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1 INTRODUCTION AND KEY CONCEPTS 

Fire severity and burn severity are used indistinctly because their recording is often based on 
similar metrics related to loss of, or change in, organic matter aboveground (vegetation) and 
belowground (soil) (Keeley 2009). Fire severity describes how fire intensity affects ecosystems, 
and has been defined as the degree to which a site has been altered or disrupted by fire as a 
result of fire intensity and residence time (NWCG 2006). Burn severity qualitatively assesses how 
the heat pulse directed toward the ground during a fire, is related to soil heating, large fuel and 
duff consumption, consumption of the litter and organic layer beneath trees and isolated shrubs, 
and the mortality of buried plant parts (NWCG 2006). 
 
Fire impact strongly depends on ecosystem type and fire severity as regards 
vulnerability/resistance and resilience, mainly at the plant-soil interphase and in the short term 
(Vallejo et al. 2012; Moya et al. 2017). Variation in severity can influence post-fire vegetation 
regeneration due to the mechanisms that occur during the fire itself, e.g. thermal damage to 
plant structure, soil seed banks and germination cues (Legg et al. 1992; Maia et al. 2012), and 
because of altered post-fire environmental conditions, e.g. loss of nutrients and changes in soil 
microclimate, microbiota, water repellency (Neary et al. 1999; DeBano et al. 2000; Fonturbel et 
al. 2016; Grau-André et al. 2017). A reduction in both ecosystemic and social goods and services 
after a fire is temporary, but the recovery pattern and time needed to restore the provision 
(flow) of goods and services can vary depending on ecosystem resilience, fire characteristics 
(mainly size recurrence and severity), type of damaged goods/services, and the implementation 
of post-fire management techniques (Mavsar et al. 2012); i.e., the negative impacts of high burn 
severity on the regeneration of plant and soil in semiarid Mediterranean forests was 
concentrated during the short-term period (Gonzalez-de Vega et al. 2016).  
 
Adaptive forest management should consider the vulnerability and resistance of managed 
ecosystems to increasing fire severity, and also the effects on prevention and post-fire 
management and restoration, including climate change trends (changing fire regimes) to 
preserve plant diversity and soil properties (Doblas-Miranda et al. 2017). Tools to reduce fire 
severity in future fire events should also be considered, such as burning prescription and proper 
rehabilitation after wildfires, and mainly in areas that are at high desertification risk (Doblas-
Miranda et al. 2015; Moya et al. 2017). It is important to include a monitoring and evaluation 
framework to quantify the success rate of those tools that allow any changes in the resistance, 
vulnerability and resilience of ecosystems. 
 
The planning and implementation of restoration actions in burned areas should be mapped to 
account for stand-level variability, including ecosystem response and fire severity levels (Figure 
1). Fire damage depends on fire characteristics, where fire severity is the main key variable to 
assess how a given ecosystem responds to fire (Vallejo et al. 2012). Therefore to develop fire 
severity assessments, it is important to implement proper post-fire actions as quickly as possible 
after a wildfire. The combined use of remote sensing and field sampling (before the first rainfall, 
if at all possible) allows a rough visual assessment to be made of severity, and provides spatial 
information to identify the areas that require emergency action (Vega et al. 2013a). Erosion 
modeling can be obtained by overlapping ecosystem type, fire severity and terrain 
characteristics, such as slope, soil type and amount of exposed soil and rock (Parsons et al. 2010). 
The spatial and temporal “snapshot” of burn severity is also a baseline for monitoring changes 
in soil, plant community and vegetation recovery, which can be used to create other useful tools 
to assess different issues; e.g., post-fire tree mortality, post-fire slope stability, effects on 
watersheds, effect of aerial seeding or mulching, cultural resources and other at-risk resources 
(Parsons et al. 2010). 
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Figure 1. Post-fire restoration depends on fire damage and ecosystem response, linked to the adaptive 

traits developed by the plant community and soil characteristics (ecosystem resilience), the current 

situation of the soil-plant interphase (resistance or vulnerability to disturbances) and fire characteristics 

(mainly size, recurrence and burn severity) (adapted from Vallejo et al. 2012). 

 

2 FIRE REGIMES AND FIRE BEHAVIOR 

The behavior and characteristics of wildfires depend on several factors: vegetation (fuel) 

composition and structure, succession stage, previous disturbances, forest management, 

climate and weather patterns, terrain and landscape patterns (Flannigan 2000). The “fire 

regime” concept provides an integrated way of classifying patterns of wildfires and their impacts 

in both ecosystem or landscape terms, which have been linked to vulnerability, resistance and 

resilience concepts (Enright et al. 2014). Climate change also promotes an increasing climatic 

fire risk by modifying the fire regime to a set of large, frequent, intense and severe wildfires, and 

this poses a challenge to ecosystems’ resistance and resilience in different ways (Doblas-

Miranda et al. 2017). Knowledge of the historical fire regime in ecosystems, apart from the 

factors that alter them, will help to understand the interactions that link fuel, fire and climate 

change and effects on ecosystems, mainly in fire-prone areas, which affect more arid conditions 

(Doblas-Miranda et al. 2015). Following the multipartner LANDFIRE Project (Rollins 2009), there 

are five fire regime groups according to the fire return interval and severity: 

- Non-Fire regimes 

- Fire Regime Group I: <35 Year Fire Return Interval + Low/Mixed Severity 

- Fire Regime Group II: <35 Year Fire Return Interval + Replacement Severity 

- Fire Regime Group III: 35-200 Year Fire Return Interval + Low/Mixed Severity 

- Fire Regime Group IV: 35-200 Year Fire Return Interval+ Replacement Severity 

- Fire Regime Group V: >200 Year Fire Return Interval+ Any Severity 

On a local scale, fire behavior is influenced by terrain, slope, exposure, vegetation/fuel, land 
management and ignitions, and can be classified according to different fire characteristics; e.g., 
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propagation type (surface, crown or ground fire), size, intensity and severity, seasonality, 
recurrence, etc. (Agee 1996). In the past, the fire intensity term has been used to represent and 
describe fire effects on the ecosystem rather than a meaning linked to fire behavior (energy 
released per length unit of a fire front per time unit). Nowadays, fire intensity is more usually 
associated with the fire behavior properties characterized by measuring physical factors, such 
as heat transfer (temperature), depth and duration of soil heating, smoldering and parameters 
that describe the flaming front (flame length and depth, residence time, spread rate) combined 
with a fire-line geometry description (Sommers et al. 2011). Keeley (2009) also differentiated 
the terms “fire severity” and “burn severity” from “fire intensity” described by fuel consumption, 
vegetation mortality and soil organic matter consumption (Sommers et al. 2011). 
 
 
Forest management for fire prevention and suppression purposes is an anthropogenic activity 
that directly alters fire regimes, and aims to reduce fire damage by decreasing fire number, 
frequency, size and severity. However, success may occur only in the short term since long-term 
intense fire suppression increases large fires (>500 ha) because of fuel build-up (Brotons et al. 
2013). In historically anthropogenic regions, and in those where fire suppression policies are 
successful, fire regimes differ from historical ones and model future projections. Future 
estimations on the landscape scale based on models of fire effects should include the 
understanding of the short-term fire regime changes influenced by fire suppression, and 
changes due to climate conditions and land use (Brotons et al. 2013). 

 

3 FIRE SEVERITY 

Thanks to Keeley (2009), the fire severity term describes how fire intensity affects ecosystems 

and indicates the magnitude of wildfire effects, which are variable depending on the 

vulnerability, considered as the fire severity interaction, and the resistance and resilience of 

ecosystems. Fire severity measurements focus on loss or decomposition of organic matter both 

above- and belowground. A first approach was simplified to propose a fire severity classification 

and has five fire severity categories according to the degree of consumed organic matter (Ryan 

& Noste 1985): 

-  Unburned: unaltered  

-  Scorched: unburned, but radiated  

-  Light: scorched tree stems that maintain green leaves; no deep soil affects  

-  Moderate or severe surface burn: trees show canopy damage, but fine parts are not 

consumed; charred or consumed understory plants; largely consumed pre-fire soil 

organic layer  

-  Deep burning or crown fire: canopy trees consumed; surface litter of all sizes and 

soil organic layer consumed; white ash deposition and charred organic matter to a 

depth of several centimeters  

More recent methodologies have suggested recording fire severity as a continuous measure, 
including the burn severity term, which sometimes refers to not only fire severity, but also to 
ecosystem responses. According to Keeley (2009), both terms include different concepts and 
should be assessed independently. The metrics that combine burn severity and plant-soil 
recovery characteristics may provide misinformation, and recommendations suggest including 
an assessment of organic matter loss separately from the ecosystem response (Keeley et al. 
2012). 
Therefore, fire severity is one of the most widely used variables to characterize wildfires. Its 
importance is related to fire damage as it influences the ecosystem’s response, and is a key 
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aspect in planning management strategies that aim to integrate fire protection: prevention, 
extinction and restoration, and their interrelationships. Consequently, the intention is to 
develop a common methodology by implementing available tools and technologies to assess 
this important variable for landscape management. This chapter reviews some research works 
that have focused on achieving this objective, which range from terminology and concepts to 
quantitative or qualitative measurements of fire severity, and include some references to 
remote sensing assessments that are further developed in Chapter XXII: Remote sensing 
techniques to estimate burning severity and fire impacts on soil.  
 

4 FIELD ASSESSMENT OF FIRE SEVERITY  

There is a no standardized method available that measures fire severity, although the most 

widely used indices and methods have been included in this chapter. Improving the approach 

by Ryan and Noste (1985), and that by Neary et al. (2005), provides guidance for making 

comparisons to two-dimensional severity ratings, including the spatial scale of the stand or 

community (sampling the spatial distribution of fire severity classes): 

• Low severity burn: < %2 severely burned and <15% moderately burned. Remainder of the area 
burned at low severity or unburned  
• Moderate severity burn: <10% severely burned and >15% burned moderately. Remainder is 
burned at low severity or unburned  
• High severity burn: >10% burned at high severity and >80% moderately or severely burned. 
Remainder is burned at low severity  

 
According to fire size, the number of plots that should be surveyed (distributed in a regular 

sampling grid) to characterize the fire severity area varies depending on the extent of the burned 

area. If wildfire burned under 500 ha, Alloza et al. (2014) propose 6 to 15 plots, while Vega et al. 

(2013a) recommend at least one plot every 5-10 burned ha. For those wildfires that have burned 

500 to 5000 ha, they respectively recommend 15-50 plots, or one plot for each burned 10-50 

ha. For wildfires that have burned more than 5000 ha, they respectively recommend more than 

50 plots, and at least one plot every 50-100 ha. In all plots, the burn assessment has to be made 

to include soil conditions, affected leaf litter, and the condition of trees and shrubland damage 

(Ryan & Noste 1985; Alloza et al. 2014; Vega et al. 2013a). 

 

4 1 Visual Field Assessment 

One direct measure of burn severity is the direct Visual Field Assessment. The operator evaluates 

the degree of loss or decomposition of the organic matter contained in both vegetation and soil. 

Larson & Franklin (2005) propose Percent Basal Area Mortality. Fire severity is calculated as a 

percentage based on the difference in the basal area measured between the pre- and post-fire 

periods in relation to the pre-fire value (1). Some authors argue that this method can 

underestimate fire severity if it is monitored in the first year after fire because of delayed fire-

induced mortality, which occurs several years following the fire.  

 

���� �������� =
���������������� − �����������������

����������������
× 100 

(1) 
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Based on the method to record the minimum diameter of burned branches (Moreno & Oechel 

1989; Pérez & Moreno 1998), increasing fire severity has been related to the decreasing 

diameter of any remaining burned branches in vegetation samples (1 m2) according to the mean 

Minimum Diameter of Branches per square Meter (MDBM) (2). Maia et al. (2012) propose a 

similar method, the Twig Diameter Index (TDI), obtained by recording the diameter of the three 

thinnest remaining twigs on ten burnt shrubs, randomly selected in a square plot (25 m2). 

Diameter values are averaged per plot, and the results are then re-scaled by dividing by the 

maximum diameter measured in the burned area (to obtain values that range from 0 to 1 to 

describe lower to higher fire severity). 

 

���� =
������� + ⋯ + �������

�� + ⋯ + ��
 

(2) 

ai = number of stems in each recorded plant 

MDBP = Minimum diameter of the upper ten remaining branches (>1 cm length). 

 

Chafer et al. (2004) and Chafer (2008) proposed a rapid field assessment method of fire severity 
to validate and correct the satellite imagery results obtained from SPOT or LANDSAT (see Section 
4.2.). Six plant damage levels are developed (including some descriptive pictures) for arbitrary 
visual fire severity classifications: 

- UNBURNED: no significant fire damage  
- LOW: ground fuel+ grasses, herbs and low shrubs burned  
- MODERATE: ground fuel+ shrubs to 4 m burned  
- HIGH: ground fuel+ shrubs incinerated, lower canopy scorched  
- VERY HIGH: ground fuel+ shrubs incinerated and canopy completely burned  
- EXTREME: all green vegetation burnt and incinerated <10 mm-thick stems  

 
Burn severity also refers to the level of fire damage in soil, including effects on physical, chemical 

and biological soil characteristics, such as the index water drop penetration time (WDPT) or the 

infiltration rate recorded with a minidisk infiltrometer (Cerdá & Robichaud 2009; Robichaud et 

al. 2008; Jordan et al. 2010). Some research has also developed a fire damage assessment in soil 

according to the different temperatures reached (Mataix-Solera et al. 2011). The temperature 

regime is measured in a laboratory by the spectral responses of red band (RED), near Infrared 

(NIR), shorter and longer infrared (SWIR) bands (Arcenegui et al. 2010; Schepers et al. 2014), or 

those based on structural changes in soil organic matter (González-Pérez et al. 2004). However, 

the burn severity term includes soil heating (and time of residence), and is related to the fire 

damage of soil (De Bano et al. 1998; Certini 2005). It may, therefore, be included for a proper 

burn severity assessment of fire in soil. Depending on the pre- and post-fire characteristics of 

soil and vegetation, burn severity is characterized and defined according to ground cover, 

surface color and ash depth, soil structure, root damage and soil water repellency (Parsons et 

al. 2010). Vega et al. (2013b) categorize burn severity as five levels depending on different 

indicators: changes in organic cover, litter (Oi horizon) and duff (Oe+Oa horizons), and soil 

surface (Mineral soil (Ah horizon): 
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- Very low severity: Oa partially or totally intact + Ah undisturbed  

- Low severity: Oa totally charred and possible ash occurrence + Ah undisturbed  
- Medium severity: Bare soil and possible ash occurrence + Ah undisturbed 
- High severity: Bare soil and thick layer of ash + Ah disturbed: SOM and surface fine 

roots consumed; soil color turns to grey 
- Very high severity: Bare soil and no charred residue + Ah disturbed: SOM and surface 

fine roots consumed; soil color turns reddish 
 

To provide a quantitative method to measure burn severity, some authors have developed 

indices that combine different metrics. One of the most widely applied methods is the 

Composite Burn Index (CBI) (Key & Benson 2005). Fire severity is estimated from a set of 

parametrized variables that are organized hierarchically into five vertical strata to obtain 

averaged values at the ground level, two shrub levels (<1 m and 1-5 m tall) and two tree levels 

(subcanopy and dominant trees). A value is found for each stratum that is added to obtain a CBI 

value for the understory, the overstory and the total (Figure 2). The Composite Burn Index (CBI) 

is designed to define burn severity ecologically, and to measure ground effects, which could be 

related to a signal detected by satellite imagery, by visually assessing conditions (giving scores) 

of the burned plant community by vegetative strata, physical properties and the distribution of 

traits within sampling plots across broad geographic regions (Key & Benson 2003). The 

methodology can be used when remote sensing data are lacking to describe and evaluate 

localized burn sites for several purposes (Parks et al. 2014). The CBI estimates the percentage of 

change in relation to the pre-fire scenario, but does not include information about its spatial 

extent. Therefore, De Santis & Chuvieco (2009) propose an adapted version, called GeoCBI (the 

Geometrically structured Composite Burn Index) (3), to include the fraction of plant cover 

(FCOV), and to improve correlations with spectral reflectance since it includes the spectral 

mixture recorded by remote sensing systems. 

������ =
∑ (���� ∗ �����)��

��

∑ �����
��
��

 
(3) 

m = vegetation stratum; n= number of strata.  

 

 

4 2 Remote sensing assessment 

Spatial information on fire severity is essential in planning ecosystem restoration. 

The two most popular satellite-derived indices in the literature on fire severity measures are the 

normalized difference vegetation index (NDVI) and the normalized burn ratio (NBR). NDVI is 

computed by comparing the normalized ratio of near-infrared reflectance (NIR) with visible red 

reflectance (RED) values (4) (Keane et al. 2001), while NBR compares the normalized ratio of 

shortwave infrared reflectance (SWIR) with near infrared reflectance values (5) (Lopez-Garcia & 

Caselles 1991; Key and Benson 2005). The use of CBI and GeoCBI (Figure 2) for remote sensing 

products evaluations is quite generalized because of its semi-quantitative value due to its 

relation with the RED and NIR bands provided by several satellites (De Santis & Chuvieco 2007). 

Even the semi-qualitative methodology proposed by Ryan & Noste (1985) has been widely used 

and is linked to cartography to identify fire severity levels which have been defined by different 

authors; e.g. In Spain by Alloza et al. (2014) and Vega et al. (2013a). 
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Figure 2. Field survey to collect information to calculate the Composite Burn Index (CBI, left image) 

according to Key & Benson (2003) and the modified version proposed by De Santis & Chuvieco (2009) 

(GeoCBI, right image) by highlighting new scores in gray. 

 

In addition to the differenced NDVI (dNDVI) (6) and the normalized difference of NBR (dNBR) 

(7), a relative number of indices has been developed to generate fire severity maps. The dNBR 

index, initially proposed by Key and Benson (2005), is highly dependent on pre-fire vegetation 

characteristics as it represents an absolute value. Hence several authors have proposed new 

versions of burn severity metrics that derive from dNBR. Miller & Thode (2007) developed an 

index called the Relativized Normalized Burn Ratio (RdNBR) (8), which also relies on the 

difference between pre-fire and post-fire NBR values, and has been commonly used. This index 

emphasizes changes in the amount of pre-fire plant cover by including pre-fire NBR in the 

denominator to thus transform the dNBR into a relative scale to remove heteroscedasticity from 

the dNBR values distribution (Miller & Thode 2007). More recently, Parks et al. (2014) proposed 

a Relativized Burn Ratio (RBR) (9). RdNBR and RBR are relativized versions of dNBR, and both 

indices were designed to detect changes in fire severity, even where pre-fire vegetation cover is 

low. 

All these indices have been used as independent variables to derive fire severity field indices at 
the pixel level, and a wide range of studies has demonstrated their sensitivity to changes in fire 
severity classes (Chu & Guo 2014). Both NDVI and NBR are widely used for severity assessments, 
but the best results are apparently obtained from NBR-based indices given the combination of 
two SWIR bands (Escuin et al. 2008). However, the results are discussed because the bitemporal 
image used to calculate spectral indices could be problematic due to image-to-image differences 
in illumination and phenology (Veraverveke et al. 2012). This may lead to poor performance and 
shows inconsistent fire severity quantification in adjacent areas. Veraverbeke et al. (2012) 
developed an alternative index based on short-wave infrared (SWIR) and mid-infrared (MIR) 
reflectance to improve performance compared to NBR-derived metrics. They demonstrated the 
potential of the SWIR-MIR band combination to detect fire effects (e.g. char fractional cover). 
Nevertheless, the spectral information required by this new metrics cannot be retrieved from 
current satellite imagery at an adequate spatial resolution. 
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However, some studies suggest that reliability of the described methods to identify spatial soil 

burn severity, compared to field vegetation damage results, is limited (Vega et al. 2013a). The 

influence of several factors, such as local conditions and soil characteristics, may condition 

calculations and hinder the generalized use of methods to calculate fire severity (Parks et al. 

2014). Previous studies have demonstrated the difficulty of defining threshold values to classify 

fire severity into discrete severity classes (Cansler & McKenzie 2012; Parks et al. 2014). The 

characteristics and status of pre- and post-fire vegetation, and the time that has elapsed while 

assessing fire severity, strongly influence the results (Chu & Guo 2014). Moreover, accuracy 

depends on soil coverage and ecosystem characteristics, and on the availability of adequate 

satellite images to derive spectral indices (Hudak et al. 2007). 

 

5 LABORATORY ASSESSMENTS 

Some approaches are based on laboratory experiments, usually heating soil and/or humus 

samples in an oven or a muffle furnace with different exposure factors (time and temperature), 

and relate fire severity to changes in soil properties and infiltration processes. Wieting et al. 

(2017) simulated wildfire using a Wagner heat gun and suggested a collapse of the soil structure 

when the soil-surface temperature increased to 450–500 °C and>200 °C at the 1–2 cm depth. All 

organic materials were combusted, destroyed water repellency at the surface, and induced an 

increase in field-saturated hydraulic conductivity and more rapid initial volumetric water 

content. The fire severity impact can vary depending on soil characteristics. Araya et al. (2016) 

found that heating different soil types in muffle changed soil properties. The most critical 

temperatures are from 250 to 400ºC due to charring organic matter that reduced soil aggregate 

stability, cation exchange capacity (CEC), and carbon (C) and nitrogen (N) concentrations, plus 

the disappearance of kaolinite (Mataix-Solera et al. 2011). 
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Cancelo-González et al. (2012) and Lombao et al. (2015) included time of heating and fire 

recurrence in these studies. The latter authors conclude that physical and chemical properties 

can be used to detect the impact of high severity wildfires, but not the impact of prescribed fires 

or thermal shocks within a low temperatures range (50-254 ºC) under laboratory conditions. 

However, they used temperature-time curves to find that recurrence influenced the thermal 

response to a new heating event, and had direct effects on a wide range of soil biochemical and 

microbiological properties (Lombao et al. 2015). Therefore in laboratory experiments, variables 

are controlled and replicate ecosystems grow under the same conditions, which is not usual in 

wildfires or prescribed fire experiments. In addition, the advantage of laboratory experiment is 

the controlled measure of the selected parameters, which can enable predictive indicators of 

fire severity to be implemented, such as fire radiant energy (Smith et al. 2016). To extrapolate 

it to landscape-scale fires, uncertainty is tested in laboratory experiments, but medium-scale 

experiments are required as a bridge to validate this, i.e. Ecotron facilities or similar (Naeem et 

al. 1995). The research done in ecotron facilities should assess how different spatial scales are 

linked, from the laboratory to the landscape scale (Plaza-Alvarez et al. 2017, Moya et al. 2017). 

In addition, further studies are needed to validate fire severity effects depending on the 

differences in fire characteristics (energy release and duration), ecosystems (vulnerability and 

resilience), fuel model (live moisture, structure, flammability) (Finney et al. 2013; Michaletz & 

Johnson 2007) and the relationship of biological or physico-chemical response (Úbeda et al. 

2009; Mataix-Solera et al. 2011; Zavala et al. 2014). 

 

6 FIRE IMPACT AND MANAGEMENT 

Proper post-fire management should be based on knowledge about the relationships that link 

ecosystem resilience, resistance and vulnerability and fire characteristics from both fire regime 

and fire behavior contexts, where fire (or burn) severity is one of the most important factors to 

assess fire damage (Alloza et al. 2014). Post-fire vegetation recovery increases relative humidity, 

reduces transpiration, intercepts rainfall and induces water infiltration, which reduces surface 

runoff and soil loss (Cerdà & Doerr 2005, 2008; Pérez-Cabello et al. 2012). In pine forests, needle 

coverage on the ash layer increases soil water retention capacity and acts as a protector agent 

against intense rainfalls by prolonging the time that the absorbent and protection effect by ash 

lasts (Cerdà & Doerr 2008). Fire damage can degrade biological soil properties, reduce soil seed 

banks and induce mortality in resprouters due to damage of meristematic tissues and fire 

severity (DeBano et al. 1998; Maia et al. 2012).  

Fire severity can induce opposite effects on vegetation recovery depending on its functional 

types (Alloza et al. 2014). In chaparral, subshrub cover during the first growing season is 

inversely related to fire severity, whereas cover of suffrutescent plants (chamaephytes) is 

positively associated with fire severity (Keeley et al. 2008). Plant cover recovery in burned areas 

depends on the fire severity and spatial distribution of previous vegetation which influences the 

ecosystem response and defines changes in the plant-soil interphase, at least in the short and 

mid terms (Montorio et al. 2014). Other studies have observed good natural regeneration after 

high burn severity, fostered by high post-fire nutrient availability (Pausas et al. 2002), with 

positive effects on the dissemination of serotinous canopy seed banks (Moya et al. 2008; Vega 

et al. 2008a) or on the thermal scarification of seeds buried in soil (Martinez-Sanchez et al. 1999, 

Keeley 1991). 

Burned soil undergoes biological, physical and chemical alterations that are not only related to 

fire severity directly, but are also indirectly due to ash incorporation (Jimenez-Pinilla et al. 2016), 
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and to increasing pH that promotes plant regeneration (Bodí et al. 2014; Maia et al. 2012). 

However, Pereira et al. (2014) found that ashes dissolve after the first rainfall, which thus lowers 

pH and increases the amount of heavy metals in soil.  

Soil structure is destroyed due to soil organic matter combustion (Mataix-Solera et al. 2004). 

With low fire burn severity, soil is usually covered by dead needles or coarse woody debris, 

which reduces surface runoff significantly compared to results on bare soil (Cerdà & Doerr 2008). 

High burn severity normally reduces aggregates, which promotes soil loss if the ash layer has 

been removed (Pereira et al. 2010). In some wildfires, the ash layer increases water retention 

capacity and reduces surface runoff (Cerdà & Doerr 2008), but it is not totally clear (Bodi et al. 

2014). However, ash protection is effective only in the short term since ashes are usually dragged 

after intense rainfall (Pérez-Cabello et al. 2012) in the first or second month, depending on the 

climate (Pereira & Ubeda 2010). 

 

7 MEASUREMENT AND IMPLICATIONS OF FIRE AND BURN SEVERITY 

Burn severity is a key factor in post-fire management to quantify and map fire impacts, and to 

plan mitigation and rehabilitation treatments in fire-affected areas. However, burn severity 

assessments are costly in time and resources. In addition, they do not provide adequate 

coverage to generate spatially continuous information. Despite remote sensing technologies 

providing useful tools to assess the impacts of wildfire on ecosystems, debate continues about 

the most suitable metrics to identify the fire severity levels observed in the field (Escuin et al. 

2008; Cansler & McKenzie 2012; Parks et al. 2014). 

Using a common set of burn severity indicators and definitions for rapid post-fire assessments 

is crucial, such as pH or color, and biological indicators should be developed, such as 

microarthropod communities or microbial indices (Jain et al. 2008; Henig-Server et al. 2001; 

López-Poma & Bautista 2014; Moya et al. 2017; Vega et al. 2013b; Pourreza et al. 2014). The 

main feature is based on the dose and scalable response metrics, easily measured in the field, 

which promote the integration of fire dynamics into biophysical process models of several 

ecosystems, including spatial and temporal scales (Smith et al. 2017). 

Guidelines should be developed to help users identify fire effects on soil and vegetation, such as 

the ForFireS Manual (EFFIS 2017), or those proposed by Parsons et al. (2010), Alloza et al. (2014) 

or Vega et al. (2013a). Consistent assessment methods encourage tools to be implemented for 

post-fire risk assessments of runoff and the erosion potential. This will increase the efficiency 

and speed of fire severity assessments, which will lead to more informed and financially prudent 

decision making about post-fire rehabilitation treatments. It will also allow researchers from 

different regions to obtain comparable results by promoting descriptions and local adjustments 

to develop soil burn severity classes or indices. 

The demand and need for managers to provide cartographic information on fire severity as a 

tool to assess fire impact and ecosystem recovery should encourage researchers to find the most 

accurate method and reliable calculation, which should be validated by field sampling and 

include the generation of quick and updated protocols. By shifting in this direction, we propose 

moving toward a fire tolerance society, and eventually to co-existence, so that fire in all its 

severities and forms can continue to shape ecosystems (Moritz et al. 2014). Concerted efforts 

by Public Administrations and citizens are needed to embrace this challenge, as is a sophisticated 

and well-diffused message from researchers and scientists. Preventive efforts should not focus 
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on preventing wildfires, but on reducing fire severity to similar levels to historic fire regimes by 

implementing fuel management; i.e. prescribed fires (Plaza-Alvarez et al. 2017; Sagra et al. 

2017). Additional issues are also required: funds for stepped-up education; commitment from 

land management agencies; media committed to be a more ecologically literature; conservation 

groups to see the value in mixed-severity and not just low-severity fire; politicians to see the big 

picture that the post-fire landscape has an irreplaceable ecological value, and not just money 

from salvage logging for short-term profits (DellaSala et al. 2015). 

 

8 CASE STUDIES: DOSE-RESPONSE EXPERIMENTS 

8.1 CASE STUDY 1: A BENCH-SCALE FLAMMABILITY PROTOCOL TO SIMULATE THE EFFECT OF 

WATER CONTENT ON HEAT TRANSFER IN SOIL DURING PRESCRIBED BURNINGS 

A bench-scale flammability protocol, based on the methodologies proposed by Rein et al. (2009) 

and Enninful & Torvi (2008), was developed to simulate soil heating during prescribed fires. A 

mass loss calorimeter (MLC) was used to run a series of tests (Figure 3) to check the possibilities 

of this device obtaining a dose-response effect of fire severity according to water content in soil. 

This methodology can help to validate thermal conductivity or heat transfer models, to improve 

prescriptions, and to reduce fire severity in soil during prescribed burnings. This protocol can be 

potentially used with different devices based on cone calorimeter assembly (e.g. cone 

calorimeter, fire propagation apparatus) or other devices capable of calibrating radiant heating 

with a high level of accuracy. The main strength of this methodology compared to oven-fan 

protocols is that radiant heat flux is constant and calibrated. The horizontal radiant heater 

orientation is a better approach and involves smoldering fire and heat transfer to soil under 

natural conditions (Enninful & Torvi 2008). This protocol allows a few monoliths to be extracted 

from the field to be burned with barely any handling, and is a reasonable surrogate of field 

conditions. The MLC has been tested to assess the flammability of dried forest fuels (Madrigal 

et al. 2009, 2011), live forest fuels (Madrigal et al. 2013) and barks of trees (Dehane et al. 2015). 

In this case study, we present an application of this device to describe litter and duff layer 

flammability, as well as the heat transfer in the first soil layer, which is the most vulnerable to 

fire severity. 

 

8 1.1. Protocol description 

Sampling monoliths 

A pure forest area of Pinus nigra spp. salzmannii stands was selected, where climate is classified 

as humid Mediterranean (Allúe 1990), with a mean annual temperature of 11.9ºC (mean lowest 

temperatures of the coldest month of 0.5ºC; mean highest temperatures of the hottest month 

of 30.5ºC) and a mean annual precipitation of 595 mm (99 mm in summer). Calcareous soils 

dominate the study area, and the soil at the experimental site is classified as Leptosol (Lucas-

Borja et al. 2016). This area was treated to reduce forest fuels using burnings with low intensity 

fire prescriptions to reduce fire severity in duff, soil and trunks (for more details, see Lucas-Borja 

et al. 2016). Thirty-six monoliths of 10x10x5 cm3 were extracted at the different random sites of 

the plots before burning, including litter (L), fermentation layer (F), humus layer (H) and soil. 

They were transported to the laboratory and conditioned in a climatic chamber (temperature 

20ºC, relative humidity 55%) to homogenize the moisture of all the samples. 
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Figure 3. The mass loss calorimeter (MLC FTT®) device used to run the flammability tests. 

 

Treatments to simulate different water contents in soil 

Three treatments with 12 replicates were used to carry out the experiment: (1) dried soil under 

climatic chamber conditions; (2) irrigation of 30 mL per monolith (3 mm of rain, as a surrogate 

of poor rainfall); (3) irrigation of 60 mL per monolith (6 mm of rain as a surrogate of moderate 

rainfall). The irrigation treatment was applied with a manual sprayer, and monoliths were tested 

after a 24-hour draining period in the climatic chamber. Under these conditions, the fuel 

moisture content of both the litter and fermentation layer was homogenized to 12% for all the 

treatments, and we assumed that verified moisture contents were reached in soil. 

8.1.2. Flammability tests and temperature monitoring 

A similar experimental protocol to that proposed by Enninful & Torvi (2008), but adapted to the 

MLC device (Madrigal et al. 2009), was followed. A constant heat flux of 25 kW/m2 was selected 

to simulate a low-intensity fire. Experiments were piloted with a spark igniter. Six type K 

thermocouples (1 mm of diameter) were positioned in the center of the monolith (Figure 4) in 

the following positions: (1) over the monolith (air and flame temperature); (2) on the litter layer 

(L); (3) on the fermentation and humus layer (F+H); (4) 1 cm under the F+H layer; (5) 2 cm under 
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the F+H layer; (6) 4 cm under the F+H layer. Temperatures were monitored at the 1-second 

frequency using a Datataker DT500 ® datalogger. 

 

 

Figure 4. a) Position of thermocouples in soil (1, 2, and 4 cm under the Fermentation+Humus layer, before 

the MLC test and b) Monolith with Treatment 3 (60 mL of water irrigation) after test 

The experimental procedure was as follows: (1) the monolith was exposed to the heat flux and 

the spark igniter was positioned immediately over the litter layer to allow litter to ignite; (2) in 

the heating phase, litter lost water and released flammable gases; (3) flammable gases 

generated the ignition of litter, and the MLC recorded the heat release rate (KW/m2) in the 

flaming phase; (4) the fuel bed was consumed and the smoldering phase (combustion without 

flame) commenced; (5) when the smoldering phase of litter and the F+H layer finished, the 

monolith was removed from the heat source; (6) soil temperatures were monitored until 
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thermocouples reached ambient temperature. The heat release rate curve shows the 

combustibility and sustainability of combustion in the different test phases (Figure 5a). The 

thermocouple signal allowed the temperatures of the different layers to be monitored during 

tests (Figure 5b).  

 

Figure 5. (a) The heat release rate (HRR) curve and (b) temperatures during a flammability test of a 

monolith, with the HRR curve overlapped. The X-axe scale differs for (a) and (b), time in seconds (s). 

 

 

8.1.3. Results 

Flammability 

The heat release rate (HRR) curves showed wide variability among samples because of the large 

differences in the fuel bed (land F+H layers) among the monoliths being detected. Nevertheless, 

average curves (Figure 6) showed few differences in the peak heat releases (PHR) among 

treatments when considering that the limit of repeatability for the PHR of forest fuels gave a 
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difference of 15% (Madrigal et al. 2009). Therefore, the irrigation dose had a minor effect on 

fuel bed flammability. 

 

Figure 6. Average heat release rate of litter for the analyzed treatment (dried fuels, Irrigation 30 mL, 

irrigation 60mL). Heat flux selected: 25 kW/m2. Piloted ignition (spark igniter) was selected. The fuel 

moisture content of litter was 12% for all the treatments.  

 

Effect of water irrigation (dose) on soil temperature (response) 

For similar heatings (Figure 6), irrigation of monoliths generated large differences in the thermal 

regime during the experiments (Figure 7). A wide variability of maximum temperatures and 

times over 60ºC (TT60) for the dried monoliths was detected compared to the irrigated ones 

(Figure 8). We observed a trend to reach the lower maximum temperature according to higher 

irrigation. The time over 60ºC (TT60) was a better soil fire severity index because it could 

condition the survival of soil microbial populations. In this case, TT60 was similar for both 

irrigation treatments, and showed that presence of water in soil could strongly reduce soil fire 

severity during the prescribed burnings. On the contrary, executing prescribed burnings with 

low soil water content levels could cause severe damage, as seen in the dried soil treatment. 
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Figure 7. Soil temperature (response) during tests for the analyzed treatments (dose): (a) soil temperature 

1 cm under the F+H layer; (b) soil temperature 4 cm under the F+H layer. 

 

 
Figure 8. Mean plots (Standard error in bars) for (a) maximum temperature (TMAX in ºC) and (b) 

time over 60ºC (TT60 in seconds) in soil at 1 cm, 2 cm and 4 cm  under the F+H layer. Treatments 

are Dried soil, Irrigation A=30 mL, irrigation B=60 mL. 
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8.1.4. Conclusions and potential applications 

The draining and conditioning that took place in a climatic chamber 24 h after treatment 

correctly homogenized the FMC of fuel beds. Indeed the methodology allowed similar soil 

heating for all the treatments as a surrogate of the real conditions during a prescribed fire after 

different rain episodes (without rain, 3 mm and 6 mm).  

These results were strikingly similar to those recorded in the field experiments during the 

prescribed burnings (Lucas-Borja et al. 2016). Therefore, we consider that this methodology can 

reasonably reproduce field conditions. These experiments can also complete information from 

field experiments to improve prescription during burnings in different kinds of soils and 

ecosystems. The possibility of increasing the radiant heat flux in the MLC device would allow soil 

temperature regimes to be compared for different heating values, to simulate distinct fire 

intensities, to highlight differences in prescribed burnings as regards forest fires, and the 

vulnerability/resilience of distinct ecosystems to this fuel treatment.  

 

8.2. CASE STUDY 2: EXPERIMENTAL FIRES OF SOIL MONOLITHS UNDER SEMI-NATURAL 

CONDITIONS IN A BURNING BENCH 

8.2.1. Introduction  

As explained in the preceding sections, fire severity is recognized as a decisive factor in 

ecologically-based fire management given its influence in the alteration of crucial soil properties 

(Mataix-Solera et al. 2011; Vega et al. 2013b) and enhancing post-fire runoff and erosion 

(Benavides-Solorio & MacDonald 2005; Vega et al. 2005; Cawson et al. 2013; Vieira et al. 2015; 

Fernández & Vega 2016). Post-fire soil conditions may interact with other post-fire 

environmental influences in the field, such as rainfall, runoff, wind, erosion, bioturbation, etc., 

and an accurate comparison with unburned soils is not always possible. The experimental 

approach described herein could be very useful to better understand soil heating profiles and 

the changes in some soil physical properties associated with soil burn severity.  

Some methodologies are based on the use of unaltered soil cores or soil monoliths that are 

burned under semi-natural conditions to simulate field conditions and to obtain different soil 

burn severities. These approaches use burning benches in the experiments carried out in an 

outdoor combustion tunnel to burn soil monoliths (Madrigal et al. 2010; Fontúrbel et al. 2011; 

Aznar et al. 2016; García-Oliva et al. 2018). In these experiments, natural fuels are utilized as the 

energy source. 

These experiments seem to adequately reproduce the temperature courses observed in mineral 

soil during experimental fires carried out in field (Klopatek et al. 1990; DeBano et al. 1998). In 

most forest fires, combustion starts by flaming fine forest floor fuels (litter and downed and 

dead twigs) which cause humus ignition. Then humus combustion transfers energy to mineral 

soil by conduction, which is considered the main mechanism of heat transfer to soil in forest 

fires (Frandsen & Ryan 1986; Neary et al. 2005). Consequently, the role played by forest floor 

fuels in soil heating processes is relevant, irrespectively of their contribution to the changes in 

nutrients, carbon and other soil parameters. 

In this section we summarize a protocol to burn intact monoliths of soil and forest floor to study 

the effects of soil burn severity on the thermal regime and on soil physical properties. 
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8.2.2. Protocol description 

Sampling soil monoliths 

In each representative forest stand selected for soil monolith sampling, several randomly 

oriented transects were established. Samples were collected from systematically selected points 

in transects separated by 20 m. Each sample consisted of a soil monolith, 40 x 40 x 10 cm deep, 

carefully extracted to maintain the original soil structure. Each monolith included organic 

horizons: litter (Oi), fermentation (Oe) and humus (Oa) layers, and 10 cm of surface mineral soil. 

Soil monoliths were collected in pairs. Metal frames (40 x 40 cm) were used to remove the 

monolith by inserting them into the ground up to a depth of 25 cm. Each monolith was 

segregated from the subjacent soil by horizontally introducing a metal plate at the bottom of 

the monolith. Monoliths were carefully transported to the laboratory in containers and were 

then air-dried to obtain distinct levels of moisture, monitored by TDR probes in a subset of them. 

 

Burning experiments 

Soil monoliths were placed on a burning bench (300 cm long x 200 cm wide x 50 cm deep), 

positioned at a wind tunnel outlet (Figure 9). Monoliths were placed on the bench in groups of 

six on a soil layer, with a similar space left between them and the borders of the bench (Figure 

10). Packed soil was used to fill all the gaps to obtain a common mineral soil level. Then, maritime 

pine intact forest floor blocks, collected from each study site, were placed above the packed soil 

to obtain a common horizontal litter surface across the bench. Finally, a variable load of fuel, 

made of maritime pine litter and woody fuel, was homogeneously spread above the litter layer 

top to cover the entire burning bench to make up a continuous fuel bed. A continuous fuel layer 

(200 cm long) was also placed on a supplementary burning table, between the tunnel outlet and 

the burning bench to enable a complete 500-cm fire run. A fireline was lighted with a torch and 

fire was allowed to run freely, helped by a light air flow (0.6 m/s). 

 

Figure 9. View of the burning bench during an experimental fire. 
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Figure 10. Scheme of the placement of soil monoliths on the burning bench. 

Before burning, the pre-fire duff (Oe+Oa) level was labeled with four small metal nails 

embedded in each soil monolith with the head at the same level as the Oe layer top. 

Temperatures during burning were recorded with twelve 1-mm diameter grounded-junction 

inconel sheathed K type thermocouples, connected to data-loggers. Thermocouples were 

laterally inserted into the monoliths at three positions and at four different depths (humus layer 

surface, mineral soil surface and –2 cm and – 5 cm below the mineral soil surface).  

The moisture contents of the organic horizons were obtained by collecting small samples 

immediately before burning and subsequently once oven-dried. The samples of the mineral soil 

portion of monoliths were collected at depths of 0-2 cm and 2-5 cm to obtain their respective 

moisture content.  

Fuel consumption was obtained by the difference between the dry weight of the added fuel and 

the combustion residues, by assuming that the Oi layer was almost completely consumed during 

fire. Combustion remains were carefully picked up to the nail head level.  

 

First series of experiments  

In this set of experiments, intact soil monoliths were collected from two pine forests with 

contrasting soils: an acid, coarse-textured soil, with high organic matter content (site 1, in the 

province of Pontevedra; NW Spain), and a neutral heavy-textured soil with low organic matter 

content (site 2, in the province of Cuenca, central Spain) to compare two soil burn severity levels 

in these different soils burned under similar conditions. It is not possible to achieve this objective 

under field conditions. Soil monoliths were collected at both study sites as explained above. The 

monoliths used for light burning were uniformly irrigated by microsprinkling to field capacity 

and were then allowed to air-dry in a greenhouse for 3 days before burning. The monoliths 

destined for severe burning were not watered. The duff moisture content in the monoliths 

assigned to light burns varied between 88% and 196% in the Pontevedra and Cuenca soils, and 

was less than 12% at both sites for those assigned to severe burns. Soil moisture content varied 

between 30% and 43% in the monoliths for light burns and was less than 6% for the severe 

burns.  

A non parametric Mann–Whitney U test (25 monoliths per treatment) was used to analyze the 

effect of treatment (severe and light burning) within each soil type on the thermal regime 
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parameters during burning, duff depth and soil C content. In the first case, comparisons between 

soil types in the same treatment were also made. Regression techniques were used to examine 

any possible relationships between thermal regime parameters and duff depth reduction and 

soil C consumption immediately before burning, and for each site separately. 

 

Results 

The maximum temperatures reached at all the positions in the severely burned samples were 

significantly higher than in the slightly burned samples in both the Pontevedra and Cuenca soils 

(Figure 11). The maximum temperatures reached in the severely burned Pontevedra soil were 

significantly higher than in the corresponding Cuenca soil, and at both the soil surface and the 

2-cm depth. However in the slightly burned soils, values were similar in both soil types. In turn, 

differences in the duration of high temperatures (Figure 12) were small between the soil burn 

severity levels in the Cuenca soil. In contrast, the differences for the Pontevedra soils were clear. 

As a whole, the severely burned Pontevedra soil underwent a higher and more prolonged heat 

pulse, which penetrated more deeply into soil than in the Cuenca soils. As a result, the degree 

of soil burn severity in the Cuenca soil was probably not high enough to alter the soil structure, 

as suggested by the lower temperatures reached during burning. 

The relative reduction in duff depth was very high in the severely burned soils of Pontevedra 

(88.5±3.9%) and Cuenca (87.8±3.6%), but was significantly lower in the slightly burned soils at 

these two sites (44.6%±5.3% and 67.5±6.4%, respectively). Only in the severely burned soils of 

Pontevedra was the consumption of soil organic matter appreciable, with frequent signs of 

structure alteration, as reflected by greater absolute reductions in the soil C concentration 

(4.9±0.6%) than in the soils of Cuenca (0.8±0.2%). The maximum temperatures and duration of 

temperatures over 200ºC, measured on the soil surface and at a 2 cm soil depth, were positively 

related to the burn depth of the Pontevedra soils (r2 ranged from 0.48 to 0.53; p<0.01; n=50) 

and soil C consumption (r2 ranged from 0.46 to 0.58; p<0.01; n=50), whereas these relationships 

were not found for the Cuenca soils.  
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Figure 11. Mean values of maximum temperatures reached at three depths during experimental burning 

of 100 soil monoliths from soils collected in two P. pinaster sites, Pontevedra (n=50) and Cuenca (n=50). 

Bars are standard errors. Within each measurement position, different lower case letters indicate 

statistically significant differences between soil burn severities in each site, and different capital letters, 

between sites in each soil burn severity (Mann-Whitney test, p<0.05). 

 

Figure 12. Mean values of duration of temperatures > 200º C, reached at three depths during burning of 

100 soil monoliths from soils collected in two P. pinaster sites, Pontevedra (n=50) and Cuenca (n=50). Bars 

are standard errors. Within each measurement position, different lower case letters indicate statistically 

significant differences between soil burn severities in each site, and different capital letters, between sites 

in each soil burn severity (Mann-Whitney test, p<0.05). 
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Second series of experiments  

A second series of burnings was carried out with to analyze the effect of the verified soil burn 

severity levels on the soil physical properties associated with soil erodibility. The corresponding 

pairs of soil monoliths remained unburned to allow comparisons. Immediately after burning, 

each burned monolith was assigned to a soil burn severity level according to the visual indicators 

described in Vega et al. (2013b), and explained in Section 4.1 of this chapter. For the soil physical 

properties, levels 0 (unburned), 2 and 5 of soil burn severity were considered.  

In each monolith, soil water repellency was determined on the duff layer (if present), soil 

surface, and 2 cam and 5 cm below the mineral soil surface using the ethanol percentage test 

(King 1981). This test consists in the application of different ethanol dilutions (0, 3, 5, 8.5, 13, 18 

and 36%). The obtained values allowed us to group monoliths into seven categories following 

Doerr et al. (2002). Soil aggregate stability was determined following the method described by 

Kemper & Rosenau (1986). Aggregate size fractions of 5-2 mm, 2-1 mm, 1-0.25 mm, 0.25-0.05 

and <0.05 mm were considered, and the percentage by weight of aggregates in each fraction 

was used to calculate the dry mean weight diameter index. Total soil C was determined by dry 

combustion in a LECO CNS-2000 (Leco Corporation, St. Joseph, MI). The furnace temperature 

was set at 1350°C for the 0.25 g soil samples. All the soil samples were air-dried and then passed 

through a 2-mm sieve before being analyzed. The same determinations were made in the 

unburned soils.  

The non parametric Mann–Whitney U test was used to analyze the differences between soil 

burn severities (levels 2 and 5) between the thermal regime parameters and soil properties 

(levels 0, 2 and 5) at each measurement position.  

 

Results 

The temperature during the experimental fires (Figure 13) was higher in soil burn severity 5 in 

all the strata (note that the entire humus layer was consumed at the fire severity 5 level). The 

maximum temperature rapidly dropped with depth, but this drop at level 5 was less 

pronounced. The mean durations of temperatures > 200ºC were long at fire severity level 5. 

They ranged from 3 to 6 minutes at soil burn severity level 2, to between 600 and 980 minutes 

at soil burn severity level 5.  

Two typical temperature-time profiles on the humus surface, soil surface and at the 2 cm soil 

depth of the soils burned with soil burn severity 2 and 5 are shown in Figures 14 and 15. Peaks 

of high temperatures were reached in soil with soil burn severity level 2, whereas temperatures 

over 300°C persisted for more than 20 h at the soil surface and at the 2 cm soil depth of soils 

with soil burn severity level 5. Temperature peaks showed short delays among the different 

depths.  

The temperature profiles observed at soil burn severity level 5 indicate that significant drops in 

soil organic matter, the deterioration of both structure and porosity, and the degradation of 

other soil properties may have occurred as substantial organic matter consumption begins 

within the 200–250ºC range to be completed at around 460ºC (Giovannini et al. 1988). 
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Figure 13. Mean values of maximum temperatures reached at four soil depths during experimental 

burning of 24 soil monoliths collected in P. pinaster stands in NW Spain. Bars are standard errors. Within 

each measurement position, different letters indicate statistically significant differences between soil 

burn severities (Mann-Whitney test, p<0.05). 

 

 

Figure 14. Temperature profile during an experimental fire of a monolith with level 2 of soil burn severity, 

at the humus surface, mineral soil surface and at 2 cm of soil depth.  
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Figure 15. Temperature profile during an experimental fire of a monolith with level 5 of soil burn severity, 

at the humus surface, mineral soil surface and at 2 cm of soil depth. 

 

Soil properties 

The unburned soils (control) showed extreme soil water repellency on the soil organic cover 

surface, and on the mineral soil surface, 2 cm and 5 cm below (Figure 16). This confirms previous 

results in pine stands recorded in coarse-textured soils with high soil organic matter content, 

which is usual in NW Spain (Varela et al. 2005; Rodríguez-Alleres et al. 2007, 2012). In the burned 

soils, the soil water repellency degree lowered as the soil burn severity level increased. In fact 

soil water repellency almost disappeared at the highest soil burn severity level. This agrees with 

previous results when the same soil burn severity classification was used after wildfires in 

Galicia, NW Spain (Fernández et al. 2016), where soil water repellency was measured in the field 

by a mini-disc infiltrometer. The results obtained herein showed the clear relationship between 

persistence of soil water repellency and the soil thermal regime. In soil heating experiments 

using a muffle, Doerr et al. (2004), García-Corona et al.. (2004) and Varela et al. (2005) found 

that temperatures under 175ºC had very little effect on soil water repellency, which is 

completed eliminated when temperatures range between 260 and 340ºC. 
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Figure 16. Soil water repellency class for different soil burn severity levels (0, 2 and 5), at the humus 

surface, mineral soil surface and 2 and 5 cm of soil depth. Bars are standard errors. Within each 

measurement position, different letters indicate statistically significant differences between soil burn 

severities (Mann-Whitney test, p<0.05). 

 

Soil organic C (Figure 17) significantly decreased when the soil burn severity level increased. Very 

high soil burn severity soils showed reduced soil organic content in relation to unburned soils of 

97%. These results agree with the observations made by Vega et al. (2013b) after a wildfire in 

NW Spain. The overall mean value of the mean weight diameter (Figure 18) showed a slightly 

lower soil burn severity level compared with the unburned control. A significant decrease was 

measured in the soils burned at a very high soil burn severity. These results indicate that small 

size fractions increased when soil burn severity rose, similarly to the results reported by Mataix-

Solera & Doerr (2004) and Varela et al. (2010). 
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Figure 17. Soil organic Carbon (%) of soil samples (0-2 cm) classified by level of soil burn severity (0, 2 and 

5). Bars are standard errors. Different letters indicate statistically significant differences between soil burn 

severities (Mann-Whitney test, p<0.05). 

 

Figure 18. Mean weight diameter of soil aggregates (mm) of soil samples (0-2 cm) classified by level of soil 

burn severity (0, 2 and 5). Bars are standard errors. Different letters indicate statistically significant 

differences between soil burn severities (Mann-Whitney test, p<0.05). 
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8.2.3. Conclusions 

The first series of experiments on the burning bench exhibited the capital role played by the 

moisture content of the forest floor and the upper mineral soil layer to explain the maximum 

temperatures reached during burning in mineral soil and in elevated temperature duration. 

These results also underline the relevance of pre-fire duff depth and initial soil C content to 

explain soil C consumption under dry soil and duff conditions. In contrast, when the moisture 

content in forest floors and topsoil was high, this reduction was limited at both sites. Our results 

also suggest that in Mediterranean forest soils with low duff depth and soil C content, high soil 

C consumptions should not be expected, not even under drought conditions. In contrast in 

Atlantic forest soils, high duff depth and high soil C content values enhance prolonged high 

temperature durations, which lead to major reductions in soil C. 

The second burning experiments reflected the good agreement between the thermal regime 

during burning and the visual signs of two verified soil burn severity levels. These different levels 

were also associated clearly with distinct changes in soil C content, soil water repellency and the 

mean diameter of aggregates, which suggests the utility of the employed soil burn severity 

classification system. Interestingly, water repellency was totally destroyed at the highest 

severity level, which indicates great soil heating penetration. This, along with the dramatic soil 

C consumption and the significant drop in the mean diameter of soil aggregates, clearly suggests 

strong susceptibility to soil erosion at that burn severity level. Future actions should focus on 

the mid- and long-term effects of the alterations observed, along with the influence on rain 

infiltration capacity in burned soils and runoff generation. 
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