-La Mancha, y se 

monitorizaron la escorrentía y erosión a lo largo de 10 años a escala de parcela y de evento.
Materiales y métodos: Se realizaron simulaciones de precipitación y observaciones directas tras precipitaciones 
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naturales, midiendo la escorrentía superficial y la pérdida de suelo en sitios no quemados, quemados y no tratados, y 
quemados tratados con técnicas de gestión post-incendio. Se calculó la relación de respuesta logarítmica de la escorrentía 
y la pérdida de suelo en el mismo sitio con el fin de evaluar la respuesta hidrológica al fuego y a la gestión post-incendio. 

Principales resultados: El meta-análisis ha mostrado los siguientes resultados: (i) Las quemas prescritas no aumentan 
notablemente la escorrentía, mientras que los incendios forestales de cualquier severidad son capaces de desencadenar 
procesos de erosión, excepto en el caso de incendios de baja severidad y precipitaciones menos intensas; (ii) la capacidad 
de generación de escorrentía de los suelos quemados es mayor tras precipitaciones moderadas; (iii) el fuego y la intensidad 
de precipitación cambian la erodibilidad del suelo cuando se comparan zonas no quemadas y los quemadas; (iv) en general, 
los tratamientos evaluados no fueron eficaces para reducir la escorrentía superficial (excepto el acolchado con astillas de 
madera y la corta de madera de manera manual); (v) por el contrario, la erosión del suelo quemado disminuyó tras casi todas 
las técnicas, especialmente con el mulching con Loranthus europaeus J. y paja de trigo; (vi) el mulching realizado con este 
último sustrato (combinado o no con la corta de arbolado manual) parece ser la acción antierosiva post-incendio más factible.

Aspectos destacados de la investigación: Los gestores forestales deben priorizar las actuaciones en zonas potencialmente 
afectadas por incendios con alta severidad. Dentro de las técnicas de gestión postincendio, el mulching es el más eficaz, ya 
sea con paja de cultivos agrícolas o astillas para controlar respectivamente la erosiòn del suelo y la escorrentía superficial.

Palabras clave: ambiente semiárido; efectos de los incendios; gestión post-fuego; hidrología del suelo; tormenta.
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Introduction

Surface runoff and soil erosion rates can noticeably increase after forest fires, regardless of their characteristics 
(intensity, severity, frequency, etc.). In Mediterranean semi-arid environments, the specific climatic (e.g., high-intensity 
rainstorms, long drought periods) and soil (shallow profiles and low content of organic matter) characteristics make 
these increases generally severe (Shakesby, 2011; Bodí et al., 2012; Almendros and González-Vila, 2014). Due to these 
peculiar characteristics, the effects of fire are generally site-specific, requiring targeted investigation in a given area to 
understand the soil’s response to fire (Moody et al., 2013). In other words, it is essential to identify the characteristics of 
the rainfall events that mostly increase this hydrological response as well as the maximum expected runoff and erosion 
rates on one hand. On the other hand, there is a need to identify the most effective post-fire management technique to 
restore, if, when and where possible, the original soil hydrological response that is typical of sites not affected by fire.

Direct measurements of surface runoff and soil loss in forest areas are commonly expensive and time-consuming. 
Therefore, the relevant databases are generally scarce and often carried out by scholarly institutions on the occasion of 
targeted research projects (Girona-García et al., 2021; Zema and Lucas‐Borja, 2023). However, when available, these 
databases are useful to draw indications about the magnitude and frequency of non-tolerable runoff and erosion rates (that 
is, the rates that exceed the suggested guidelines reported in the scientific and technical literature) as well as the beneficial 
effects of a given post-fire management techniques. Several universities and other research institutions have published a 
large body of research in the Iberian Peninsula, especially in Portugal, Galicia, Catalonia and Castilla-La Mancha (e.g., 
Francos et al., 2018; Lopes et al., 2020; de Pagter et al., 2023). About the latter region, the University of Castilla-La 
Mancha (Campus de Albacete) has carried out several investigations (mainly at the plot and event scales) in burned sites 
with variable morphological (e.g., slope and aspect) and soil (texture and chemical properties) characteristics and under 
different post-fire management techniques (e.g., mulching, salvage logging). A meta-analysis applied to this database can 
quantitatively reveal the magnitude of runoff and erosion rates, the characteristics of the driving rainfall events as well as 
the feasibility of a set of post-fire management techniques implemented in regional sites.

This study evaluates surface runoff and soil loss after fires of different severity and post-fire treatments in forests of 
Castilla-La Mancha, applying a meta-analysis on a 10-year database of records collected in experiments at the plot and 
event scale. The specific objectives are: (i) to identify the rainfall and intensity thresholds that generate runoff and erosion 
in burned sites significantly more than in unburned conditions; (ii) to estimate the maximum unit runoff and erosion rates 
per given rainfall characteristics (depth and intensity) in unburned and burned conditions; and (iii) to disentangle the 
most effective post-fire treatment to reduce runoff and erosion in burned conditions. These results are useful for forest 
managers to identify the areas to be prioritised for fire prevention and post-fire restoration.

https://doi.org/10.5424/fs/2025342-20956
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Material and methods
Study areas and experimental sites

Castilla-La Mancha is a region of Central Spain, known for its diverse landscapes and agriculture. The climate is 
typically Mediterranean, Bsk according to Koppen’s classification (Kottek et al., 2006) with continental influences. 
Summers are hot and dry (with temperatures often exceeding 35 °C), while winters are cold (on average from 0 °C to 10 
°C) and occasional frost, and temperature noticeably varies among seasons. Rainfall is generally low, averaging between 
300 to 500 mm/year, with most precipitation occurring in spring and autumn. The region often experiences droughts, 
especially in the summer.

Natural vegetation is primarily the Mediterranean scrubland, with oak, juniper, and pine trees on the higher 
elevations. Plains are characterized by low shrubs and grassland, while cultivated areas feature vineyards, olive 
groves, and cereal fields.

Soils are predominantly clayey and calcareous, with areas of sandy or loamy textures. In some sites, soils are fertile and 
thus suitable for agriculture, especially for growing cereals, olives, and grapes, while other areas are more arid and rockier.

The investigations (Table 1 and Figure 1) were carried out in four experimental sites (Liétor, Agramón, Ayna and 
Lezuza), where devices for collecting surface runoff and sediments produced by simulated or natural rainfalls were 
installed after wildfires of different burn severity from July 2012. Burn severity was classified according to (Parson et al., 
2010), based on some visual indicators.

In these areas, the following post-fire management techniques were implemented: mulching (with wheat straw, wood chips, 
Loranthus europaeus J. + wheat straw, L. europaeus + wheat straw + clay particles), mulching with hand logging, mechanical 
logging (with heavy machinery), hand logging (with slight machinery). More details about site characteristics, measurement 
devices and hydrological characteristics can be found in the papers reported in Table 1 and Supplementary material Table S1.

 Table 1. Main characteristics of the experimental sites identified in the study area (Castilla-La Mancha, Spain). 
Complete information on these characteristics is provided in Supplementary Material, Table S1

# 
Paper 

Site Soil condition and site 
characteristics

Fire characteristics Monitoring device
RainfallFirst author, 

year
Type Severity Date

Spatial 
scale

Time 
scale

Plot 
number

Plot size 
(m2)

1
Lucas-Borja et 

al., 2022b
Agramón

Unburned + bare - low 
slope

Wildfire High July 2020 Microplots Event

8 0.06

Simulated

Unburned + bare - 
medium slope 10 0.06

Unburned + bare - high 
slope 22 0.06

Burned + M. tenacissima - 
low slope 4 0.06

Burned + M. tenacissima - 
medium slope 12 0.06

Burned + M. tenacissima - 
high slope 24 0.06

Unburned + M. tenacissima 
- low slope 4 0.06

Unburned + M. tenacissima 
- medium slope 18 0.06

Unburned + M. tenacissima 
- high slope 18 0.06

2 Díaz et al., 2022 Liétor

Burned + high slope

Wildfire High July 2020 Microplots Event 3 0.06 Simulated

Burned + low slope
Burned + mulched with 
wheat straw + high slope

Burned + mulched with 
wheat straw + low slope

Burned + mulched with 
wood chips + high slope

Burned + mulched with 
wood chips + low slope
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3
Lucas-Borja et 

al., 2019a
Liétor

Mulching+logging

Wildfire High July 2016 Plots Event 12 200 Natural
Mulching+no-logging

No-mulching+logging

No-mulching+no-logging

4
Navidi et al., 

2023
Liétor

Burned and not treated 

Wildfire High  July 2021 Microplots Event 5 0.06 Simulated

Burned and mulched with 
Loranthus europaeus J. 

and wheat straw
Burned and mulched 

with L. europaeus, wheat 
straw and clay particles

5
Lucas-Borja 

and Zema, 2024
Liétor + 

Agramón

Site 1 - burned 
(Agramón)

Wildfire High July 2020 Hillslope Event 4 24 Natural

Site 2 - burned (Lietor)
Site 1 - burned 

(Agramón)
Site 1 - burned and 

mulched (Agramón)
Site 2 - burned and 
mulched (Lietor)

Site 1 - burned and 
mulched (Agramón)

6
de Pagter et al., 

2023
Liétor

Mechanical logging

Wildfire High July 2021 Microplots Event 22 0.01 Simulated
Hand logging
No logging

Unburned

7
Lucas-Borja et 

al., 2022
Ayna

High-severity prescribed 
fire Prescribed 

fire
Moderate 

to high
October 

2019
Plots Event 5 2 Natural

Unburned

8
Lucas-Borja et 

al., 2019b
Lezuza

Burned Prescribed 
fire

Low
March 
2016

Plots Event 6 8 Natural
Unburned

9
Lucas-Borja et 

al., 2021
Liétor

Mulched
Wildfire High July 2016 Plots Event 6 20 Natural

Non-mulched

10 Plaza‐Álvarez 
et al., 2024

Liétor

Burned + high slope

Wildfire High July 2021 Plots Event 4 24 Natural

Burned + low slope

Burned + mulched with 
wheat straw + high slope

Burned + mulched with 
wheat straw + low slope

Burned + mulched with 
wheat straw + high slope

Burned + mulched with 
wheat straw + low slope

11
Gonzalez‐

Romero et al., 
2023

Agramón

Unburned

Wildfire High July 2020
Micro-

catchments
Event 3 5000 NaturalBurned and not treated

Burned and mulched
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Figure 1. Geographical location of the experimental sites identified in the study area (Castilla-La Mancha, Spain). 
Geographical coordinates: Agramón 38.4222258, -1.6374748, Ayna 38.5511088218764, -2.1486548007, Liétor 
38.5113313739949, -1.9430555163, Lezuza 38.9605098203747, -2.3240753160. 

Experimental design

The sampling design in each site was replicated in plots (at least three per soil condition). The soil conditions reported in Table 
1 were set up (namely, unburned soil, burned soil, and soil burned and then treated with a post-fire management technique).

The specific post-fire response is considered regarding surface runoff and soil loss, the two major processes of soil 
hydrology in addition to precipitation governing flooding and erosion downstream of the fire-affected areas (Moody et al., 
2013). Surface runoff and soil loss were measured using two strategies: under natural rainfalls, to follow the actual weather 
patterns in the study area, and under simulated rainfalls, to simulate extreme rainfall events with very high erosivity.

In more detail, hydrological observations under simulated rainfalls were carried out at micro-plots with replications in 
Agramón and Liétor. Each micro-plot had an area of 0.25 × 0.25 m and covered 0.0625 m2. Observations under natural 
rainfalls were carried out in Agramón, Liétor, Lezuza, and Ayna at replicated plots with different sizes. All plots were randomly 
distributed inside the monitored area, at a reciprocal distance always greater than 300 m, in order to avoid pseudo-replication.

Measurements of surface runoff and soil loss

About simulations at each plot, an artificial rainfall was produced using an Eijelkamp® rainfall simulator (Hlavčová et al., 
2019; Iserloh et al., 2013). For these simulations and the following measurements of surface runoff and soil loss, the methods by 
Bombino et al. (2019) and Carrà et al. (2021) were adopted. The height and intensity of the simulated rainfall with a duration of 
300 s was set up to the desired values (Table 1). The drop diameter and the falling height of the precipitation were 5.9 mm and 
40 cm, respectively. Following the operating manual, the precipitation volume in the simulator tank (about 2.2 litres) was set by 
varying the pressure head, and the rainfall to be simulated was calibrated in the laboratory before the field experiment. Throughout 
the rainfall simulation, the runoff water and sediments were collected in a small bucket and oven-dried at 104 °C for 24 h.

The natural rainfalls were continuously measured at a time step of 5 minutes at the closest weather stations compared 
to the experimental site. Runoff/erosion and erosion plots with different sizes were installed (Table 1). Boundaries were 
made of a 0.5 m strip of geotextile inserted up to 0.4 m below the ground surface to prevent the surface water flow using 
20 mm iron rods. For runoff/erosion plots, the geotextile narrowed at the bottom to convey the runoff and sediment 
through a pipe into storage tanks. For erosion plots, the sediment accumulated in plastic sediment traps was collected after 
the rainfall and transported to the laboratory, where the volume was oven-dried (24 h at 105 °C) and weighed.

In order to consider the variability of precipitation from one experimental site to another and from a soil condition to 
another, the coefficient of runoff and the unit soil loss were calculated per each event as the ratios between the runoff 
volume and the generating rainfall depth (in mm of runoff per mm of rainfall) as well as soil loss and the corresponding 
max 30 min rainfall intensity (in tons/ha per mm/h of rainfall intensity) in the period adopted by each study. The normalized 
indicators of runoff and soil erosion that consider the rainfall amounts allow the standardised comparison among the 
experimental data (Girona-García et al., 2021).
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Meta-analysis

The variability of soil hydrology was studied between burned and unburned soils as well as burned and untreated, and 
burned and treated soils. The unburned, and burned and untreated soils were assumed to be the “reference” or “baseline” 
values for each of the two investigated hydrological variables.

For each case study, the so-called “effect size” (e.g., Vieira et al., 2015; Girona-García et al., 2021) for the changes in 
the burned vs. unburned sites or treated vs. untreated sites was calculated for both the short-term and medium-term. This 
effect size was calculated as “log response ratio (Ln(RR)), (Curtis and Wang, 1998; Hedges et al., 1999) as follows:

	 (1)

where x’ is the mean value of the response variable (runoff volume and soil loss) measured in burned (or treated site) 
and x is the corresponding value measured in the unburned (or burned without any treatments) conditions at the same site. 
The value of the Ln(RR)s measures the impact of fire (or post-fire treatment) on runoff or soil loss in a given soil using a 
logarithmic scale (e.g., Kalies et al., 2010). If Ln(RR) is < 0, the runoff or soil loss in the burned (or treated) condition is 
lower compared to the unburned (or untreated) site (Lucas-Borja et al., 2022c), the Ln(RR) being the order of magnitude 
of this increase. Following Vieira et al. (2015) and Girona-García et al. (2021), the standard deviations of runoff and 
soil loss, as calculated among the plots of each soil condition, were the weighting factors of the individual observations 
(“moderator variables”), in order to estimate the weighted least squares relationship between the moderator variables and 
the true effects (Viechtbauer, 2010).

The different conditions where the experimental observations were collected do not hinder the results of this meta-
analysis, because the calculation of the size effect has been made in each site under the same conditions and monitoring 
period in each study ( Vieira et al., 2015; Girona-García et al., 2021). In other words, the standardisation of the studied 
variables (x’/x) allows the analysis of data from different sites and under variable experimental and environmental 
conditions (Lajeunesse, 2015).

Statistical analyses

A one-way ANOVA was applied to Ln(RR) runoff and Ln(RR) soil loss as response variables to identify the significant 
differences between (i) burned and untreated, and unburned soils as well as (ii) burned and treated, and burned and 
untreated soils (adopting each soil condition as factor levels). To satisfy the assumptions of the statistical tests (equality 
of variance and normal distribution), the data was subjected to a normality test or was square root-transformed whenever 
necessary. The pairwise comparison by Tukey’s test (at p < 0.05) was also used to evaluate the statistical significance of 
the differences in the response variables.

Moreover, according to Vieira et al. (2015) and Girona-García et al. (2021), Cochran’s QE-test (Cochran, 1954) was 
adopted to test the significance of residual heterogeneity of the moderator variables, in order to assess whether the 
variability in each effect size, that is not accounted for by the moderator variables, is larger than expected.

All the statistical tests were carried out with the OriginPro software, release 2024, except Cochran’s QE-tests, which 
were performed using the “R” statistical package.

Results

Variability of rainfall, runoff and soil loss in experimental sites

The hydrological input in the experimental sites was rainfall with depth between 1.8 and 302 mm and maximum 
intensity (in 30 minutes) in the range of 0.2 to 320 mm/h. Surface runoff volume was up to a maximum of 31.9 mm, while 
the highest soil loss was 16.7 tons/ha (Figure 2).
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Figure 2. Variability of rainfall (depth and 30-min maximum intensity), runoff volume and soil loss according to soil 
condition (a), site (b) and spatial scale (c) measured in the experimental sites identified in the study area (Castilla-La Mancha, 
Spain). Legend: rainfall depth (grey); rainfall maximum intensity (30-min) (red); surface runoff (blue); soil loss (green).

Identification of rainfall depth and intensity thresholds that generate runoff and erosion in burned sites 

Ln(RR) runoff, measured in unburned soils as well as in corresponding sites burned by low severity prescribed fire, was 
in the range -0.07 (corresponding to a rainfall of 17 mm) to 0.10 (20.1 mm). Increases (Ln(RR) runoff > 0) were detected 
only in three cases after rainfall lower than 30 mm (Figure 3a).

Ln(RR) soil loss was positive for almost all observations at sites burned by prescribed fires (with low and high severity) 
and high-severity wildfires. In more detail, no erosion increases (Ln(RR) soil loss < 0) were measured only after prescribed 
fires at very low rainfall intensity (max I30 < 8.4 mm/h). In contrast, positive Ln(RR) soil loss (with peaks of 1.78) was 
observed in most cases also at generally low intensities (< 15 mm/h). After high-severity wildfires, Ln(RR) soil loss 
increased up to 3.4 regardless of the max I30. It is worth noticing that increasing fire severity may increase Ln(RR) soil 
loss by a factor of two compared to prescribed fires also at the lowest rainfall intensities, and the difference is always 
significant (F = 145, p < 0.001). In contrast, the difference in Ln(RR) soil loss between fires of different severity was 
non-significant (Figure 3b).
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Figure 3. Log Response Ratios of runoff (Ln(RR) runoff, a) and soil loss (Ln(RR) soil loss, b) between burned and 
unburned soils in the experimental sites identified in the study area (Castilla-La Mancha, Spain).

Maximum unit runoff and erosion rates per given rainfall characteristics (depth and intensity) in 
unburned and burned conditions

The measurements at the burned and unburned sites showed that the highest unit runoff response of burned soils 
was recorded after rainfall in the range of 10 to 100 mm, and this was up to 0.69 mm/mm, while, in unburned soils, a 
maximum of 0.28 mm/mm occurred. It is worth noting that high rainfalls can generate relatively moderate unit runoff in 
unburned soils (e.g., less than 1 mm after rainfalls of over 100-120 mm) (Figure 4).

Figure 4. Maximum surface runoff per unit rainfall depth (a and b) and soil loss per unit 30-min rainfall intensity, c and d) 
measured in unburned and burned (without any post-fire treatments) soils in the experimental sites identified in the study area 
(Castilla-La Mancha, Spain).
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Concerning soil erosion, the observations clearly show that, in the unburned soils, the unit soil loss was the highest at moderate 
to high intensity. Under this condition, the unit erosion is affected by high variability, occurring with high soil loss (4.38 tons/
ha per mm/h of rainfall intensity) after rainfalls with a max I30 of only 3.80 mm/h and very low unit erosion (less than 1.8 x 
10-3 tons/ha per mm/h) after extremely intense rainfalls (200 mm/h). In contrast, in burned soils, the unit soil loss decreases 
with rainfall intensity, the highest values (32.1 tons/ha per mm/h) being measured after rainfall with max I30 of only 0.2 mm/h 
(following an event of 9 mm) and very low unit soil loss (6 x 10-3 tons/ha per mm/h) after an extreme rainfall intensity (320 
mm/h). It is also evident how unit runoff and erosion in burned soils were always higher compared to unburned sites (Figure 4)

Disentangling the most effective post-fire treatment to reduce runoff and erosion in burned conditions

The calculation of Ln(RR) runoff under burned conditions between treated and untreated sites shows a generally low 
effectiveness of all investigated post-fire treatments at reducing the flooding risk. The Ln(RR) runoff differences among 
the treatments were not statistically significant (F = 0.912, p = 0.503). For some treatments (namely, mulching using 
wheat straw, mean Ln(RR) runoff equal to 0.19 ± 0.28) surface runoff may slightly increase in the treated sites. The use 
of woodchips as mulch (Ln(RR) runoff of -0.09 ± 0.09) and manual logging (-0.17 ± 0.35) can slightly reduce the soil’s 
hydrological response, although never significantly (Figure 5).

Figure 5. Log Response Ratios of runoff (Ln(RR) runoff, a) and soil loss (Ln(RR) soil loss, b) in soils treated with post-fire 
management techniques in the experimental sites identified in the study area (Castilla-La Mancha, Spain). Legend: Ln(RR) 
= log response ratio; M(LE+WS+C) = Mulching (L. europaeus J. + wheat straw + clay particles); M(LE+WS) = Mulching 
(Loranthus europaeus J. + wheat straw); M(WS) = Mulching (wheat straw); M(WS+ML) = Mulching (wheat straw) + 
mechanical logging; M(WC) = Mulching (wood chips); ML = Mechanical logging; HL = Hand logging. Different letters 
indicate significant differences (p < 0.05).
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Differently from what was recorded for surface runoff, all post-fire treatments reduced the soil loss from burned soils 
compared to untreated sites. In this case, the pair-wise comparisons gave significant differences among some pairs of 
studied treatments (ANOVA F = 2.775, p = 0.02). In more detail, the lowest Ln(RR) soil loss was observed for mulching 
using L. europaeus, wheat straw and clay particles (-1.63 ± 0.01)  and the highest (-0.14 ± 0.39) for mulching with wood 
chips. In soils under the latter treatment, the Ln(RR) soil loss was significantly different only compared to mulching with 
straw (-0.27 ± 0.45) and mechanical logging (-0.78  ± 1.45) (Figure 5).

Discussion

The soil capacity to generate runoff and erosion is widely variable in space and many factors, such as anthropogenic 
disturbances, can drive its response to rainstorms ( Shakesby, 2011; Girona-García et al., 2021). This suggests targeted 
investigations to understand how fire and management may alter this capacity and response typical of the unburned soils, 
and this meta-analysis goes in this direction.

The hydrological measurements showed that the soils of Castilla-La Mancha may produce relatively high runoff volumes and 
important soil losses after a single rainstorm. If rainfall events over 13 mm and soil loss over 10 tons/ha are considered erosive 
storms and non-tolerable erosion at the annual scale according to Wischmeier and Smith (1978) and Bazzoffi (2009), nearly 100 
erosive events produced four non-tolerable soil losses, of which one recorded under low-severity fires. Only in one case, this 
huge erosion was measured in unburned soil, while the other four occurrences were detected in burned and untreated soils. This is 
alarming, since in four cases erosion produced by one event can exceed the total annual soil loss. This confirms that fire, especially 
at high severity, can greatly increase the background erosion that is typical of unburned sites, and this requires targeted actions 
from forest managers. Other studies in semi-arid forests have revealed: (i) annual erosion of up to 600 tons/ha per year in the first 
year after the fire (Fernández-Raga et al., 2021); (ii) total erosion in the entire monitoring period (10 years after the fire) of about 
1100 tons/ha (González-Pelayo et al., 2023) with mean soil loss exceeding 70 tons/ha per year and a total amount of 260 tons/ha.

A more detailed analysis of runoff and erosion rates in association with the triggering rainfall characteristics shows that prescribed 
fires are not able to noticeably increase surface runoff, which confirms that controlled fires applied for wildfire prevention rarely 
increase the flooding hazards in line with relevant literature (e.g., Cawson et al., 2012; Carrà et al., 2022;) regardless of the rainfall 
input. In contrast, fire at every severity can trigger erosion, and also low-severity fires may result in increased soil loss. For instance, 
Stoof et al. (2015) reported increased runoff and erosion risk also in areas with limited soil physical changes due to fire, and 
Zema et al. (2022) found that prescribed fires at low intensity resulted in increases in sediment concentration in post-fire runoff. 
In this regard, this meta-analysis indicates that, compared to unburned conditions, soil loss does not increase only in the case of 
low-severity fires and less intense rainfall intensity. This is an expected result, which may ascribed both to the low erodibility of 
rainstorms with low intensity as well as the low disturbance of low-severity fires, which are not able to remove the canopy trees 
(intercepting part of rainfall) and severely alter the physico-chemical properties of the burned soils (Alcañiz et al., 2018; Zema and 
Lucas‐Borja, 2023). In contrast, wildfires can raise soil erosion by a factor between 5 (rainfall with relatively low intensity) to even 
30 (at the highest intensity). This clearly suggests that, after a fire of high severity, post-fire management actions are essential to 
mitigate the erosion risk with consequent damage to valley areas surrounding burned forests.

This study has also indicated that the runoff generation capacity of burned soils is higher after moderate rainfalls of 
medium depth, and this capacity is on average more than two-fold the response recorded for unburned sites. At first sight, 
this contrasts with what can be expected (increasing runoff generation with increasing rainfalls), but the presence of 
hydrophobic ash in burned soils may justify the lower response of burned soils after high rainstorms (Pereira et al., 2018).

An important indication given by this study is the shift in soil erodibility with rainfall intensity between unburned and 
burned soils. In other words, while the unit soil loss is the highest after rainfalls with moderate to high intensity in the 
unburned soils, lower-intensity precipitation shows higher erosivity in burned sites compared to the extreme events. This 
means that also less intense but very frequent rainfalls can mobilise high amounts of sediments, leading to the need for 
post-management actions in sites characterised by low hydrological input. In any case, the large variability in soil erosion 
in both burned and unburned conditions suggests careful monitoring of soil hydrology in forest sites, especially after 
deforestation, and prompt implementation of post-fire management actions, where needed.

In this regard, this study highlighted that the post-fire management techniques investigated in this study are not particularly 
suitable to mitigate the flooding risk, their effectiveness being quite low at reducing surface runoff from burned and treated 
areas. This is somewhat expected, since, in the specific case of mulching, also other studies have shown that mulches are not 
fully able to intercept rainwater, but mainly reduce the flow velocity (Cawson et al., 2012; Girona-García et al., 2021; Carrà 
et al., 2022) without a significant decrease in the total amount of runoff. Overall, mulching using wood chips and manual 
logging showed the highest effectiveness for this purpose, presumably because chips are more resistant to the drag forces 
exerted by flowing water compared to straw sticks, and manual logging does not compact too much soil, thus not decreasing 
porosity and water infiltration as for mechanical logging (Francos et al., 2019; Lucas-Borja et al., 2019b).

In contrast, the evaluated techniques resulted in generalised reductions (sometimes significant) in soil erosion, although 
with differentiated effects among sites and types of post-fire management. Undoubtedly, mulching with L. europaeus and 
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wheat straw appeared the most effective anti-erosive practice, but the availability of this herbaceous species limits its 
practical applicability in the region. We identified mulching using wheat straw (preferably with manual logging) as a feasible 
post-fire management action to control and mitigate erosion in the area, considering its good effectiveness (shown by a mean 
reduction of 60-70% of soil loss compared to untreated areas) and the possibility to combine this restoration action with 
salvage logging as forest management practice. Mulching using wheat straw alone leads to reductions in soil loss of 20-25%, 
which becomes lower in the case of the use of wood chips. The literature shows generally good effectiveness of wheat straw 
at reducing soil erosion in semi-arid environments, and this statement could be considered in agreement with our findings.

A possible limitation of the study relies on the different spatial scales of hydrological measurements (micro-plots, plots 
and micro-catchments), which may alter the comparisons among the sites, and, more specifically, underestimations at the 
micro-catchment scale (where sedimentation processes may have reduced soil loss) and over-estimations at the smaller 
scales (measuring mainly splash erosion).

Conclusions

The meta-analysis applied to hydrological observations at five study areas affected by fires of different intensity and 
treated with post-fire management techniques in forests of Castilla-La Mancha (Central Eastern Spain) has shown:

- the soils typical of this region produce relatively high runoff volumes and important soil losses after a single rainstorm,
- sometimes, erosion after even one event in burned soils can exceed the annual value of tolerable soil loss in the literature,
- prescribed fires do not noticeably increase runoff, while wildfires at every severity can trigger erosion, except in the 

case of low-severity fires and less intense rainfall,
- specifically, wildfires can result in 5- to 30-fold erosion measured in unburned conditions,
- runoff generation capacity of burned soils - on average more than two-fold the response recorded for unburned sites 

- is higher after moderate rainfalls,
- fire shifts soil erodibility with rainfall intensity between unburned and burned soils.
These results indicate the need for post-fire management actions after a fire of high severity to mitigate the erosion risk, 

which may be high also after low to moderate rainfalls. In general, the evaluated treatments were not effective at reducing 
surface runoff (except for mulching using wood chips and manual logging). In contrast, soil erosion under burned conditions 
decreased after almost all techniques, especially with mulching using L. europaeus. and wheat straw. The mulch made of the 
latter substrate (combined with manual logging or not) seems to be the most feasible post-fire anti-erosive action.
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