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Factors modulating resilience to fire in
Mediterranean woodlands
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Introduction

1. Introduction: Factors modulating resilience to fire in Mediterranean
woodlands.

1.1 Wildfires in the Mediterranean Basin

Wildfire is a common and natural disturbance in Mediterranean regions
worldwide. As a consequence, many plants have acquired adaptive
mechanisms to persist and regenerate after wildfires. The dominant natural
ecosystems in the Mediterranean Basin and other Mediterranean regions are
therefore commonly viewed as rather resilient to fire and, in general, are able
to cope with the natural high fire-recurrence regimes observed in
Mediterranean regions (Naveh 1975; Keeley 1986; Pausas and Verdd 2005).
However, wildfire is also a primary factor driving ecosystem processes and
structure (Bond and Keeley 2005; Pausas and Keeley 2009), and in turn
landscape pattern (Lloret et al. 2002; Baeza et al. 2007). Wildfires promote
flammable ecosystems deviating from the physiognomy that could be
expected according to the climate of the region (Bond et al. 2005; Moreira et
al. 2011). Thus, vast areas of Mediterranean shrublands have the potential to
be forest, but frequent wildfires, together with grazing, are largely responsible
for maintaining the dominance of shrubs. Wildfires in Mediterranean Basin
have occurred for millennia, and therefore biodiversity of Mediterranean Basin
may have been structured by fire regime (Pausas et al. 2008). However, one of
the most relevant differences between the Mediterranean Basin and other
Mediterranean regions in the world is the millenary impact of intense land use,
including burning, woodland clearing, grazing, terracing, and cultivation, which
has resulted in strongly human-modified landscapes with consequences for the
Mediterranean fire regime (Moreira et al. 2001; Carrién et al. 2003; Mouillot et
al. 2003; Vanniere et al. 2008). On the one hand, human activities have created
a heterogeneous mosaic of land uses and land cover types that are not equally
fire-prone, retarding the spread of fire and resulting in relatively small areas
burned by individual wildfires. On the other hand, intense land use by humans,
which often included uprooting of oaks and other resprouting species (Vallejo
and Alloza 1998), combined with frequent fires, has led to changes in
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vegetation towards ecosystems dominated by seeder species. These
ecosystems are in turn more susceptible to the risk of wildfire and less resilient
than those dominated by non-seeder species, resulting in longer windows of
disturbance, and therefore longer post-fire periods with soils exposed to
erosive agents.

In European Mediterranean countries, the number of fires and area
burned have increased significantly during the last decades as compared with
earlier parts of the 20" century (Pausas et al. 1999; Pausas 2004). In the
Valencia region (eastern lberian peninsula), this increasing trend has been
particularly remarkable since the mid-1970s, with a conspicuous shift between
regimes around 1972-1973 (Pausas and Fernandez-Mufioz 2012). Thus, in
1978-1979, 154000 ha burned in two consecutive fire seasons, and in 1994
140000 ha burned over a few summer days, representing nearly 12% of the
forest area (Pausas 2004). Similarly, in the Minho region (northwestern
Portugal) the number of fires increased three-fold in the 1980-1996-period
(Moreira et al. 2001).

According to Dube (2009), the spatial pattern of wildfires may result
from the interaction of numerous factors at multiple scales. However, at the
regional scale, it mainly responds to climate-fire-vegetation feedbacks. In the
Mediterranean Basin the change in the fire regime over the past century was
associated with two drivers: climatic changes and socioeconomic causes
(Fernandez-Ales et al. 1992; Moreira et al. 2001; Pausas 2004; Pausas and
Ferndandez-Mufioz 2012). A clear increase in temperatures over the last 50
years (1950-2000) and a decrease in average summer rainfall, may imply a
decrease in fuel moisture and a consequent increase in fire hazard (Pifol et al.
1998; Pausas 2004). Socioeconomic factors like the industrial development
that had taken place in various European Mediterranean countries during the
1960s led to depopulation of rural areas (Fernandez-Ales et al. 1992; Moreira
et al. 2001; Duguy and Vallejo 2008), inducing drastic changes in traditional
land-uses including the abandonment of cultivated fields and reduction of
livestock grazing. This land use change together with the implementation of
extensive afforestation programmes increased the accumulation and
continuity (in some cases) of the amount of fuel, frequently consisting of very
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flammable vegetation at early successional stages (Baeza et al. 2011). Pausas
and Fernandez-Mufnoz (2012) suggest that while wildfires prior to the 1970s
period were fuel-limited fires, mainly related to land use, post-1970s fires are
currently less fuel limited and more drought-driven.

Despite the fact that Mediterranean ecosystems are generally resilient
to fire, various studies suggest that current fire regimes may induce important
changes in community composition, and therefore affect ecosystem resilience.
For instance, in communities dominated by obligate seeders, high recurrent
fires result in times between fires that are too short for plant establishment,
maturation and seed dormancy, leading to replacement of forest by shrub
dominated landscapes, or to changes in the dominance of species (Kazanis and
Arianotsou 2004; De Luis et al. 2006). At the landscape level, fires can change
landscapes towards either homogenization or heterogenization, depending on
the size of burned areas and the scale at which the landscapes are
studied/observed/analyzed. For example, large wildfires that burn different
forest types in the same fire, could drive this mosaic of forest types towards a
more homogeneous shrubland-type landscape (Rodrigo et al. 2004; Viedma et
al. 2006), particularly if forest resilience is low due to high fire frequency (Diaz-
Delgado et al. 2002; Kazanis and Arianotsou 2004). However, fires can also
fragment homogeneous areas of forests or shrublands and create mosaics of
successional stages (Lloret et al. 2002).

1.2. Stability against disturbances: Resistance and resilience

The response of an ecosystem to disturbance like fire reflects its stability,
which has two main facets: resistance and resilience (Pimm 1984; Grimm and
Wissel 1997). Resistance is commonly defined as the ability of a system to
withstand a disturbance; it is measured as the magnitude to which the target
attributes or variables change due to the disturbance. Resilience has been
defined in multiples ways, emphasizing different aspects of stability, but most
definitions can be grouped in two main categories: engineering and ecological
resilience (Holling 1996). Engineering resilience is defined as the rate at which
a system returns to a single steady or cyclic state following a disturbance; the
definition assumes the behaviour of a system to be like an engineering



Chapter 1

material that will show displacement (immediate response to disturbance) and
recovery towards its pre-disturbance state; it focuses on stability near an
equilibrium steady state and, according to this definition, resilience is
measured as the speed or degree of return to the equilibrium or pre-
disturbance conditions. Ecological resilience considers how much disturbance
is required to move the system from one stable state to another alternative
stable state, to another stability domain (Holling 1973; Walker et al. 1981). This
definition emphasizes conditions far from any equilibrium. Using the ball and
cup model (Holling 1973; Gunderson 2000; Fig. 1.1), resilience is a measure of
how much disturbance can the system (ball) absorb so that it still remains in
the same basin, before it flips over into another stable state (different basin-
cup). This definition assumes that ecosystems may cross a threshold line and
dramatic changes can occur in critical variables, moving the systems towards
different trajectories from pre-disturbance conditions.

Engineering resilience concept Ecological resilience concept

Figure 1.1: Description of resilience concepts through the “Ball and cup” model
(adapted from Holling 1996)

The stability of plant communities against fire has been addressed
from multiple perspectives as well. Vegetation resistance to fire has been
defined as the degree to which properties such as vegetation cover, species
composition or species richness, remain unchanged in the face of fire; it will
vary depending on the sensitivity and degree of protection against fire of seeds
and buds of the resident species (Keeley 1986). Vegetation resilience defines
the recovery rate of vegetation variables to pre-fire values (Halpern 1988;
Lavorel 1999), and may depend on pre-fire species composition, the
persistence traits of the species (ability to recruit seedling or to resprout after



Introduction

fire), and the degree of damage produced by the fire regime (severity and
frequency). Thus, the stability of vegetation communities reflects the ability of
resident species to resist change, or, if altered by disturbance, their ability to
readjust or recover (Halpern 1988). Westman and O'Leary (1986) measured
the response of a coastal sage scrub community to fire in southern California
by four components of resilience: elasticity (rate of recovery after
disturbance), amplitude (threshold of disturbance beyond which recovery to
the original state no longer occurred), malleability (extent of the alteration of
the new stable-state from the original) and damping (extent and duration of
the oscillation in an ecosystem parameter following disturbance). Similarly, for
a Quercus coccifera garrigue in southern France, Malanson and Trabaud (1987)
analysed the same four components of resilience, while other authors such as
Halpern (1988) working on Pseudotsuga forests in Oregon, and Proenca et al.
(2010) working on broadleaved forest (Quercus robur, llex aquifolium) and pine
plantations (Pinus pinaster, Pinus sylvestris) in Portugal, only distinguished
between resistance and resilience.

Many studies have addressed resistance and resilience of soils against
disturbances (e.g., Seybold et al. 1999; Orwin and Wardle 2005; Wertz et al.
2007; Chaer et al. 2009; De Vries et al. 2012). Seybold et al. (1999) specifically
defined soil resistance (qualitative property) as the inherent ability of a soil to
continue functioning without major changes throughout a disturbance or
period of stress, staying essentially unchanged despite the presence of
disturbing agents; while soil resilience (quantitative property) would be the
capacity of a soil to recover its functional and structural integrity after a
disturbance. For Herrick (2000), resistance can be defined in terms of soil
properties; however, resilience is more often a function of soil processes, such
as decomposition or mineralization.

Ecosystem resilience can be evident at different scales and can
simultaneously act at all scales. For instance, fires can transform one
vegetation type into another, like the change of dense pine forest into
shrublands after fire (Kazanis and Arianoutsou 2004), changing in this way the
structure of the landscape mosaic (Lloret et al. 2002; Loepfe et al. 2010).

Similarly, resilience of different ecosystem components and processes may
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covary. For example, due to plant-soil feedback, resistance and resilience of
above- and below-ground ecosystems are expected to be interrelated (Seybold
et al. 1999; Herrick 2000; Certini 2005), although testing of this assumption is
scarce. However, it is important to emphasize that different ecosystem
components and processes may vary largely in their sensitivity to disturbances
and in their capacity for recovery (Lavorel 1999). For example, the recovery of
vegetation cover after fire can be relatively fast, while the species relative
abundance may need more time to return to pre-fire values.

This dissertation primarily uses the engineering concept of stability,
assuming that resistance is the ability to withstand the fire effect and resilience
as the ability of an ecosystem or community to return to pre-fire conditions.
Therefore, resistance is measured as the amount of immediate fire-driven
change in the properties of interest, and resilience as the amount of change in
these properties towards recovery of pre-fire values, measured at a given time
after fire. However, the concept of ecological resilience is also present
throughout the dissertation when potential for ecosystem shifts into
alternative states are considered.

1.3. Factors affecting ecosystem resistance and resilience to fire

Resistance and resilience of an ecosystem to fire results from a combination of
biotic and abiotic factors that are related to (1) the fire regime (fire severity
and frequency); (2) post-fire climatic conditions; and (3) factors inherent to the
physical and biological structure of the vegetation community and to the site
conditions. These factors interact between themselves and act at different
scales. Fire potentially may affect all levels of biological organizations, and
therefore plays an important role in the structuring and functioning of
populations, communities, and ecosystems. The magnitude of the effect of fire
on vegetation and soil (resistance) depends essentially on fire severity, which
actually can be considered as the reverse property of resistance (see below),
together with other plants and soil characteristics that relate to their
sensitivity and degree of protection; while the recovery capacity (resilience) of
vegetation and soils after fire depends on fire severity, the regenerative ability
of the resident species, and the post-fire conditions.
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1.3.1. Fire intensity and severity

It is essential to clarify the differences between fire severity and fire intensity
since these terms are sometimes used interchangeably in the literature. Fire
intensity is related to the quantity of fuel consumed and the energy released in
the combustion process. It can be measured by a variety of metrics, although
the most extensively used metric is what is known as fireline intensity (sensu
Byram 1959: the rate of heat transfer per unit length of the fireline, kWm™).
However, fire intensity is too narrow to fully capture the multitude of ways
that fire energy affects ecosystems (Keekey 2009). Fire severity is generally and
increasingly used to describe fire effects on ecosystems; it is defined as the fire
impacts on ecosystems caused by the direct transformation or loss of organic
matter, both aboveground and belowground (Keeley 2009). Thus, fire severity
correlates with fire intensity; it captures the effect of fire intensity and
residence time on plants and soil (Pérez and Moreno 1998). To some extent,
fire severity and resistance to fire can be viewed as the two sides of the same
coin, yet fire severity normally refers to the loss or decomposition of organic
matter (Keeley 2009), while resistance to fire applies to any ecosystem
component or process.

Fire severity is a major control factor of ecosystem resilience, as it can
greatly affect patterns of seedling recruitment, resprouting ability, microbial
activity, and many other ecosystem processes (Bond and Van Wilgen 1996;
Neary et al. 1999; Keeley et al. 2005). Fires do not burn homogenously within a
given burned area (Gimeno-Garcia et al. 2004); the spatial heterogeneity of fire
severity partially relates to the spatial distribution of fuel load within the
affected area, and it is a major influence on ecological processes and states in
post-fire vegetation and soils (Odion and Davis 2000; Crotteau et al. 2013).

During experimental or prescribed fires, fire intensity can be estimated
in several ways by using devices that are installed in the area before the fire:
thermocouples record temperatures continuously at a given place; thermo-
sensitive paints, based on chemicals that change appearance as a function of
the exposure to heat, capture the maximum peak of temperature reached
during the fire; open calorimeters, made of containers filled with water that
evaporates when is heated by the fire, can be used to relate water mass loss to
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fire intensity (Wally et al. 2006). Estimation of fire severity in controlled fires
can be done, for example, by comparisons of pre- and post-fire biomass (e.g.,
Santana et al. 2011). However, estimating severity of wildfires is difficult, since
all the measurements must be done a posteriori. In forest, classes of fire
severity have been defined by visual estimation of the degree of crown
scorched (Turner et al. 1997), and through quantification of the percentage of
the tree mortality after fire (Chappell and Agee 1996). Fire severity has been
also estimated by measuring the diameter of the terminal branches remaining
after fire, which is used as an indicator of biomass loss (Moreno and Oechel
1989; Pérez and Moreno 1998). For determining soil fire severity, several visual
indicators have been used that are based on immediate changes in the forest
floor (level of consumption of organic layer) and mineral soil (changes in colour
or structure), and the deposition of ash from the aboveground combustion of
biomass after fire, which reflect different degrees of the level of organic
matter consumed (Neary et al. 1999; Brais et al. 2000). Near-infrared (NIR)
reflectance spectroscopy is used as a fast, simple and non-destructive method
to estimate a posteriori the maximum temperatures reached on burned soils
(Guerrero et al. 2007), since NIR spectra change in accordance with change in
soil maximum temperatures. At a landscape scale, remote sensing images are
used for discrimination of spectral variability (severity classes) produced by fire
severity in large fires, normally using the Normalized Difference Vegetation
Index (NDVI) (Diaz-Delgado et al. 2003).

1.3.2. Fire frequency

The impact of fire frequency on ecosystems is a function of interval-dependent
processes related to the availability of time for plant establishment,
maturation, seed production and longevity (in dormancy) of seeder species, as
well as for the recovery of the storage of non-structural carbohydrates of
resprouter species (Zedler 1995; Clarke et al. 2013). Fire-dependent obligate
seeder species can face the risk of either immaturity or senescence for short
and long intervals between fires, respectively (Zedler 1995). Short intervals
may negatively affect density and growth rates of tree and shrub populations
(e.g. Pinus sp) (Ne’eman et al. 1999; Eugenio et al. 2006a). Seeder shrub
species (e.g., Rosmarinus officinalis, Cistus albidus) seem to achieve maximum

10
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abundance at intermediate fire frequencies (Lloret et al. 2003). Furthermore,
high fire recurrence may increase the abundance of resprouter perennial
grasses (e.g., the tussock grass Ampelodesmos mauritanica; Lloret et al. 2003),
while productivity and recovery of some resprouter shrub species may
decrease (Delitti et al. 2005) due to the exhaustion of stored carbohydrate
resources (Paula and Ojeda 2009). Fires of short return interval cause higher
exposure of the soil surface, which leads to higher runoff rates and
consequently increased soil erosion (Campo et al. 2006; Wittemberg and Inbar
2009; Malkinson et al. 2011); and reduction of soil nutrient content (Eugenio et
al. 2006b). In general, highly frequent fires can greatly delay the recovery of
plant cover and biomass in Mediterranean ecosystems (Mouillot et al 2003;
Delitti et al 2005; Malak and Pausas 2006), leading to longer windows of
disturbance and therefore decreased resilience.

1.3.3. Community structure and plant traits

Vegetation traits play a decisive role in determining flammability, fire severity
and post-fire recovery, which in turn affect the composition of the post-fire
community leading to feedback processes between vegetation and fire.
Species composition and stand age determine the fuel load and structural
characteristics (compactness, surface-volume ratio, vertical and horizontal
continuity, live to dead fuel ratio, and bulk density), which influence the
moisture dynamics, ignition process, combustibility of fuels, and fire spread
rates (Baeza et al. 2002; Schwilk 2003; Alessio et al. 2008a; Saura-Mas et al.
2010; Santana et al. 2011), and therefore the potential fire severity. At the
same time, pre-fire species and functional composition (particularly regarding
post-fire persistence traits) are of crucial importance for post-fire vegetation
recovery (Whelan 1995; Lloret and Vila 2003; Arnan et al. 2007; Duguy and
Vallejo 2008).

Many species of Mediterranean regions can recruit abundant seedlings
(seeder) or resprout from vegetative organs (resprouter) after fire; other
species are capable of using both regeneration mechanisms (facultative).
These species traits allow pre-fire species or individuals to persist after fire,
making Mediterranean communities highly resilient to fire (Keeley 1986;
Lépez-Soria and Castell 1992; Pausas et al. 2004a; Keeley et al. 2005; 2006).

11
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Although not all Mediterranean species survive fires in all situations. Forest
and woodlands dominated by resprouter trees (e.g. Quercus ilex, Q. cerrioides,
Q. suber, Q. pyrenaica) or shrubs (Quercus coccifera) (Calvo et al. 2003;
Rodrigo et al. 2004; Delitti et al. 2005), or by seeder species with efficient
seedling recruitment after fire (e.g., Pinus halepensis, P. pinaster) can be highly
resilient to wildfires (Pausas et al. 2003; Rodrigo et al. 2004; Arnan et al. 2007).
Conversely, forests dominated by seeder species that produce low seedling
recruitment (e.g., P. nigra, P. sylvestris, and P. pinea) could easily shift to
another community type after the fire (Rodrigo et al. 2004; Arnan et al. 2007).
Mediterranean ecosystems vary largely in terms of the proportion of
resprouter and seeder species. To a large extent, this variation depends on the
land use history (Duguy and Vallejo 2008; Lépez-Poma et al. in press; see
Chapter 2), which may modulate the relative presence of species with different
fire-persistence traits. Land-use history also determines the physico-chemical
properties of the soil (soil fertility) in the medium term (Duguy et al. 2007).
Consequently it is expected that areas with different land use histories
probably differ in their response to fire, leading to differences in post-fire
regeneration patterns (Duguy and Vallejo 2008; Puerta-Pifiero et al. 2012).
However, little is known about the influence of the agricultural legacy of the
species pool in determining the demography of resprouters and obligate
seeders after fire. Moreover, there is limited understanding of the global effect
of the functional composition (resprouter versus seeder) of Mediterranean
woodlands on community resilience to fire through the combined effect of
regeneration capacity, flammability, and severity.

Apart from plant fire-persistence traits, other plant individual and
community characteristics can be relevant in determining post-fire vegetation
recovery. The plant size of resprouter individuals seems to be the most
important factor determining the number and biomass of resprouts (Canadell
et al. 1991). Stand age, which relates to fire frequency may be also crucial in
post-fire regeneration, particularly for seeder species, as it affects the capacity
for producing seeds as well as for seed storage and canopy banks (Kazanis and
Arianotsou 2004; Eugenio et al. 2006a). Species diversity may also be relevant.
For example, long standing forests with a high number of species, and thus
more diverse functional traits, will ensure forest recovery after fire and high
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resilience after intense disturbances (Puerta-Pifiero et al. 2012). However,
diversity-resilience relationships have been addressed in relatively few studies
(e.g., Lloret and Vila 2003; Dimitrakopoulos et al. 2006), so no well accepted
theory has been established yet.

The resilience of some soil components and functions may also depend
on the structure of the plant community. The recovery of soil organic matter in
the burnt areas starts with the recovery of vegetation (Certini 2005), which, in
turn, will define the re-establishment of the microbiological activity of the
rhizosphere (Hernandez et al. 1997).

1.3.4. Climatic conditions

Weather conditions during a wildfire are important in determining fire
behaviour and in turn the virulence of the fire. After the fire, climatic
conditions are critical for soil stability and successful re-establishment and
vegetation regrowth. Unfavourable dry conditions after the fire may hamper
the recovery of species that typically regenerate well after fire, such as
obligate seeders, which are particularly sensitive to the availability of water at
the time of establishment (Céspedes et al. 2012). As a result, different
successional dynamics are possible depending on post-fire climatic conditions
(Quintana et al. 2004), which in combination with other factors such as fire
severity, can greatly affect species response to fire. Slow post-fire vegetation
recovery caused by a drought period immediately after the fire can lead to a
very limited initial soil protection and a high soil susceptibility to crusting and
erosion, particularly in fine textured soils such as those developed over marls
(Mayor et al. 2007). The current climate trend in the Mediterranean towards
longer summer droughts and intensification of extreme events, both drought
and heavy rainfalls (Giorgi and Lionello 2008), can further increase the risk of
reduced resilience and subsequent greater wildfire impact on ecosystems
(Mouillot et al. 2002).

1.3.5. Site physiographic conditions

Physiographic factors inherent to site conditions like aspect, slope, and
bedrock type may have considerable effects on the ecosystem resilience of
burned areas (Pausas et al. 1999). Aspect seems to be an important variable
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regarding fire behaviour and vegetation recovery because of its relationship
with wind intensity, fuel amounts and moisture, and heat and water stress.
South-facing slopes in the northern hemisphere are commonly characterized
by drier conditions, which normally limits post-fire vegetation recovery and
ecosystem resilience as compared with north-facing slopes (Pausas et al. 1999;
Mouillot et al. 2003; Malkinson et al. 2011). Low plant recovery rates on south-
facing slopes may increase post-fire erosion rates as compared with north-
facing slopes (Marqués and Mora 1992), which could further impact resilience.
Slope angle is also an important factor for vegetation and soil resilience. On
steep slopes, plant recovery may be significantly reduced (Tsitsoni 1997),
which, combined with direct effect of slope angle on runoff energy could
further increase post-fire damage to the ecosystem. In the Mediterranean
basin, the post-fire recovery rate of vegetation varies largely with bedrock type
(Pausas et al. 1999), as the bedrock type is strongly related to soil type and
land use in this region. For example, post-fire vegetation recovery is commonly
higher on soils developed over limestones than on soils over marls, which can
be partially related to a more intense agricultural use and associated removal
of resprouting shrubs.

1.4. Measures of resistance and resilience

Measurements of resistance and resilience following fire disturbance are
usually made by comparing pre- and post-disturbance values of the studied
variables, either functional or structural variables. Single structural variables,
such as plant cover or remote-sensing based vegetation Indexes, can be used
to describe resilience to fire in vegetation communities (e.g., Keeley 1986;
Diaz-Delgado et al. 2002; Wittenberg et al. 2007). However, vegetation
resilience after fire is commonly measured by capturing the rate of change in
plant species composition. Thus, floristic dissimilarity or similarity indices
(distance in species space) are commonly used to measure temporal changes
in species composition and to express the relative displacement or recovery of
the plant community after fire (Armour et al. 1884; Westman and O’Leary
1986; Rydgren et al. 2004; Keeley et al. 2005; Buhk et al. 2007). Ordination
techniques such as Detrended Correspondence Analysis (DCA), a two
dimensional ordination space that is reliable for representing ecological
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distances among communities, and Euclidean distances between pre- and
post-fire samples in the ordination space have also been used to compare
community resistance to fire and long-term recovery or resilience (Halpern
1988; Malanson and Trabaud 1987; Santana et al. 2010).

Measures of soil resistance and resilience have particularly focused on
the response to disturbances of biochemical and microbiological soil properties
(e.g., Seybold et al. 1999; Orwin and Wardle 2004; Wertz et al. 2007; Chaer et
al. 2009; Griffiths and Philippot 2012). Several equations are used for
measuring resilience and resistance, which are usually based on the
engineering concept of stability and resilience. Thus, resistance is quantified by
the immediate disturbance-driven change of the studied variable as compared
with undisturbed or pre-disturbance conditions, and resilience is calculated by
the recovery of the disturbed variable, at a particular post-disturbance time, in
relation to the pre-disturbance values and the immediate change produced by
the disturbance (Fig.1.2, Table 1.1).

Disturbance

1

Soil function

T, Time T

Figure 1.2: Outline of the dynamics of a given soil function in relation to a disturbance.
The letters represent critical soil function values used to estimate resistance and
resilience (see Table 1) according to the engineering definition of resilience. T;; moment
in time at which disturbance occurs; T,: moment in time for which resilience is
evaluated (ideally once the variable stabilizes around a new value after recovery); C:
value of the soil function for pre-disturbance conditions; D;: minimum value of the soil
function resulting from the direct impact of the disturbance; D,: value of the soil
function at time T, (adapted from Seybold et al. 1999 and Orwin and Wardle 2004)
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Table 1.1: Summary of equations for quantifying soil resistance and resilience (See Fig.
2 for descriptions of the variables used in the equations).

Reference Resistance Resilience
Seybold et al. 1999 RS=D; +C RL=(D, - D;)+(C-D;)
Griffiths et al. 2001 ,
RS:(C—&] RL:[C—&]
C C
Orwin and Wardle 2004 2><|C—D-| 2x|C—C-|
RS =1-—— "1 RL = S ——
C+|C-Dy IC-Dj|+[C-Dy|
Banning and Murph -D. —
& il RS =-100 c-b Rx =-100 €D,
2008 C C
RL = (RS - Rx)
Chaer et al. 2009 D. D
RL=|| — |-100 RS =|| —*|-100
C c
Van Ruijven and RS=D;-C RS =D, - D,
Berendse 2010.
RL _Dy
c

1.5. Objectives and structure of the dissertation

The general objective of this dissertation is to assess the role of vegetation
traits in the resilience to fire of Mediterranean woodlands, with a particular
focus on (a) vegetation fire-persistence (regeneration) traits, and (b) plant
community and soil functioning responses to fire. The underlying general
assumptions of this work are depicted in Figure 1.3. Both plant community
composition (and associated functional traits) and soil functions are involved in
ecosystem resistance and resilience. Soil functions depend on plant
composition (functional groups) through a variety of feedback mechanisms.
Plant functional groups modulate fire severity and resistance of both
vegetation and soil functions by influencing fuel properties. They also
modulate ecosystem resilience through differences in their capacity for re-
growth, colonization, and the re-establishment of plant-soil feedback.
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Figure 1.3: Scheme of the main factors and processes involved in the response of
Mediterranean ecosystem to fire addressed in this dissertation.

The dissertation is structured as follows":
Chapter 1: General introduction.

Chapter 2 analyzes how the successional stage after farmland abandonment in
Mediterranean mountain areas, and the associated plant community
composition and structure, influence fire severity and vegetation resilience.

! Chapters 2 to 5 are, respectively, enlarged versions of the following articles:

Lépez-Poma R, Orr BJ, Bautista S. Successional stage after land abandonment
modulates fire severity and post-fire recovery in a Mediterranean mountain
landscape. International Journal of Wildland Fire (in press)

Lépez-Poma R., Bautista S. Fire severity modulates the seeder / resprouter ratio in
burned Mediterranean plant communities (in review)

Léopez-Poma R., Mayor A.G., Santana V., Baeza J., Bautista S. Plant traits mediate the
resistance and resilience of soil functions to fire in Mediterranean shrublands. (in
review)

Lépez-Poma R., Bautista S. Plant regeneration traits modulate the response to fire of
soil enzyme activity in Mediterranean shrublands (in review)
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Chapter 3 addresses the question of how fire severity influences the post-fire
assembly of plant regeneration traits. The chapter analyzes the post-fire
dynamics of obligate seeders and resprouters and the variation in post-fire
seeder / resprouter abundance ratio as a function of the variation in fire
severity and the type of pre-fire plant community.

Chapter 4 focuses on how fire-related plant functional traits modulate the
response of soil functions to fire disturbance in Mediterranean shrublands. The
chapter analyzes the role played by plant regeneration traits (resprouter
versus seeders), life-forms (grasses versus shrubs) and flammability-related
traits in the amount of change (resistance) and the recovery (resilience) after
fire of soil stability, infiltration and nutrient cycling functions in repeatedly
burned shrublands.

Chapter 5 evaluates the resistance and resilience of two soil enzyme activities
involved in phosphorus and carbon cycling (acid phosphatase and B-
glucosidase, respectively) as a function of the dominant mechanism
(resprouting, seeding, or both) involved in the post-fire recovery of the
vegetation patches in a Mediterranean shrubland.

Chapter 6: General discussion and conclusions.
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2. Successional stage after land abandonment modulates fire severity and
post-fire recovery in a Mediterranean mountain landscape

2.1. Introduction

Land-use change has played a critical role in shaping landscape pattern in the
Mediterranean Europe during the 20th century (Debussche et al. 1999;
MacDonald et al. 2000). Several changes in the socio-economic and political
conditions during the second half of the 20th century led to a dramatic rural
exodus, resulting in an abandonment of agricultural and pasture land with
subsequent land cover changes (Fernandez-Ales et al. 1992; Pausas et al.
1999), particularly in mountain areas (Weissteiner et al. 2011). Abandonment
began in the marginal soils of cultivated terraced hillsides, which were less
productive than their counterparts in the plains (Garcia-Ruiz and Lana-Renault
2011). The progressive abandonment of former cultivated areas has led to
tessellated patterns in the landscape formed by a mosaic of patches with some
remaining cropped terraces and a variety of other land cover types, including
grassland, shrubland, and forest, which represent key stages in the most
common successional trajectories after land abandonment in the
Mediterranean basin (e.g., Poyatos et al. 2003, Tzanopoulos et al. 2007;
Santana et al. 2010).

Wildfires are also an important disturbance shaping Mediterranean
ecosystems and landscapes (Trabaud and Galtié 1996; Lloret et al. 2002;
Viedma et al. 2006) Fire severity, defined operationally as the loss or
comsumption of organic matter, both aboveground and belowground (Keeley
2009), is the major factor in controlling post-fire regeneration of plant
communities (Moreno and Oechel 1991a; Pausas et al. 2003). Low severity fire
is usually not detrimental to species persistence, allowing species that were
present before the fire to recover rapidly from the seed bank, or through
resprouting from below- or above-ground plant parts (Moreno and Oechel
1991a; b; Debano et al. 1998). However, high severity fire can destroy the seed
bank and kill dormant buds, decreasing or eliminating the regenerative
capacity of species (Zedler 1995).
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Different plant communities that develop along a succession trajectory
are characterized by specific plant species composition and fuel characteristics
such as load, particle size, moisture content, surface-volume ratio, vertical and
horizontal continuity, bulk density, and the percentage of dead fuel (Van
Wilgen et al. 1990; Whelan 1995; Pereira et al. 1995; Miller and Urban 2000;
Baeza et al. 2002; Baeza et al. 2011; Santana et al. 2011). Total fuel loading is
the potential fuel which might be consumed by fire. However at a given time
under a given set of moisture, weather and topographic conditions, only a
portion of the available fuel would be consumed by a fire; fine fuel particles
(diameter < 5-6 mm) burn more readily than coarse ones (Saglam et al. 2008),
and dead fine fuels are particularly important in the initial stages of all fires
(Baeza et al. 2002). Other fuel characteristics such as flammability (ease of
ignition of a plant when exposed to a heat source; Anderson, 1970) and heat
content (calorific value: the energy released per unit of combustible mass;
Dimitrakopoulos and Panov 2001) are also essential components of fire risk
and fire hazard. Plant species vary widely in their flammability and heat
content depending on different structural traits like the tissue type and the
architecture and structure of the plant and its organs, including the retention
of dead branches (Elvira-Martin and Hernando-Lara 1989; Nufiez-Regueira et
al. 1996; Dimitrakopoulos and Papaioannou 2001; Cornelissen et al. 2003;
Schwilk 2003; Alessio et al. 2008b). As species are nested within plant
communities, they also differ in flammability and heat content (Behm et al.
2004).

At the landscape scale, the effects of the interactions between land
use change and fire may vary. For example, Viedma et al. (2006) found that fire
created a more contiguous landscape due to the increase of shrublands
beyond pre-fire levels. A similar tendency of homogenization was also
described by Perez et al. (2003). However, Lloret et al. (2002) found that fires
increased landscape heterogeneity by creating gaps in large woody
homogeneous areas that were a result of land abandonment. Several other
studies have pointed to differential vulnerability of land cover types to fire.
Santana et al. (2010) found that different post-fire succession pathways are
possible, ranging from auto-succession to changes into alternative plant
communities. Duguy and Vallejo (2008) showed that the most recently
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abandoned areas had the lowest resilience to fire, while Giovannini et al.
(2001) and Llovet et al. (2009) found that pine forests developed after
abandonment were the most vulnerable cover type with respect to post-fire
soil erosion.

Despite the critical importance of terraced land abandonment in the
Mediterranean mountain regions (Garcia-Ruiz and Lana-Renault 2011) and the
recent changes in fire regime towards more frequent and large wildfires in the
Mediterranean Basin (Pausas and Fernandez-Mufioz 2012), little is known
about the role played by the successional stage after abandonment of bench
terrace fields in the response to fire in Mediterranean mountain landscapes.
We hypothesize that the variation in vegetation structure and composition,
and therefore in fuel quantity and quality, that derive from the successional
stage after farmland terrace abandonment in the Mediterranean region,
determine fire severity and vegetation resilience in a way that contributes to
reducing the existing pre-fire structural and functional differences. Thus, with
increasing time after abandonment, the more severe the fire and the less
resilient the plant community against fire. To explore this hypothesis, our
research is focused on the effects of the successional stage after land
abandonment in bench terrace fields on post-fire vegetation recovery in a
mountain terraced landscape in Southeast Spain. Specific objectives of this
study were to i) compare fuel characteristics and fire severity in three common
successional stages: dry grasslands, dense shrublands, and pine stands; each
type resulting respectively from short (< 15 years), medium (20-25 years) and
long (>40 years) time periods after abandonment of agricultural terraces in
Mediterranean mountain areas, ii) analyse the effect of the pre-fire
successional stage on the regenerative response of vegetation at one, four and
seven years after wildfire, and iii) analyse the relative vulnerability (i.e.,
potential for soil degradation and/or ecosystem shift) to wildfires of the
successional stages. Understanding how different stages along the succession
after land abandonment result in variations in vegetation structure, and
therefore in both potential fire severity and potential resilience after fire, can
lead to a determination of relative vulnerability to wildfire among the mosaic
of major plant communities in terraced Mediterranean landscapes.
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2.2. Methods
2.2.1. Study area

The study was carried out in the Xorta Range in the Alicante province,
Southeast Spain (Lat 38°43'25"- 38°41'15"N, Long 0°12'25"- 0°11'10"W). The
abandoned terraces under study are located on equatorial-facing slopes that
drain to the Guadalest reservoir, at an elevation range of 400 to 800 m.a.s.l.
(Fig. 2.1). The climate is dry-subhumid Mediterranean, with a mean annual
precipitation of 658 mm (Guadalest reservoir station, 1972-2004 period) that
falls mainly in autumn and winter. The mean annual temperature is 15.6 °C.
The dominant soil type is Calcaric Cambisol (Lithic Xerocrept) developed over
white marls with some levels of limestone (Driessen et al. 2001). Surface soils
(0-1 cm of mineral horizon) contain 29% clay, 56% silt, 15% sand, and a 2.4% of

organic carbon (Llovet 2005).

Figure 2.1: View of study site on the on terraced slopes.

The study area represents a common Mediterranean mountainous
landscape: a mosaic of successional stages after land abandonment on
terraced slopes (Fig. 2.1). The relief is rough and steep, with slopes steeper
than 20% that were cultivated in the past with bench terraces that are now
mostly abandoned and partly degraded. The progressive abandonment and
vegetation colonization of the terraces have created patches of different plant
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communities. Combining field surveys, analyses of aerial photography (from
1956, 1978, 1985 and 1993), and interviews with local farmers, we identified
the following main successional stages: 1) terraces that were abandoned in
1950s-60’s, currently covered by Pinus halepensis Mill. forest through the
natural colonization from scattered individual pines remaining along the
borders between farmlands and on the top of the range (hereafter pine
stands); 2) terraces abandoned in 1970’s, covered by shrub vegetation mainly
composed of Ulex parviflorus Pourr., Rosmarinus officinalis L., Cistus albidus L.,
Calicotome spinosa (L.) Link, Erica multiflora L., and an herbaceous layer
dominated by Brachypodium retusum (Pers.) P.Beauv. (hereafter dense
shrubland); 3) recently abandoned terraces (abandoned in late 1980’s and
1990’s), dominated by herbaceous and subshrub species like B. retusum,
Brachypodium phoenicoides L., Psoralea bituminosa L., Thymus vulgaris, and
Dorycnium pentaphyllum Scop. (hereafter dry grassland); some crop tree
individuals, e.g. Ceratonia siliqua L. (carob tree) and Olea europaea L. (olive
tree), and some individuals of shrub species like Anthyllis cytisoides L., C.
albidus, U. parviflorus are also present as scattered patches in the dry-
grassland matrix; and 4) cultivated terraces with O. europaea (olive tree) and
Prunus dulcis Mill. (almond tree). On the upper part of the mountain slope,
rock outcrops are abundant and most land was never terraced and cultivated:
scatter dwarf shrubs cover this area (Fig. 2.2). Land ownership parcels in the
study area are small (commonly less than 1 ha), with different dates of
abandonment, resulting in a mosaic of different, interspersed successional
stages.

A 263 ha portion of the study area was burned by a severe wildfire in
August 1998. The shape of the burned area was very irregular, due to rough
topography and the heterogeneous spatial distribution of post-abandonment
successional stages, creating an interspersed distribution of different burned
and unburned plant communities (Fig. 2.2). Climatic conditions during the
study period were characterized by scarce rainfall over the first two years after
the fire (292 mm and 335 mm of total annual rainfall, respectively; much lower
than the long-term average), followed by wet years, especially the 4™ 6" and
7t years after the fire (832 mm, 1045 mm, and 870 mm total annual rainfall,
respectively).
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Figure 2.2: Location of the study site. Wildfire perimeter and spatial distribution of plant communities at different successional stages
after farmland terrace abandonment.
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2.2.2. Experimental design

The experiment was arranged in a two-way factorial design involving two fixed
factors, a fire factor with two levels consisting of an unburned and a burned
state, and a successional stage factor involving three levels associated with the
predominant community types at the time of wildfire: 1) dry grassland, 2)
dense shrubland, and 3) pine stands. We excluded the terraces located on the
border of the burned area and the terraces with intermediate stages between
the main successional stages selected for the study. We then selected five
terraces per each combination of factors (fire x stage) at random among all the
terraces available for each combination, resulting in 30 plots, 15 unburned and
15 burned. The burned plots were monitored one, four and seven years after
fire. The experimental unit was a rectangular 3x23m plot. Plot size was chosen
to fit within single terraces; due to the small size of terraces, in most cases the
plots covered almost the whole terrace. Within each plot, five 1x1-m quadrats
were randomly placed for vegetation sampling and monitoring. We assessed
fuel characteristics by measuring total and fine-fraction of fuel load (above-
ground biomass), the horizontal and vertical distribution of vegetation cover,
and the flammability and heat-content classes of the species present in the
unburned terraces. We used total and specific plant cover and diversity data to
evaluate post-fire vegetation recovery in burned terraces.

2.2.3. Fuel load

Fuel loads were estimated for each successional stage in the unburned 3x23 m
plots. This involved quantifying the total aboveground biomass and its
fractions. Aboveground biomass (herbaceous and shrub layers) was collected
from each of the five randomly placed 1x1-m quadrats. Biomass was sorted
into two categories: (1) fractions belonging to herbaceous species and (2)
fractions belonging to shrub species and tree seedlings and saplings. Following
collection, samples were oven dried at 80° C for 48 h to obtain a constant
weight. Adult pine trees were not cut down. Instead, their number and
average diameter at breast height (DBH) were recorded at each plot. The
biomass of each individual tree was calculated following regression equations,
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previously obtained in similar pine forests, which relate DBH (cm) and tree dry
weight (g) (Lledd 1982, unpublished data):

Bt= DBH %> * EXP(5.992); r’ = 0.976,
Bf= DBH “**° *EXP(4.456); r* = 0.976,
Bl= DBH **° *EXP(4.997); r* = 0.974,

where Bt is total pine dry weight, Bf is the fine wood fraction (diameter <5
mm) dry weight, and Bl is the dry weight of leaves.

For each 3x23 m plot, total biomass of pine trees, and fine fraction
(leaves and fine wood) biomass were calculated by adding up the estimated
dry weight of the individual pine trees in the plot. Fuel load per plot was
calculated by adding up the total biomass of pine trees and the aboveground
biomass of the shrub and herbaceous layers, which was estimated as the
average of the values obtained from the 1x1 m quadrats. In this way, the total
biomass of the fine fractions (<5mm) is the addition of aboveground biomass
of shrub and herbaceous vegetation and the biomass of the leaves and fine
wood of the pine trees. For each successional stage, the total litter dry mass
was estimated from the dry weight (60°C, 24 h) of five samples from 0.2 x 0.2
m quadrats randomly distributed on each plot.

2.2.4. Vegetation cover, structure and flammability

The horizontal and vertical distribution of vegetation was monitored in the 1x1
m quadrats in unburned and burned terraces using the permanent quadrat
method (Kent and Coker 1992). This method employs a point intercept
sampling procedure; we recorded 100 points in a regular grid across the 1x1 m
quadrat, made up of 100 10x10 cm cells, noting the presence of the species at
different height strata (< 10, 10 - 15, 25 - 50, 50 - 100 and > 100 cm). These
measurements were repeated one, four and seven years following the fire.
Canopy cover of mature pine trees was estimated visually for unburned pine
stands.

Floristic diversity was calculated from the specific cover data collected
in the sampling quadrats at one, four and seven years after the fire. Species
richness, species diversity and evenness (Begon et al. 1986) were estimated for
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each plot. Species richness is the total number of species encountered in the
plots. Species diversity was calculated by using the Shannon index (H): H=-3
pilog, p;, where p; is the specific cover fraction of the i-th species. Evenness (E)
was calculated as: £ = H / log,S, where H is the Shannon index and S is the
number of species.

Based on the flammability and heat content classes established for
Mediterranean woody species by Elvira-Martin and Hernando-Lara (1989),
Valette (1990), Dimitrakopoulos (2001), and Dimitrakopoulos and Papaioannou
(2001), and for a variety of grass types by Guijarro et al. (2002), we classified
the recorded species in the study area into low, medium, high, and unknown
flammability and heat content classes. We then estimated the percentage of
plant cover of each flammability and heat-content class as the summation of
the specific plant cover of all the species grouped in the respective class that
were present (see Annex, Supplementary material S2.1). These classes, which
were established from the comparative assessment of a variety of pyric
properties (e.g., time-to-ignition, heat content, total and mineral ash content,
surface area-to-volume ratio, and particle density) of individual species,
capture broad differences in species potential flammability, which is expected
to be modulated by fuel bed properties such as fuel loading, size distribution,
spatial arrangement and dead:live ratio (Fernandes and Cruz 2012).

2.2.5. Fire severity assessment

We used a biological indicator of biomass lost to fire for estimating fire
severity, obtained by measuring the minimum diameter of the branches of the
woody species (U. parviflorus) that remained after the fire. This species was
present and abundant in all the successional stages analysed. We estimated
fire severity in five 2x2m sub-plots per plot and successional stage. To assess
the relationship between the fine-scale variation in fire severity and in plant
cover for each successional stage, these sub-plots were established so that the
1x1-m quadrats used for vegetation assessment were included and centred on
each of them. For each sub-plot, the average minimum diameter of the
remaining branches of U. parviflorus was estimated from measurements taken
at 2.5 cm from the end of the branches of all U. parviflorus individuals within
the sub-plot (Fig. 2.3). This type of measurements correlates with maximum
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temperatures at the soil surface (Moreno and Oechel 1989) and with
maximum consumption of biomass (Pérez and Moreno 1998; Keeley 2009).

Figure 2.3: A posteriori estimation of fire
severity, by measuring the diameter of the tip of
the branches of burned remains of Ulex
parviflorus individuals.

2.2.6. Data analysis

Differences in fuel characteristics, fire severity, plant cover, and plant diversity
(species richness, Shannon diversity index and evenness) between the
successional stages were tested using one-way ANOVA followed by a post-hoc
Tukey test. Prior to analysis, the normality and homoscedasticity of the data
were tested and all data met these assumptions. A two-way repeated
measures ANOVA was employed to examine post-fire changes in total plant
cover and diversity over time. The relationship between vegetation
characteristics (plant cover and diversity) and fire severity (minimum diameter
of remaining branches) was assessed by linear regression. Data were analysed
using SPSS Statistics v. 17.0 (SPSS Inc., Chicago, IL). Variation in species
composition (based on cover) between successional stages and comparison
between unburned and burned plots seven years after fire were identified
through principal components analysis (PCA) ordination. This analysis was
performed using the Vegan 1.9 package (Oksanen et al. 2007) in the R free
software environment (R Development Core Team 2010).
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2.3. Results
2.3.1. Fuel quantity and quality: unburned plots

In the unburned plots, total plant cover (all around 90%) did not show
differences between successional stages (F=0.360, P=0.964). However, woody
species cover differed between stages (F=5.43, P=0.007), with higher values in
pine stands (71% + 8) and dense shrubland (63% * 9) than in dry grassland
(38% + 8). The distribution of vegetation cover across height strata also varied
between stages (Fig. 2.4). In pine stands, understory plant cover was
distributed among all height stratum, with lower cover at the 50-100 cm range
(corresponding to younger P. halepensis and R. officinalis individuals); the
strata > 100 cm (corresponding to canopy cover of adult pine trees)
approached 72% + 9% (mean * standard error). In dense shrubland, plant
cover was mainly concentrated at heights under 50 cm, with almost complete
continuity from the soil surface. Plant cover in the dry grassland was mainly
concentrated in the 10-25 cm height range (predominantly B. retusum, B.
phoenicoides, Avena sp. and other herbaceous species).

Pine stands Dense shrubland Dry grassland
3
O
=  >100
=
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(4]
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< 10
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(4] t T T T
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Figure 2.4: Vertical distribution of plant cover per successional stage. Mean values and
standard error.

All three successional stages showed high cover of species considered
to be highly flammable (Fig. 2.5 left). In pine stands, this corresponds to
greater cover of P. halepensis, R. officinalis and B. retusum. In dry grassland
and dense shrubland, the highly flammable species were U. parviflorus,
T.vulgaris and B. retusum. After classifying species by heat content (Fig. 2.5
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right), pine stands and dense shrubland exhibited the greatest cover of species
of the higher heat content; this cover corresponded mainly to U. parviflorus, T.
vulgaris, P. halepensis, and E. multiflora, while in dry grassland species of high
heat content were practically nonexistent. In considering these results,
however, it is important to take into account that there is limited information
on flammability and heat content values for some species.
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Figure 2.5: Plant cover as a function of the flammability (left) and heat content (right)
class of the species present in each successional stage. Mean values and standard
error.

The values of total biomass and total fine fraction biomass were
significantly different between unburned successional stages (Table 2.1); dry
grassland exhibited significantly lower values of both variables, whereas pine
stands showed the highest amount of total biomass. Shrub biomass showed a
similar gradient across successional stages, with more biomass in pine stands,
and less in dry grassland, but these differences were marginally significant.
Herbaceous biomass did not vary between successional stages. Litter dry
weight was significantly different across stages (F= 134.6, P<0.001) (Table 2.1).
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Table 2.1: Fuel amount estimated as aboveground biomass and litter dry weight (kg
mz) (Mean Value * Standard deviation, n=5) per successional stage in unburned
terraces. Results of one-way ANOVA (Statistic F; significance P) for comparisons
between successional stages (Significant results are depicted in bold).

Successional stages

Dry grassland Dense Pine stands =~ ANOVA results:
shrubland F(P)

Total biomass” 0.40+0.16° 6.49+452° 1961+803°  14.7(0.005)

Fine fraction 0.40+0.17°¢ 1.13+0.42° 2.74+0.58° 31.6 (0.001)
biomass ®

Shrub biomass 0.26+0.13° 0.37+0.23° 0.63+0.25° 3.2 (0.051)

C

Herbaceous 0.14+0.072 0.10+0.03°® 0.08+0.05° 1.3(0.287)
biomass

Litter dry 0.26+0.22° 061+0.17° 3.49+1.68° 134.6(0.001)
weight

Different letters mean significant differences (P<0.05) between successional stages
(Tukey test).

" Total biomass includes biomass of adult pines.

® Shrub and herbaceous biomass + fine biomass (<5 mm diameter) of adult pines.

¢ Shrub biomass includes biomass of pine seedlings and saplings.

2.3.2. Fire severity and post-fire recovery

The minimum diameter of the branches of U. parviflorus plants remaining after
the fire showed significant differences between successional stages (F=6.228,
P=0.016). The smallest diameter values of remaining branches, and therefore
the lowest severity, was recorded in dry grassland (Fig. 2.6), whereas the larger
diameters were recorded in dense shrubland and pine stands without
differences between them.
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Figure 2.6: Minimum diameter of remaining branches of Ulex parviflorus individuals as
a function of successional stage. Mean values and standard error. Different letters
mean significant differences between successional stages.

One year after fire, the successional stages significantly differed in
responses to fire in terms of vegetation cover (F=6.292, P=0.014; One-way
ANOVA). Dry grassland re-established a higher percentage of vegetation cover
in the first year than the other stages (Fig. 2.7), due in large part to B. retusum.
Four years after fire, differences between successional stages in vegetation
recovery disappeared, and plant cover reached the values of unburned
terraces (Fig. 2.7). These high cover values were mainly due to an increase of
U. parviflorus and Cistus species cover, particularly in pine stands and dense
shrubland.

34



Successional stage modulates fire severity and post-fire recovery

100 |
|
80 |
S |
& 60 - |
>
3 |
o
£ 40 - |
o | —&— Pine stands
20 | —v— Dense shrubland
| —O— Dry grassland
(JRE S : :

uB 1 yr post 4 yrs post 7 yrs post

Figure 2.7: Total plant cover for unburned (UB) and burned plots (one, four, and seven
years dfter the wildfire) per successional stage. Mean values and standard error.

In the unburned plots, no differences between successional stages
were observed in species richness, diversity and evenness, although dry
grassland showed higher number of species (Table 2.2). One year after fire,
species diversity and evenness were lower in burned terraces, particularly for
dense shrubland and pine stands. However, over time, species richness,
diversity and evenness gradually increased. Seven years after fire, species
diversity and evenness were similar in burned and unburned terraces, while
species richness was higher in burned terraces for all three successional stages
(Table 2.2).
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Table 2.2: Species richness, species diversity and evenness per successional stage in
unburned and burned terraces1, 4 and 7 years after fire. Mean values + Standard error
(n=5).

Unburned 1 year post- 4 years 7 years

fire post-fire post-fire
Species richness
Pine stands 11.4+1.9 10.6+1.4 16.4+2.7 20.4+1.4
Dense shrubland 13.0+1.2 14.2+2.5 25.840.8 25.613.0
Dry grassland 18.0+2.2 20.6£1.5 22.243.3 30.0+2.1
Species diversity
Pine stands 2.21+0.28 1.12+0.08 2.90+0.25 3.3610.28
Dense shrubland 2.49+0.24 1.49+0.23 3.02+0.28 3.10+0.12
Dry grassland 2.88+0.36 2.61+0.36 3.37+0.32 3.80%0.32
Species evenness
Pine stands 0.6410.06 0.34+0.04 0.7410.04 0.7810.06
Dense shrubland 0.67+0.05 0.3940.05 0.6410.06 0.67+0.02
Dry grassland 0.69+0.07 0.59+0.07 0.76+0.05 0.77+0.06

The results of repeated measures ANOVA show that both time and
successional stage significantly affected the recovery of plant cover, and a
significant interaction occurred between both factors (Table 2.3), pointing to
the different response to fire of each stage over the monitoring period. Species
richness, diversity and evenness also showed a significant effect of both time
and successional stage. However, no significant interaction between both
factors was found for these variables (Table 2.3).
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Table 2.3: Summary of results of the repeated-measures ANOVA considering total plant
cover, species richness, species diversity and evenness as the dependent variables,
Successional stage as the between-subject factor and Time as the within-subject factor
(over studying period) (Significant results are depicted in bold).

Factors Total plant Species Species Species

cover richness diversity evenness
Time F=61.548 F=23.245 F=32.460 F=30.979
(d.f.=2) P<0.001 P< 0.001 P< 0.001 P<0.001
Succesional stage F=4.373 F=6.620 F=9.090 F=6.169
(d.f.=2) P=0.037 P=0.012 P=0.004 P=0.014
Time x Succesional F=4.958 F=2.062 F=1.370 F=1.930
stage P=0.005 P=0.117 P=0.274 P=0.138
(d.f.=4)

One year after the fire, a significant negative relationship was detected
between the fine-scale (1-m? plots) variation in plant cover and the variation in
fire severity for the three pre-fire successional stages (Fig. 2.8), although this
relationship was marginally significant for pine stands. Four years after the fire,
the fine-scale negative relationship between plant cover and severity
continued, but it was weaker; and seven years after fire, it disappeared (Fig.
2.9).
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Figure 2.8: Relationship between plant cover and fire severity index (minimum
diameter of remaining branches of Ulex parviflorus individuals) per successional stage

one year after the wildfire.
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Figure 2.9: Relationship between plant cover and fire severity index (minimum
diameter of remaining branches of Ulex parviflorus individuals) one, four, and seven

years after the wildfire.

38

Severity index



Successional stage modulates fire severity and post-fire recovery

2.3.3. Fire effect on species composition

Figure 2.10 illustrates the changes in community composition between
unburned and burned (seven years after fire) terraces according to the PCA
ordination of the plots. For the unburned conditions, the first axis explains 37%
and the second axis explains 15% of the total variance in community
composition of the different plots.
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Figure 2.10: PCA-based ordination of sampling plots (symbols) for each successional
stage according to the specific cover values of the species present in unburned and
seven-year post-fire plant communities. The lengths of arrows are proportional to the
strength of association between species and ordination. Br: Brachypodium retusum; Ca:
Cistus albidus; Em: Erica multiflora; Hf: Helictotrichon filifolium; Hh: Hedysarum humile;
Ph: Pinus halepensis; Ro: Rosmarinus officinalis; Tv: Thymus vulgaris; Up: Ulex
parviflorus.

Within successional-stage differences were mostly captured by the
first axis, and were largely due to differences in the abundance of perennial
grasses (e.g., B. retusum, Helictotrichon filifolium Lac.) and R. officinalis. The
second axis captured the differences between successional stages, which were
mostly due to the abundance of P. halepensis, and E. multiflora in terraces with
pine stands, while perennial grasses were abundant in dense shrubland and
dry grassland terraces. Seven years after fire, dense shrubland and pine stands
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showed similar species composition that differed from dry grassland (Fig. 2.10
right). The first axis of the PCA explains 36% and the second axis explains 20%
of the total variance of species composition. The variation in species
composition was mostly due to U. parviflorus, Hedysarum humile, and C.
albidus, which were abundant in both pine stands and dense shrubland, but
were scarce in dry grassland terraces, while B. retusum was particularly
abundant in dry grassland.

2.4. Discussion

The different vegetation structure and composition that result from the
successional stage after the abandonment of former cultivated terraces in
Mediterranean landscapes lead to differences in fire severity, post-fire
recovery, and resilience against wildfire. The assessment of fuel load in
unburned terraces suggests that dry grassland would burn less severely than
dense shrubland, which in turn would burn less severely than pine stands, as
both total and fine-fraction (< 5 cm diameter) biomass showed a significant
increasing trend for these successional stages. However, this approximation
was not fully in agreement with the estimation of fire severity after the
wildfire. The minimum diameter of remaining branches after fire, an indicator
of biomass lost to fire (Moreno and Oechel 1989; Keeley 2009), showed lower
values for dry grassland, but indicated similar fire severity for dense shrubland
and pine stands. In dry grassland, a great portion of the fuel fine fraction was
comprised mainly of herbaceous species, probably leading to higher rates of
spread and shorter residence time of fire (Santana et al. 2011), which explains
the low severity measured. The comparable high fire severity in pine stands
and dense shrubland could be explained by (1) the dominance of U. parviflorus
in dense shrubland, as this species accumulates dead biomass with age and
thus contributes to increase fire temperature (Baeza et al. 2002; 2006; Santana
et al. 2011); (2) the rather compacted layer of vegetation near the ground in
dense shrubland; and (3) the high cover values of species considered to have a
greater (high and medium) heat content, which were similar between dense
shrubland and pine stands.
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The higher fire severity estimated for pine stands and dense shrubland
corresponded to slow vegetation regeneration, particularly during the first
post-fire years. Dry grassland, which burned with low severity, quickly
recovered, mainly due to the resprouter strategy of B. retusum, whose buried
undamaged rhizomes allowed a faster colonization of the space opened up
after the fire (Caturla et al. 2000). Regardless the overall effect of the
successional stage on fuel properties and fire severity, the fine-scale (1 m? plot)
variation in plant recovery after fire clearly illustrated the influence of fire
severity on the regenerative dynamics of the vegetation for each pre-fire
stage. One year after the fire, a negative relationship between plant cover and
fire severity was observed for each of the successional stages studied, although
it was marginally significant for pine stands, which showed a narrower
variation in severity towards the moderate to high severity range. This
negative relationship decreased with time after fire, becoming unappreciable
seven years after fire. The effects of high fire severity were probably
associated with the destruction of meristematic tissues of belowground organs
of resprouter species (Lloret and Lopez-Soria 1993), while obligate seeder
species may have been limited by the drier conditions during the first two
years after the fire. The significant increase in plant cover by the fourth year
after fire was mostly due to the germination and growth of obligate seeder
species such as U. parviflorus, and C. albidus. It must be stressed that P.
halepensis showed poor or no regeneration, in spite the fact that it is
considered to regenerate quite well after fire (Arianotsou and Ne’eman 2000).
The results suggest that the fine-scale spatial variation in fire severity left a
number of low-recovery microsites that mostly consisted of bare-soil. Once the
dry period following the fire was over, these microsites were later colonized by
obligate seeder species that have persistent soil seed banks and grow well on
open and disturbed areas (Trabaud 1995), such as U. parviflorus, and C.
albidus. Conversely, pine seeds do not persist for long in the soil and post-fire
recruitment of pine seedlings is commonly limited to the first one or two years
after the fire (Ne’eman et al. 2004), provided that soil moisture conditions are
appropriate for germination (Daskalakou and Thanos 2004). Therefore, the
lack of pine regeneration in our study may have been caused by the two
relatively dry years that followed the fire (Daskalakou and Thanos 2004).
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Moreover, diversity and evenness greatly decreased in pine stands and dense
shrubland, reflecting the differential effect of fire on the various species
(Zedler et al. 1983). Higher fire severity in pine stands and shrubland terraces
combined with two dry post-fire years seem to have hampered the recovery of
many species in these two stages, resulting in less diverse communities at the
short term and delaying the common early post-fire peak in plant diversity that
has been reported in previous works (e.g., Caturla et al. 2000; Capitanio and
Carcaillet 2008).

At the landscape scale, wildfires can increase heterogeneity by
fragmenting continuous blocks of forests or shrublands, introducing younger
successional stages in the landscape mosaic (Lloret et al. 2002). Sometimes,
extensive and severe fires can induce less heterogeneity in burned landscapes
(Trabaud and Galtié 1996; Viedma et al. 2006; Van Leeuwen et al. 2010). In our
results, a homogenizing effect resulted from a synergistic effect of fire severity
and post-fire climatic conditions that changed pine stands into dense
shrublands dominated by U. parviflorus. In these shrublands, the colonization
of species in later successional stages may be arrested, and subsequent fires
may lead the system to further degradation (Santana et al. 2010; Malkinson et
al. 2011). Meanwhile, the species composition of dry grassland —dominated
mainly by herbaceous species— remained different from the other community
types and similar to unburned conditions. In the same way as results reported
by Pérez et al. (2003) and Viedma et al. (2006), the fire-driven changes in pine
stands influence the larger mosaic landscape, making this landscape more
homogeneous by increasing shrubland cover.

The lower post-fire plant recovery recorded in pine stands and dense
shrubland after the fire suggests an increased sensitivity to erosion process
(DeBano et al. 1998; Pausas et al. 2008; Llovet et al. 2009). In many
Mediterranean areas, such as our study area, hillslopes were terraced and
cultivated and later were abandoned. Once denuded by fire or any other
disturbance, abandoned terraced slopes can produce a great quantity of
sediments (Mayor et al. 2007), particularly when the pre-fire community is
dominated by obligate seeder species (Pausas et al. 1999). In a similar
landscape near our study site, Giovannini et al. (2001) reported a higher
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increase in soil erodibility after fire in pine stands than dense shrubland, and
both exhibited higher levels of erobidility than dry grassland.

Our results point to terrace-based pine stands and dense shrubland as
the most vulnerable to fire in terms of post-fire soil degradation risk in
abandoned agricultural landscape. However, the risk for Pinus halepensis
stands to shift into fire-prone shrublands as a result of severe fire combined
with a dry period after fire point to this type of community as the most
vulnerable of the three successional stages studied. This risk could be further
enhanced in stands of P. nigra, P. sylvestris, or P. pinea, which produce few
seedlings after fire (Rodrigo et al. 2004). We have not analyzed later
successional stages. In Mediterranean ecosystems, a successional replacement
of pine forest to hardwood forest has been observed after long intervals
without fire (Bond and Van Wilgen 1996), with the latter type showing a higher
resilience against fire (Puerta-Piflero et al. 2012). Therefore, ecosystem
vulnerability does not seem to monotonically increase with increasing
successional stage. In contrast, the most vulnerable communities in
Mediterranean abandoned farmlands appear to be in the middle stages of the
succession, in the pine-forest stage. These results can help prioritize target
areas in fire-prevention and management plans in Mediterranean fire-prone
ecosystems.

2.5. Conclusions

Vegetation properties of the successional stage after land abandonment in a
terraced Mediterranean landscape significantly affected fire severity and plant
recovery. Dry grasslands burned at low severity and quickly recovered after fire
due to the ability of grass species such as B. retusum to resprout from fire-
resistant organs. Dense shrubland and pine stands burned at higher severity
and re-established their cover over the medium term (4-7 years). Both
successional stages resulted in similar shrubland communities after the fire,
which were dominated by highly flammable obligate seeder species such as U.
parviflorus and Cistus species. In this way, changes in plant composition and
abundance in pine stands contributed to homogenize the landscape structure
towards a more fire-prone type, and thus increasing fire hazard. The pine
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stands showed the largest changes in community structure after the fire and
the lowest short-term post-fire plant recovery, so pine stands can be
considered the most vulnerable of the three successional stages studied in the
terraced Mediterranean landscape, particularly if wildfires are followed by
relatively dry years.
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3. Fire severity modulates the seeder/resprouter ratio in burned
Mediterranean plant communities

3.1. Introduction

The resilience of Mediterranean plant communities to fire disturbance
depends on the success of species’ post-fire regeneration mechanisms.
Although there is a wide spectrum of intra- and inter-specific variation in post-
fire regeneration mechanisms and capacities (Moreira et al. 2012; Clarke et al.
2013), species that regenerate exclusively from seeds (obligate seeders) or by
vegetative regrowth (resprouters) are considered to be the two main
functional groups related to post-fire persistence in Mediterranean
ecosystems, with some species (facultative resprouters) being able to use both
post-fire regeneration mechanisms (Keeley 1986; Bond and Van Wilgen 1996;
Pausas et al. 2004a). Obligate seeders persist as hard-coated seeds in
dormancy status in the soil seed bank, such as many Legunimosae and
Cistaceae species (Herranz et al. 1998; Ferrandis et al. 1999; Céspedes et al.
2012), or as seed protected by cones in canopy seed banks, such as several
Mediterranean pine species (e.g., Pinus halepensis, P. pinaster) (Tapias et al.
2001). The germination of these seeds can be triggered by heat, temperature
fluctuations, charred wood, or smoke, which act as scarification agents,
breaking seed dormancy (Keeley 1987; Herranz et al. 1998; Reyes and Trabaud
2009; Moreira et al. 2010; Santana et al. 2012a; Tormo et al. 2013). High
temperature also triggers the opening of serotinous cones, which release their
seeds after the fire (Keeley and Zedler 1998; Tapias et al. 2001). Resprouter
individuals persist in situ throughout fire by resprouting from buds located in
aerial, basal or below-ground structures that are more or less protected by
leaves, bark, or soil (Klimesova and Klimes 2007; Clarke et al. 2013).

Post-fire regeneration traits may covary with other functional
attributes (Pausas et al. 2004a). Thus, according to Verdud (2000),
Mediterranean seeder species grow faster and allocate more biomass to leaves
than resprouters; they are mainly anemochorous, dry-fruited, and small-
seeded species that are associated with earlier successional stages, while
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resprouters are mainly vertebrate-dispersed, fleshy-fruited, large-seeded
species that are associated with late successional stages. Along a climate
gradient, Lloret et al. (2005) found that seeder species were more common in
drier and warmer areas typical of Mediterranean conditions than they were in
moister and colder conditions. This was attributed to differential tolerance to
summer water stress (Saura-Mas and Lloret 2007) and differential ability to
colonize disturbed and open areas between obligate seeder and resprouter
species. It has been suggested that seedlings of obligate seeder species are
physiologically better adapted to drought and water oscillations, and to
efficiently explore the upper soil layer than seedlings of resprouter species,
whereas seedling roots of resprouters better facilitate both carbon storage and
deep soil penetration (Paula and Pausas 2011; Vilagrosa et al. 2013). Of
particular interest is the relationship between obligate-seeding regeneration
trait and flammability-enhancing traits, particularly a higher dead-to-live fuel
ratio and lower moisture content in above-ground biomass in seeder than in
resprouter species (Saura-Mas et al. 2010).

Obligate seeder and resprouter species have very different
demographic patterns in response to fire. Most obligate seeders can efficiently
recruit high density of seedlings, although their initial post-fire cover is low
(Bell 2001; Bond and Midgley 2001; Calvo et al. 2003) and post-fire
recruitment largely depends on post-fire climatic conditions (Daskalakou and
Thanos 2004). In contrast, resprouters may regenerate immediately after fire,
recovering rapidly their original cover with little or no demographic changes
(Keeley 1986; Bellingham and Sparrow 2000; Caturla et al. 2000; Calvo et al.
2003). Furthermore, obligate seeders and resprouters differ in their response
to fire regime. Frequent fires or short intervals between fires may limit the
number of seeds in the seed bank or kill seeder individuals before they reach
reproductive maturity (Zedler et al. 1983; Tapias et al. 2001). Severe fires may
also consume seeds stored in the seed bank and may reduce the recruitment
potential of obligate seeder species (Keeley et al. 2008; Maia et al. 2012) or
facultative resprouter species (Moreno and Oechel 1994). However, increasing
fire severity could benefit obligate seeders (e.g., Moreno and Oechel 1991a) by
increasing soil nutrient and light availability, as well as by opening abundant
and large vegetation gaps with disturbed soils (Hollingsworth et al. 2013).
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Short intervals between fires may also reduce the capacity of resprouters to
recover (Moreno and Oechel 1991b; Delitti et al. 2005; Paula and Ojeda 2009;
Enright et al. 2011). Similarly, resprouter species seem to be highly sensitive to
fire severity, as severe fires may induce high mortality of these species (Lloret
and Lopez-Soria 1993). However, resprouter species that have their
resprouting vegetative tissues well protected against fire by a relatively thick
soil layer, such as rhizomatous Brachypodium retusum, can largely survive
high-severity fires (De Luis et al. 2004), which suggests that fire severity filters
resprouting regeneration traits so that severe fires favour below-ground
resprouting (Clarke et al. 2013).

Overall, differences in seeder/resprouter abundance ratio seem to
greatly modulate flammability, post-fire recovery rates and resilience of plant
communities (Pausas et al. 2004a; Keeley et al. 2005; Arnan et al. 2007; Lépez-
Poma et al. in press; see Chapter 2). In turn, fire regime is expected to modify
the post-fire seeder/resprouter ratio in the affected areas. Several studies
have specifically assessed the effect of fire frequency on this ratio. For
example, empirical research suggests that Mediterranean obligate seeder
species are present in areas subjected to frequent fires in greater numbers
than expected (Franklin et al. 2004; Pausas et al. 2004a; Lloret et al. 2005),
which is generally attributed to the early-successional nature of most seeder
species. Modeling exercises that analyzed the dynamics of a variety of
regenerative and life-history traits’ assemblages under various fire-regime
scenarios found that obligate seeder species achieved maximum abundance at
intermediate fire frequency, while resprouter grasses increased at the highest
frequencies (Lloret et al. 2003). However, the role of fire severity in modulating
post-fire seeder / resprouter ratios in Mediterranean plant communities has
not been directly assessed. Assuming that some similarities may exist between
the filtering potential of fire frequency and fire severity on the assembly of
post-fire plant communities, we hypothesize that the post-fire
seeder/resprouter abundance ratio increases with fire severity in
Mediterranean communities. Since low-severity fires normally do not trigger
some of the processes that favour seeder species (e.g., opening of vegetation
gaps, increasing light availability and soil disturbance; damaging of resprouting
tissues in competing resprouter species), we predict that the variation in the
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seeder/resprouter ratio with fire severity should follow a non-linear trend,
with the ratio barely varying at low severity and rapidly increasing at
intermediate to moderate severity. We expect the strength of the positive
relationship between seeder/resprouter ratio and fire severity to vary across
plant community types, as both pre-fire seeder/resprouter ratio and potential
fire severity largely vary as a function of the composition and spatial structure
of the plant community (Saura-Mas et al. 2010; Lépez-Poma et al. in press; see
Chapter 2).

To test our hypothesis, we analyzed the post-fire dynamics of obligate
seeders and resprouters and the variation in post-fire seeder/resprouter
abundance ratio as a function of the variation in fire severity and the type of
pre-fire plant community. We studied three Mediterranean communities (dry
grassland, gorse shrubland, and pine stands), which represent increasing
successional stages after agricultural land abandonment (see Chapter 2), that
were burned by a single wildfire event at contrasting ranges of fire severity.
Understanding the role of fire severity in shaping the post-fire assembly of
plant regeneration traits would help anticipating the impacts on plant
communities of the ongoing and predicted changes in the Mediterranean fire
regime (Pausas 2004).

3.2. Methods
3.2.1. Study area

The study was carried out in the Xorta Range, in the Alicante province of
southeastern Spain (Lat 38°43'25"”-38°41'15"N, Long 0°12'25"- 0°11'10"W). The
study area is located on the south-facing slopes of the range that drain to the
Guadalest reservoir (see Chapter 2 for detailed description of the study area).

The study area was partially affected by a wildfire that burned 263 ha
in August 1998. The shape of the burned area was very irregular, due to rough
topography and the heterogeneous spatial distribution of successional stages
after agriculture abandonment, creating an interspersed distribution of
different burned and unburned plant community types, ranging from dry
grasslands developed on recently abandoned agricultural terraces to pine
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stands developed on terraces abandoned more than 50 years ago, and
including more or less mature gorse shrublands on terraces abandoned in
1970’s.

3.2.2. Field assessment

The assessment followed a factorial design with two fixed factors, a Fire factor
with two levels: unburned and burned, and a Plant community factor with
three levels: 1) dry grassland, 2) gorse shrubland, and 3) pine stands. Per each
factor combination (Fire x Plant community), we selected five terraces at
random, resulting in 30 terraces, 15 unburned and 15 burned. Plot size
(3x23m) was adapted to fit within single terraces, which were particularly small
in the study area. Within each plot, five permanent 1x1-m quadrats were
randomly placed for vegetation sampling and monitoring. In order to
understand the potentially chaning post-fire relationship between obligate
seeders and resprouters with fire severity over time, the burned plots were
monitored one, four and seven years after the 1998 fire.

The vegetation was monitored using the permanent quadrat method
(Kent and Coker 1992). We recorded 100 points in a regular grid across the 1x1
m quadrats, made up of 100 10x10 cm cells, noting the species intercepted at
each point. Based on information available (BROT database; Paula et al. 2009;
www.uv.es/jgpausas/brot) and field observations, each recorded plant species
was labelled as either obligate seeder or resprouter species (see Annex,
Supplementary material S3.1). Facultative species were assigned to the
resprouter trait group. For each quadrat, the cover of each plant regeneration
trait (obligate seeder or resprouter) was calculated by adding the percent
cover of all the species belonging to the group. From these values, we
estimated the abundance ratio of obligate seeders and resprouters (hereafter
seeder/resprouter ratio) per quadrat. For each terrace plot, we estimated
obligate seeder and resprouter cover and seeder/resprouter ratio as the
averages of the respective values from each sampling quadrat. The canopy of
mature pine trees was estimated visually for the whole plot on each unburned
plot of pine stand. We estimated species richness for each regeneration trait
by pooling the species recorded per trait in the five 1x1-m sampling quadrats
established per plot (i.e., total area sampled per plot was 5 m?).
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To estimate fire severity after the wildfire, we used a biological
indicator: the minimum diameter of the branches of the dominant woody
species (U. parviflorus) that remained after the fire (hereafter, Severity index).
This type of measurements correlates with maximum temperatures at the soil
surface (Moreno and Oechel 1989) and with maximum consumption of
biomass (Pérez an Moreno 1998; Keeley 2009). The target species was present
and abundant in all the plant communities assessed allowing the assessment
of between- and within-community variation in fire severity. To estimate the
Severity index, we used five 2x2m quadrats per plot, which were established so
that the 1x1-m quadrats used for vegetation assessment were included and
centred on each of them. For each 2x2-m quadrat, Severity index was
estimated as the average of the minimum diameter measured at 2.5 cm from
the end of the branches of each U. parviflorus individuals within the quadrat
(Fig. 2.6, Chapter 2).

3.2.3. Data analysis

Differences in plant cover and species richness of obligate seeders and
resprouters between unburned plant communities were tested using one-way
ANOVA. Differences in the post-fire dynamics of these variables between plant
communities were tested using repeated-measures ANOVA, with Time as
within-subject factor and Plant community as between-subject factor. We
tested the differences in plant cover and number of species of obligate seeders
and resprouters between unburned and seven-year post-fire conditions using
Two-way ANOVA with two fixed factors (Fire and Plant community). We used
regression analyses to test the relationships between fire severity and plant
cover of obligate seeders and resprouters one, four, and seven years after the
fire, and between fire severity and final seeder/resprouter ratio seven years
after the fire. Data were analysed using SPSS Statistics v. 17.0 (SPSS Inc.,
Chicago, IL).
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3.3. Results

Plant cover of obligate seeders significantly differed between unburned plant
communities (F=14.918, P=0.001), increasing from dry grassland to pine
stands. Conversely, resprouter species cover did not vary between plant
communities (F=0.044, P=0.957), with values ranging between 60-90 % (Fig.
3.1). After the wildfire, initial cover of resprouter species was higher than
obligate seeder cover. The type of plant community had a marginally
significant effect on resprouters cover along the study period (Table 3.1), with
resprouters cover in dry grasslands being higher than in pine stands and gorse
shrubland, which did not differ between them (Fig. 3.1). A significant
interaction effect between Time and Plant community for obligate seeders
cover (Table 3.1) reflects the varying effect of plant community on the
recovery of obligate seeder species, which showed lower cover in pine stands
and gorse shrublands than in dry grassland one year after fire, and shifted to
higher cover in pine stands and lower cover in dry grassland seven years after
the fire (Fig. 3.1). Seven years after the fire, there were not significant
differences for either obligate seeder or resprouter cover between burned and
unburned plots (Fire factor; Table 3.2). However, marginal interaction between
Fire and Plant community factors for obligate seeder species indicates that this
was not the case for all communities. Thus, while burned pine stands and dry
grassland approached or recovered the obligate seeder cover values existing in
the respective unburned terraces, obligate seeder cover in burned gorse
shrubland was higher seven years after the fire than in unburned terraces (Fig.
3.1).
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Figure 3.1: Plant cover dynamics of obligate seeder (left), and resprouter (right) species

for each plant community in unburned plots (UB), and one, four, and seven years after
the wildfire in burned plots (n=5).

Table 3.1: Summary of results of repeated-measures ANOVA analyses on post-fire plant
cover and number of species, considering Plant cover and Number of obligate seeder
and resprouter species as the dependent variables, Plant community type as the
between-subject factor and Time as the within-subject factor (over studying period).

Plant cover Number of species
Factors Obligate Obligate
Seeder Resprouter Seeder Resprouter

Time F=42.203 F=59.050 F=12.855 F=15.413
(d.f.=2) P< 0.001 P< 0.001 P<0.001 P< 0.001
Plant community F=2.500 F=3.595 F=8.774 F=4.204
(d.f.=2) P=0.124 P=0.060 P=0.004 P=0.041
Time x Plant F=7.025 F=1.116 F=2.277 F=0.969
community P=0.001 P=0.372 P=0.091 P=0.442

(d.f. = 4)

The number of obligate seeder and resprouter species increased with
time after fire, particularly in the case of obligate seeders (Fig. 3.2). The type of
plant community had a significant effect on the post-fire number of species of
both obligate seeders and resprouters (Table 3.1), with a general trend
towards less species in pine stands and more species in dry grasslands (Fig.
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3.2). Seven vyears after the fire, the number of both obligate seeder and
resprouter species was higher in burned plots (Table 3.2), with no significant
interaction effect between Fire and Plant community, the latter having a
significant effect only for obligate seeder species number, which was higher in
dry grassland and lower in pine stands.
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Figure 3.2: Number of species of obligate seeders (left), and resprouters (right) for each

plant community in unburned terraces (UB), and one, four, and seven years after the
wildfire in burned terraces (n=5).

Table 3.2: Summary of results of two-way Univariate ANOVA for two fixed factor (Fire
and plant community), for obligate seeder, resprouter cover and species number (n=5
for each plant community), (comparing Unburned and 7 years after fire).

Plant cover Number of species
Factors Obligate Obligate
Seeder Resprouter Seeder Resprouter

Fire F=0.053 F=0.402 F=32.346 F=12.944
(d.f.=1) P=0.821 P=0.533 P<0.001 P=0.002
Plant community F=21.768 F=2.101 F=6.507 F=2.538
(d.f.=2) P<0.001 P=0.146 P=0.006 P=0.102
Fire x Plant F=2.898 F=1.283 F=0.668 F=0.207
community P=0.076 P=0.297 P=0.523 P=0.814

(d.f. =2)
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Obligate seeders and resprouters showed a contrasting relationship
with fire severity that varied with time after fire (Fig. 3.3). One year after fire,
cover of both functional groups was inversely related with fire severity
(R?=0.51, P=0.004 for obligate seeders; R’=0.68, P<0.001 for resprouters), with
plots that burned at the highest severity having very low cover of any of them.
Resprouters cover showed the same type of negative relationship with fire
severity four (R’=0.41, P=0.014) and seven (R?=0.69, P<0.001) years after the
fire, while the relationship between obligate seeders cover and severity shifted
to a positive one four years after fire (R’=0.37, P=0.020), which became
stronger seven years after fire (R°=0.76, P<0.001). Seven years after fire, the
seeder/resprouter abundance ratio (pooled data from all community types)
showed a nonlinear increasing trend with increasing classes of Severity index
values (Fig. 3.4). When analyzed separately, the three types of communities
show a consistent nonlinear increase in seeder/resprouter ratio with fire
severity, although it is only marginally significant for dry grassland (Fig. 3.5).
Figure 3.6 shows the variation in post-fire seeder/resprouter ratio as a function
of the pre-fire ratio, pointing to a nonlinear relationship between them. Dry
grassland, a community with low pre-fire seeder/resprouter ratios, also
resulted in a community with low seeder/resprouter ratio seven years after
the fire; while shrubland, with a slightly larger pre-fire ratio than dry grassland,
largely increased the proportion of obligate seeders after the fire. Pine stands,
with a much larger pre-fire ratio than the other communities, showed no
increase seven years after the fire.
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Figure 3.3: Relationships between plant cover of obligate seeder and resprouter species
and Severity index in burned terraces one, four, and seven years after the wildfire.
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Figure 3.4: Seeder/resprouter abundance ratio seven years after the wildfire per class
of Severity index (Pooled data from the three plant communities assessed). Boxplot
indicates the median (horizontal line); the first and third quartiles (box); the 1.5
interquartile range (whiskers); and outliers (points). The dashed line points to equal
abundance (plant cover) of obligate seeder and resprouter species.
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3.4. Discussion

The contrasting post-fire regeneration mechanisms of obligate seeder and
resprouter species and their varying control factors support the assumption
that fire characteristics can play a critical role in determining the functional
composition of plant communities (Pausas et al. 2004a; Hollingsworth et al.
2013). We found clear evidences that variations in fire severity modulate the
seeder/resprouter abundance ratio in Mediterranean plant communities. The
ratio between obligate seeder and resprouter plant cover non-linearly
increased with increasing fire severity within the burned area. This relationship
was consistent for three common Mediterranean plant communities - dry
grasslands, gorse shrublands, and pine forests, which represent increasing
successional stages after agricultural land abandonment (See Chapter 2).
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Figure 3.5: Relationships between post-fire seeder/resprouter abundance ratio (plant
cover; natural logarithm) and fire severity (Severity Index) for each plant community
assessed. Legend includes results from the regression analyses performed per
community type.
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Figure 3.6: Relationships between pre-fire and post-fire seeder/resprouter abundance
ratio (plant cover) for each plant community assessed.

Fire severity varies widely between and within burned plant
communities. This spatial variability relates to the spatial variation in fuel
guantity and quality, which in turn is a function of the species composition of
the plant community (Lopez-Poma et al. in press; see Chapter 2). The spatial
variation in fire severity creates a variety of micro-environments that influence
post-fire plant dynamics via effects on the mortality of seeds and buds (Odion
and Davis 2000), availability of resources (Pausas et al. 2003; Certini 2005), and
plant-plant interactions (Bond and Midgley 1995). We observed that the
recovery dynamics of obligate seeders and resprouters responded differently
to fire severity. Early after the wildfire, there was a negative relationship
between plant cover and fire severity for both obligate seeder and resprouter
species, yet it was stronger for resprouter species. Increasing fire severity
could have damage aboveground resprouting buds as well as belowground
buds located near the soil surface, reducing the overall resprouting vigour and
leading to low recovery (Lloret and Lopez-Soria 1993; Bond and Midgley 2001).
Similarly, increasing fire severity could have caused higher mortality of seeds
that were in the most superficial soil layers (Ferrandis et al 1999; Odion and
Davis 2000). In contrast with these results, several studies have reported a
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positive effect of fire severity on early postfire seed germination and seedling
growth (Moreno and Oechel 1991a; Pausas et al. 2003), which has been
attributed to fire-related cues (heat, charred wood, smoke) that stimulate seed
germination of some species (Keeley 1987; Herranz et al. 1998; Baeza and
Vallejo 2006; Reyes and Trabaud 2009; Moreira et al. 2010), and to a postfire
improvement in nutrient availability (Pausas et al. 2003; Certini 2005).
However, it is worth noting that our site experienced two particularly dry years
after the wildfire, which may have particularly affected the recruitment of
obligate seeder species, as this process is largely controlled by water
availability (Céspedes et al. 2012). This fact could have masked or delayed
some positive effects of fire severity on obligate seeders, contributing to a shift
in the balance between the various effects of fire severity towards an overall
negative effect at this early stage after the wildfire.

While the negative correlation between fire severity and resprouter
species cover persisted four and seven years after fire, the relationship
between obligate seeder cover and fire severity shifted to a positive
dependence, which was already clear four years after fire and became stronger
seven years after the fire. The increase in obligate seeder cover with fire
severity was probably mediated by higher nutrient and light availability in high-
severity microsites (Pausas et al. 2003; Certini 2005), but also by the reduction
in the interspecific competition with resprouter species, as they were
particularly damaged in high-severity microsites. New, opportunistic species
recruited to the burned area, as reflected from the clear increase in the
number of species -particularly obligate seeder species- after the wildfire in
the three communities assessed. However, the increase in obligate seeder
cover was mainly due to the contribution of obligate seeder shrubs, such as
Ulex parviflorus and Cistus species, that were already present in the unburned
area and have long-lived persistent hard-coated seed banks in the soil (~20-30
years) (Thanos et al. 1992; Baeza et al. 2002). Dormancy breakage of these
species can be triggered by the effect of fire (Baeza and Vallejo 2006; Reyes
and Trabaud 2009; Céspedes et al. 2012), but also by high fluctuations in
temperature and moisture (Baeza and Vallejo 2006; Baeza and Roy 2008;
Santana et al. 2012a; b), which are common in bare-soil areas. It is therefore
probable that a number of the remaining undamaged seeds in the soil bank
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germinated over time after the fire, taking advantage of persistent gaps in
high-severity microsites and better moisture conditions during wet years.

Despite the general increase in resprouter species cover with time
after fire, the negative relationship between cover and fire severity was
consistent through time, which highlights the potential of severe fires to
induce high mortality of resprouter species (Lloret and Lépez-Soria 1993),
causing persistent damage to this functional group. This suggests that the
increase in resprouter cover was mostly due to the growth of the individuals
that survived the impact of fire, while colonization by facultative resprouter
species (considered in this study as part of the resprouter functional group)
increased resprouter species richness but barely contributed to increase
resprouter cover in the area.

In sum, the observed increase in the ratio of seeder/resprouter cover
with increasing fire severity seems to be mediated by the mortality of
resprouter individuals and the creation of bare-soil areas, which increase the
availability of favourable microsites for seed germination (either from the
existing seed bank or from seed sources located outside the burned area) and
seedling growth. A suite of plant traits that help in dealing with water-limited
and highly variable conditions covary with the obligate seeder regeneration
trait (Saura-Mas and Lloret 2007; 2009; Vilagrosa et al. 2013), which
contributes to improve obligate seeders performance in areas that burn at
high severity and result in postfire vegetation gaps prone to drought. The
results suggest that the positive effects of improved postfire microhabitat for
obligate seeder species outweigh the negative effects on seedbank
consumption in severely burned sites, even in the case of particularly dry years
early after the fire.

This study provides evidence that fire severity filters on plant
regeneration traits, and thus on the functional composition in Mediterranean
shrublands, so that higher severity favors obligate-seeder functional group.
This is consistent with recent findings in boreal forests (Bernhardt et al. 2011;
Hollingsworth et al. 2013). Several recent studies that focused on the impact of
fire frequency on plant communities also pointed out the role of fire as a
strong community assembling process (Pausas et al. 2004a; Lloret et al. 2005;
Pausas and Verdu 2008, Malkinson et al. 2011). Overall, these findings suggest
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that changes in the functional composition of plant communities in response
to changes in fire characteristics can be predicted by considering the mediating
role of regeneration traits. The final fire outcome in terms of community
composition will depend on the interaction between fire severity and pre-fire
functional composition. Thus, in our study area, gorse shrublands and pine
stands burned at a similar average and range of fire severity (Lopez-Poma et al.
in press; see Chapter 2). However, after the fire, the seeder/resprouter ratio
clearly increased in gorse shrubland, while it barely changed in pine stands,
probably because it was already very high in pre-fire conditions. Changes in the
abundance ratio of seeders and resprouters could in turn lead to changes in
the flammability of the plant communities (Baeza et al. 2006; Saura-Mas et al.
2010), contributing to the level of fire hazard in the new communities and the
characteristics of future fires.

3.5. Conclusions

Obligate seeder and resprouter regeneration traits differentially respond to
fire severity, resulting in changes in the abundance ratio of seeder/reprouter
species that are mediated by variations in fire severity. Our results showed a
positive non-linear relationship between the relative abundance of obligate
seeder species and fire severity, so that seeder/resprouter abundance ratio
barely varied at low severity and rapidly increased with increasing severity.
This relationship was consistent for three common Mediterranean plant
communities - dry grasslands, gorse shrublands, and pine forests. This
response to increasing fire severity might have important consequences on
community assembly in Mediterranean ecosystems and needs to be
considered in any model aiming to predict vegetation dynamics in fire-prone
ecosystems.
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4. Plant traits mediate the resistance and resilience of soil functions to fire in
Mediterranean shrublands

4.1. Introduction

Plant-soil interactions are major drivers of key soil functions, e.g., water
infiltration or nutrient cycling, which in turn can affect plant performance
through a variety of feedback mechanisms (Ehrenfeld et al. 2005). The effect of
plant functional traits on soil functioning has been documented for a large
variety of ecosystems and soil functions. Thus, plant species and functional
groups control nutrient cycling and net soil carbon storage through differences
in carbon inputs to the soil, litter quality, interaction with microbes in the
rhizosphere, and simple morphological and chemical root traits, among other
properties and processes (Hobbie 1992; De Deyn et al. 2009; Aulen et al.
2012). A large number of studies on Mediterranean ecosystems have reported
differences driven by plant traits and functional groups in soil processes and
functions such as soil respiration, water infiltration, soil erosion, carbon
storage, and nutrient cycling (e.g., Maestre and Cortina 2003; Garcia et al.
2005; Mataix-Solera et al. 2007; Mayor et al. 2009; Pérez-Bejarano et al. 2010).
However, little is known about the role played by plant traits and functional
groups in the stability of soil functions against disturbances.

The stability of soil processes and functions to withstand fire
disturbance depends on their capacity to remain unchanged throughout the
fire (resistance) and to recover after the disturbance (resilience) (Grimm and
Wissel 1997; Seybold et al. 1999). Several studies on Mediterranean
shrublands provide indirect evidences that suggest plant traits modulate both
soil resistance and resilience. For example, plant traits such as flammability,
density of above-ground biomass, and accumulation of fine dead fuel affect
biomass consumption, heat released, and soil temperatures during the fire
(Elvira-Martin and Hernando-Lara 1989; Dimitrakopoulos 2001; Santana et al.
2011), which in turn modulate immediate and direct fire impacts on soil
properties and processes such as water repellency and infiltration, microbial
activity, decomposition of organic matter, and nutrient mineralization
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(Romanya et al. 2001; Fioretto et al. 2005; Tessler et al. 2008; Bodi et al.
2013.). At the same time, the degree of plant consumption and soil heating
combined with the regeneration traits of the plant species (i.e., seeding or
resprouting) affect the post-fire recovery of vegetation communities (Lloret
and Lépez-Soria 1993; Paula and Pausas 2008; Maia et al. 2012; Lépez-Poma
and Bautista, in review; see Chapter 3), which in turn could be expected to
influence soil recovery rates through plant-soil interactions. However, direct
testing of the effect of plant functional groups and traits on soil resistance and
resilience to fire is lacking.

Fire-prone shrublands are spreading in the Mediterranean Basin over
the last decades as the result of secondary succession in increasing areas of
abandoned fields and burned pine woodlands (Diaz-Delgado et al. 2002; Baeza
et al. 2007; Riera et al. 2007). This increasing trend in the abundance of fire-
prone shrublands, particularly in the western Mediterranean basin, is expected
to continue under the current global change context, which has been
associated with a shift in the fire regime to larger and more frequent wildfires,
as described in Chapter 1 (Pausas 2004; Moreira et al. 2011; Pausas and
Ferndndez-Mufioz 2012). Furthermore, increasing frequency and/or severity of
wildfires may trigger significant shifts in plant community composition in
Mediterranean woodlands (Lloret at al. 2003; Santana et al. 2010; Lépez-Poma
et al. in press; see Chapter 2) and other fire-prone ecosystems (Hollingsworth
et al. 2013) towards either favouring or filtering particular plant traits.
Understanding how plant functional traits modulate the response of soil
functions to fire disturbance is necessary to predict the overall impact of
increased fire frequency in fire-prone woodlands and shrublands. In this study,
we conducted experimental burnings in three Mediterranean fire-prone
shrublands in eastern Spain and evaluated the role played by vegetation
patches and fire-related plant traits in the resistance and resilience of three
main soil functions, namely soil stability, water infiltration, and nutrient
cycling. Specifically we used eleven soil indicators to assess the fire-induced
changes and further recovery of soil functions in bare areas (no or very scarce
vegetation cover) and in soils under (i) a resprouter grass, (ii) a resprouter
shrub, and (iii) three obligate seeder shrub species with contrasting fire-related
traits.
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4.2. Materials and methods
4.2.1. Study area

The study was carried out at three sites in the Valencia region, eastern Spain:
Onil, Pardines and Ayora (Fig. 4.1). The experimental sites share a similar land
use and fire history; they all are located on former agricultural terraces that
were abandoned on the 1950s-1960s, colonized by shrublands after the
abandonment and later burned twice by wildfires (Table 1). Soils at the three
sites are Regosols (FAO, 1988) developed over marls. The sites varied,
however, in some key environmental conditions such as slope angle, which
ranged from nearly flat in Pardines to very steep in Onil, and mean annual
rainfall (Table 4.1), which provided a representative range of conditions for
Mediterranean fire-prone shrublands. At the onset of the experiment, the
vegetation was an open Mediterranean shrubland that developed on each site
after the last wildfire occurred a decade earlier. The vegetation cover, around
70%, was dominated by obligate seeder shrubs such as Ulex parviflorus Pourr.,
Cistus albidus L., and Rosmarinus officinalis L., which summed to approximately
40% of the total vegetation cover. Resprouting shrubs such as Quercus
coccifera L. and Juniperus oxycedrus L. were less abundant (around 20% of
total vegetation cover). The herbaceous layer was dominated by the
resprouting perennial grass Brachypodium retusum (Pers.) Beauv.

Figure 4.1: Location of the
three study sites in the

=l @ Forestland

Valencia region, East Spain. [ Other land uses
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4.2.2. Experimental design and field sampling

On each study site, we established an area of ~600 m” to be burned by an
experimental fire. The areas to be burned were previously delimited by a 4-m-
wide fire break in which the vegetation was eliminated through mechanical
brushing. At each experimental area, prior to the fires, we randomly selected
five 0.5 x 0.5 m monitoring quadrats for each of the following microsite types:
Bare soil (BS), and plant patches of B. retusum (BR), Q. coccifera (QC), U.
parviflorus (UP), R. officinalis (RO), and C. albidus (CA), totalling up to 30
quadrats/site. At the Ayora site there were not enough Q. coccifera patches
and this type of microsite was excluded from the assessment at that site. The
species selected have contrasting fire-related plant traits that might affect fire
behaviour and the response of the vegetation to fire, including contrasting (a)
post-fire regeneration strategy: resprouter (BC, QC) vs. obligate seeder (UP,
RO, and CA) (hereafter seeder); (b) life form: grass (BR) vs. shrubs (QC, UP, RO,
and CA); and (c) fuel structural traits such as specific fuel load and structure
(e.g., proportion of live and dead material or fine and coarse fractions). For
example, UP has higher canopy bulk density and fine dead fuel than the other
seeder species (CA and RO), while RO has higher live fine fuel than CA and UP
(Santana et al. 2010).

In June 2006, all three experimental sites were burned. Fires were
ignited as headfires from a line along the entire upwind flank of the burning
area. Weather conditions during the fire were similar in the three sites (Table
4.1). We measured the soil temperature at the 1-cm depth under the different
vegetation patches using insulated chrome-alumel thermocouples (K-type)
placed in the centre of the sampling quadrats. Between two and four quadrats
per microsite and site were instrumented with thermocouples, except for Q.
coccifera and bare-soil microsites which were not monitored for temperature
due to the limited number of sensors available (see Santana et al. 2010 for
further details).
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Table 4.1: Characteristics of the study sites, including fire history and weather
conditions during the experimental fires.

Onil Pardines Ayora

38239'05"N 38240'19"N 39207'04"N
Geographic coordinates 0239'47"W 0234'20"W 0957'57"W
Slope angle (2) 35 4 23
Aspect NW N N
Total annual rainfall (mm) 508 547 430
Mean annual temperature (°C) 14 14 13
Elevation (m) 926 806 1031
Previous fire events 1986, 1994 1986, 1994 1979, 1996
Conditions during the experimental fires:
Air temperature (2C) 21 25 24
Air relative humidity (%) 42 53 57
Wind speed (m s 4,9 1,6 3,7

The functional condition of the surface soil for each microsite type was
assessed two weeks before the experimental fire (UB), and two months (B2)
and nine months (B9) after the fire. We estimated the stability, infiltration, and
nutrient cycling indices defined by the Landscape Functional Analysis method
(LFA; Tongway and Hindley 2004). These indices represent the potential of the
surface soil for resisting soil erosion, infiltrating water and cycling nutrients,
respectively, and have been successfully tested for Mediterranean drylands
(e.g., Maestre and Puche 2009; Mayor and Bautista 2012). They are estimated
from different combinations of the following soil surface indicators: soil cover,
patch basal cover, litter (cover, origin, and decomposition degree), cryptogams
cover, crust brokenness, erosion (type and severity), deposited materials,
micro-topography, surface compaction, crust stability, and soil texture (see
Annex, Supplementary materials, S4.1 and S4.2, for further details on the
method). For each sampling quadrat, we estimated the overall response of soil
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functioning to fire using a simple multifunctional index (hereafter MFI)
calculated as the average value of the three LFA indices.

4.2.3. Resistance and resilience indices

The response of soil functions to fire disturbance was determined by two
properties: resistance (the amount of change caused by fire) and resilience
(the recovery capacity after fire). Among the diverse approaches to measure
these properties (e.g., Seybold et al. 1999; Griffiths et al. 2001; Van Ruijven
and Berendse 2010), we used the indices developed by Orwin and Wardle
(2004), which perform properly for a large variety of scenarios in belowground
systems. We adapted these resistance (RS) and resilience (RL) indices to our
sampling times and response variable as follows:

. 2x|uB-B2|
Resistance RS =1-——— 1
UB +|UB - B2|

Resilience RL 2x|uB B2

[N ——E—
|u-B2|+|uB-BY|

where UB, B2 and B9 are the values of the soil response variable
(multifunctional index, MFI) before the fire, two months, and nine months
after the fire, respectively. The index of resistance is standardised by the pre-
fire soil condition, reflecting the relative amount of change caused by the fire.
Similarly, the index of resilience is standardised by the amount of change
initially caused by the fire, as this determines the state from which it has to
recover. The index of resistance is bounded by -1 and 1, with a value of +1
indicating that the fire had no effect on MFI (maximum resistance), and lower
values indicating less resistance, where a value of 0 indicating a 100% decrease
in MFlI as compared with the pre-fire condition (minimum resistance).
However, if fire had a positive effect on soil functioning and the value of MFI
for B2 is higher than 2UB, the index will give a negative value. We avoided this
case by assigning a value of RS = +1 to all the cases for which MFI values were
equal or higher for B2 than for UB. The index of resilience is also bounded by 1
and -1. Likewise for RS index, we assigned a value of RS = +1 to all the cases for
which MFI values were equal or higher for B9 than for UB. A RS value of +1

indicates full recovery (maximum resilience), and lower values indicate a
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slower recovery rate. A value of 0 indicates no recovery, and negative values
occur when an initial decrease in MFI caused by the fire disturbance is further
decreased with time after fire. Resilience was not calculated for the sampling
guadrats where resistance was maximal, which only occurred in some bare soil

areas.
4.2.4. Data analysis

For each site, differences between microsites in stability, infiltration and
nutrient cycling indices, and resistance and resilience indices were evaluated
by the non-parametric Kruskal-Wallis H test. Differences between specific pairs
of microsites and functional groups (e.g., bare soil vs. plant patches; resprouter
vs. seeder patches) were analysed using the non-parametric Mann-Whitney U
test. Relationships between resistance and resilience of soil functions and
maximum temperatures reached by the soil surface were analyzed by linear
regression. All data analyses were performed using SPSS Statistics v. 17.0 (SPSS
Inc., Chicago, IL).

4.3. Results

The dynamics of the three soil functional indices at thethree study sites from
pre-fire conditions to nine months after the experimental fires are depicted in
Figure 4.2. Pre-fire values of the three functional indices were similar between
the sites, yet Pardines showed slightly lower values, particularly for the
infiltration and nutrient-cycling indices. The microsites in Pardines also showed
the least contrasting pre-fire values between bare soils and plant patches. Fire
decreased all soil functional indices in all sites. In general, fire impact varied
between microsites, being higher for plant patches than for bare soil, but also
varying between plant patches. The degree of recovery to pre-fire values also
varied between microsites, from almost no change between two months and
nine months after the fire (e.g., UP microsites) to a total recovery of the soil
function indices in few cases (e.g., most QC microsites). These dynamics were
rather consistent between the three study sites and the three soil functional
indices (Fig. 4.2).
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For pre-fire condition in all sites, MFI was significantly lower in bare
soils than in plant patches and significantly lower in patches of resprouter
grasses (BR) than in patches of resprouter shrubs (QC), but it did not vary
among the three seeder shrub species (UP, CA, RO) assessed (Table 4.2, Fig.
4.3). For the three sites, MFI resistance significantly varied between microsites
(Fig. 4.2). MFI resistance was higher for bare soil than for vegetation patches; it
was higher for patches of resprouter species (BR and QC) than for patches of
seeder species (RO, CA, and UP); and it showed significant variation within
seeder patches, with a trend of higher resistance for RO and lower resistance
for CA and UP (Table 2, Fig. 4.3). For MFI resilience, general differences
between microsites and between bare soil and vegetation patches were not as
clear as for MFI resistance, being significant for Pardines, marginally significant
for Onil, and non-significant for Ayora site (Fig. 4.3). Differences between
resprouter and seeder patches, with higher MFI resilience for resprouters,
were highly significant for the three sites, while between-species differences
within resprouter and seeder groups were not significant (Table 4.2). MFI
resistance showed a significant (F= 5.212, P= 0.028) negative dependence on
the maximum temperature recorded in the soil surface (Fig. 4.4), while MFI
resilience was not related to maximum temperature (F= 0.054, P= 0.817).

72



Plant traits mediate the resistance and resilience of soil functions
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Figure 4.2: Variation in soil functional indices (Stability, Infiltration, and Nutrient
cycling) for pre-fire conditions, two months after fire, and nine months after fire as a
function of the microsite type for each study site. BS: Bare soil; BR: Brachypodium
retusum; QC: Quercus coccifera; UP: Ulex parviflorus; CA: Cistus albidus; RO:

Rosmarinus officinalis. Mean values (n=5) and standard error. QC was not available in
Ayora site.
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Figure 4.3: Soil multifunctional index, MFI, for pre-fire conditions (up), MFI resistance
(middle) and MFI resilience (bottom) for each microsite type and study site. Light-grey
bars: Bare-soil microsites; Black bars: resprouter-species microsites; dark-grey bars:
seeder species microsites. BS: Bare soil; BR: Brachypodium retusum; QC: Quercus
coccifera; UP: Ulex parviflorus; CA: Cistus albidus; RO: Rosmarinus officinalis. Mean
values (n=5) and standard error. QC was not available in Ayora site.
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reached during the experimental burnings. Different symbols represent microsite types;
white circles: B. retusum; Light-grey triangles: U. parviflorus; grey squares: C. albidus;
Dark-grey diamonds: R. officinalis. Mean values (n=5 for MFI resistance and resilience;
2<n<4 for soil temperature) and standard error. No temperature data available for BS

and QC.
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Table 4.2: Differences between specific pairs of microsites and functional groups (bare soil vs. plant patch; resprouter vs. seeder patches),
and within resprouter and seeder groups, analysed with the non-parametric tests Kruskal Wallis H and Mann-Whitney U. P values in

parenthesis.

Onil Pardines Ayora
Bare soil vs Plant patch ~ Pre-fire MFI U<0.1(0.001) U=4.0(0.001) U<0.1(0.001)
(d.f.=1) Resistance- MFI U = 14.5 (0.007) U = 9.0 (0.004) U =2.0(0.001)
Resilience - MFI U =28.5 (0.082) U=7.5(0.028) U =33.0 (0.587)
Resprouters vs Seeders  Pre-fire MFI U=57.5(0.875) U=57.0(0.846) U=9.0(0.011)
(df.=1) Resistance- MFI U =26.5(0.028) U =20.0 (0.010) U=21.0(0.168)
Resilience - MFI U=21.0(0.011) U=9.0(0.001) U=9.0(0.011)
Resprouter species Pre-fire MFI U<0.1(0.024) U<0.1(0.017) -
(df.=1) Resistance- MFI U =6.0 (0.655) U=7.0(0.881) -
Resilience - MFI U=7.0(0.881) U=7.0(0.864) -

Seeder species
(d.f.=2)

Pre-fire MFI
Resistance- MFI

Resilience - MFI

H=0.34 (0.844)
H=6.78 (0.034)
H=1.86 (0.394)

H=0.31(0.858)
H = 12.37 (0.002)
H=3.79 (0.151)

H=0.33(0.848)
H = 6.82 (0.033)
H=0.98 (0.612)
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4.4. Discussion

Our field study in three fire-prone Mediterranean shrublands showed that
plant fire-related traits largely and consistently determine the resistance and
resilience of soil functions (as captured by a combination of stability,
infiltration, and nutrient cycling functional indices) against fire. Before the fire,
the overall variation in soil functioning between plant patches was rather
small, with slightly higher values for the resprouting shrub Q. coccifera, and
lower values for grass patches, which is in agreement with previous research in
unburned Mediterranean shrublands (e.g., Maestre and Puche 2009; Mayor
and Bautista 2012). However, after the fire, the soil functional indices showed
the influence of additional plant traits. Resilience of soil functions mostly
depended on regeneration traits, while resistance seemed to be mostly driven
by plant structural traits that could modulate soil heating. Thus, the rather
consistent trend in soil resistance between seeder shrub patches, with U.
parviflorus showing the lowest resistance values and R. officinalis showing the
highest values, could be associated with differences in the flammability of the
plant canopies, which is supported by the positive relationship found between
soil function resistance and maximum soil temperature reached during the
fire. Indeed, previous research in the study sites found that the load of fine
dead fuel accumulated by plants was the critical trait determining fuel
consumption and soil temperatures during the experimental fires, and that U.
parviflorus patches showed the highest accumulation and R. officinalis patches
the lowest (Santana et al. 2011). The density of fine dead fuel was also high in
herbaceous patches of B. retusum, but the total fuel load was low due to the
small size of this grass (<15-cm height) (Santana et al. 2011). In this way, a
suite of flammability-related traits appeared to control soil heating, which in
turn controlled the amount of change in soil functions caused by fire. Soil
temperature was not assessed for Q. coccifera patches and thus we do not
know if heat released was similar to that in patches of the seeder shrub
species. Biomass density of Q. coccifera canopies is typically very high
(Velazquez-Martia et al. 2010), which could have led to high local fire severity.
However, relative water content of leaves of resprouter species such as Q.
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coccifera are typically higher than that of seeder species (Vilagrosa et al. 2013),
which would explain lower biomass consumption and associated soil heating.

The variation in soil function resistance between plant functional
groups and species did not fully match the variation in soil resilience, which
was low and similar for all patches of seeder species and higher in Q. coccifera
and B. retusum patches. Higher resilience in soil functioning for patches of
resprouter species can be explained by the faster post-fire recovery rate of
these species as compared with that of seeders, which has been observed in
many previous studies in Mediterranean ecosystems (e.g., Keeley 1986; Pausas
et al. 1999; Lopez-Poma and Bautista, in review; see Chapter 3). The fast
recovery of aboveground biomass in resprouter plant patches reduces the time
that the soil surface is exposed to erosion and compaction agents, and
increases surface rugosity and rainfall interception, which enhances water
infiltration under the plant patch. Furthermore, since resprouter individuals
normally survive the fire, the root systems in resprouter plant patches
maintain their role in nutrient cycling, providing inputs of organic matter and
secreting soil enzymes, after the fire (Lambers et al. 2009).

For unburned conditions, soil functioning in bare soil interpatches was
lower than in plant patches. Conversely, the resistance of soil functions to fire
was higher in bare soils. These results can be attributed to both the baseline,
pre-fire poorer functioning of bare soils, which can only be minimally further
reduced, and the characteristic lower fuel load of these microsites, which
reduces potential fire impact, as compared with plant patches. Similarly,
working in a Mediterranean shrubland in E Spain, Gonzalez-Pelayo et al (2006)
found that high and moderate-severity fires homogenized the water retention
capacity of the surface soil by having a higher impact in vegetation patches
than in bare interpatches. In burned grasslands of the Chihuahuan desert, Ravi
et al. (2009) found fire-induced water repellency and higher soil erodibility in
soils underneath vegetation patches, but not in adjacent bare soil interpatches.
Gimeno-Garcia et al. (2011) reported a similar negligible fire effect on water
repellency of bare soils in a Mediterranean shrubland, while fire either
increased or decreased soil water repellency in the vegetation patches as a
function of the plant species.
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The observed role played by plant functional and structural traits in
modulating the response of soil functions to fire anticipates the impact of
possible shifts in the composition and structure of plant communities driven by
increasing fire frequency. In general, recent studies in fire-prone
Mediterranean shrublands have observed that short fire intervals (e.g., up to 3
fires in 15 years) may increase the proportion of short-lived herbs, resprouter
grasses, and subshrub species (Delitti et al. 2005; Grigulis et al. 2005;Vila-
Cabrera et al. 2008; Santana et al. 2012b). According to our results, this kind of
change would adversely impact soil functioning, as it is generally poorer in
herbaceous patches than in shrub patches. This would be also the case if plant
cover recovery is decreased or delayed by repeated fires (Mouillot et al. 2003;
Malak and Pausas 2006; Wittemberg and Inbar 2009; Gonzalez-Pelayo et al.
2010), or if there is an increase in the ratio between seeder and resprouter
species due to either high fire frequency (Lloret et al. 2003; 2005) or severity
(Hollingsworth et al. 2013), since long post-fire windows of scarce plant cover
could greatly jeopardise the recovery of soil functions (Mayor et al. 2007,
Wittemberg and Inbar 2009). The observed post-fire differences in soil
functions among the various patch types may be reduced over the long term,
once all species reach maturity and adult size. Nevertheless, differences in the
resilience of soil functions are particularly relevant the first months after the
fire, when degradation risk is at its peak.

Although the soil functional indices used in this work have captured
consistent and clear differences in soil functioning among a variety of plant
and bare-soil microsites, major fire impacts on soils, involving the
transformation of organic matter and nutrients are not expected when soil
temperatures do not exceed 100°C (Giovannini 1994; De Bano 2000; Gimeno-
Garcia et al. 2000), as occurred during our experimental fires and is not
uncommon for Mediterranean shrublands (e.g., Fioretto et al. 2005). Thus,
most likely, the main fire impact on soil processes and functions in our study
were mediated by fire effects on plant material followed by plant-soil
interactions.

The LFA methodology used in this work has proven to be a cost-
effective method for a rapid and integrative assessment of the overall soil
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functioning in burned areas. Although originally designed for the assessment of
dryland ecosystems (Tongway and Hindley 2004), LFA has great potential for
the assessment of all kind of ecosystems and conditions where soil surface
properties can be good indicators of soil functioning, as it is the case in
drylands with patchy vegetation (e.g., Cerda 1998; Garcia et al. 2005; Mayor et
al. 2009) and also in recently burned areas (Gimeno-Garcia et al. 2011; Bodi et
al. 2013).

4.5, Conclusions

Plant structural and functional traits modulate the response of soil functions to
fire disturbance in terms of resistance (the amount of change caused by fire)
and resilience (the recovery capacity after fire). Our results point to different
control traits for the resistance and resilience of soil functions, being soil
resistance more influenced by plant structural traits related to the potential
fuel consumption, and soil resilience highly determined by the post-fire
regeneration strategy of the plant species (resprouter vs. seeder). Overall, soil
functions were more resistant in patches of resprouter species and in patches
of seeder species with lower contents of fine dead fuel, while soil functions
were more resilient in patches of resprouter plants. The consistency of these
results across the three study sites, despite some variation in environmental
conditions, highlights the robustness of the observed role for plant traits in
modulating fire impact on soil functioning. According to these results, changes
towards an increasing presence of resprouter grasses, seeder species, and bare
soil caused by frequent fires in Mediterranean shrublands would decrease soil
functioning and increase the vulnerability of the ecosystem to post-fire
degradation.
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5. Plant regeneration traits modulate the response to fire of soil enzyme
activity in Mediterranean shrublands

5.1. Introduction

In Mediterranean ecosystems, wildfires are major disturbances that can
produce short and long lasting impacts on a variety of soil properties and
processes, and greatly alter soil functioning (Neary et al. 1999; Hernandez et al.
1997; Certini 2005; Knicker 2007; Shakesby 2011). Soil enzymes are important
in soil functioning because of their role in decomposition of organic inputs and
nutrient cycling; they are critical to carbon (e.g., B-glucosidase and B-
galactosidase), phosphorus (phosphatases), nitrogen (urease) and sulphur
(sulphatase) cycles (Karaca et al. 2011). Soil enzymes are considered good
indicators of fire impacts on soil quality as they are involved in key soil
processes, rapidly response to natural and anthropogenic disturbances, and
can be easily measured (Ajwa et al. 1999; Zornoza et al. 2007; Boerner et al.
2008; Karaca et al. 2011). However, knowledge on the factors and underlying
mechanisms that control the resistance (magnitude of the decline) and
resilience (post-fire recovery) of soil enzyme activities in response to fire
remains very limited (Guénon and Gros 2013).

Soil enzymes are highly sensitive to fire (Saa et al. 1993; Boerner et al.
2008), which can cause denaturation of proteins, decomposition of
metabolites, temporary soil sterilization, changes in the soil microbial
community, increased phosphorus and nitrogen mineralization, and reduced
water availability, among other relevant changes in the environment and
conditions of the enzyme pool (DeBano et al. 1998; Hernandez et al. 1997,
Wan et al. 2001; Guénon et al. 2011; Goberna et al. 2012). Both fire severity
and frequency have proven to control fire impact on soil enzyme activities, yet
with varying effects depending on the enzyme type. For example, Saa et al.
(1993) found a drastic reduction in acid phosphatase and an intense
mineralization of organic P in soils affected by severe wildfires, while the
activity of this enzyme hardly changed in soils that had been subjected to low-
severity controlled fires. Boerner and Brinkmanm (2003) found that repeated
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prescribed fires decreased acid phosphatase and B-glucosidase activities, but
increased phenol oxidase activity, which was attributed to a reduction in
organic matter quality and increased dominance of recalcitrant organic matter
forms. The persistence of these fire effects on the soil enzyme pool over time,
which relates to the resilience of the soil enzyme activity, has been reported to
last from several months (e.g., Herndndez et al. 1997) up to four years
(Staddon et al. 1998).

The specific response of soil enzymes to fire may largely depend on
fire-induced changes in the plant community (Hart et al. 2005). The amount
and type of vegetation determine the quantity and quality of litter, nutrient
demands, root detritus and exudates, soil surface temperature,
evapotranspiration rates, and soil water availability, all of which can greatly
affect soil enzyme activity (Ajwa et al. 1999; Neary et al. 1999; Papa et al.
2007; Fioretto et al. 2009). However, little research has focused on the role of
vegetation type (i.e., species and/or functional composition) as a controling
factor of fire effects on soil biochemical functions (Barcenas-Moreno et al.
2014). In Mediterranean ecosystems —and other crown-fire ecosystems
worldwide— the post-fire regeneration response of plant species defines two
main plant functional groups: (1) obligate seeders (hereafter seeders), which
are species that regenerate exclusively from seeds, and (2) obligate and
facultative resprouters (hereafter resprouters), which are species that can
regenerate by vegetative regrowth (Keeley 1986; Pausas et al. 2004a). Seeder
and resprouter species may differ in nutrient demands; biomass allocation to
either above or belowground growth; leaf nutrient content; and litter
decomposition rates (Pate et al. 1990; Verdu 2000; Knox and Clarke 2005;
Schwilk and Ackerley 2005; Saura-Mas and Lloret, 2009). Furthermore,
resprouters are often long-lived species that survive fire impact by resprouting
from protected regenerative organs, generally from root systems that may
continue to be active through repeated fires. In contrast, seeder species have a
shorter life cycle and recruit new individuals after fire (e.g., Keeley 1986;
Pausas et al. 1999). Consequently, it can be hypothesized that seeder and
resprouter species develop contrasting plant-soil systems, which differ in their
abilities to withstand and recover from fire disturbance. In line with this
hypothesis, using indicators of overall soil functioning, Lopez-Poma et al. (in
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review; see Chapter 4) have recently reported that both resistance and
resilience of soil functioning were higher in patches of resprouter species than
in patches of seeder species, with patches of seeder species that typically
accumulate high content of fine dead fuel showing the highest decrease in soil
functioning.

In this study we evaluated the role of fire-related plant functional
groups in modulating fire impact on soil enzyme activity in a Mediterranean
fire-prone shrubland. Our objectives were to investigate (1) the effect of
seeder and resprouter species on the resistance to fire, post-fire recovery
dynamics, and resilience of soil enzyme activity, and (2) the potential role of
soil organic C and plant cover dynamics as control factors of the soil enzymatic
response to fire. Using experimental burnings, we specifically assessed fire
impacts and post-fire recovery dynamics of soil enzyme activity, plant cover,
and soil organic Cin (1) resprouter shrub patches; (2) seeder shrub patches; (3)
patches of mixed resprouter and seeder species; and (4) interpatches (i.e.,
areas between shrub patches with bare soil or scarce vegetation, typically
grasses and chamaephytes). For this study, we chose two extracellular
enzymes involved in P and C cycling: Phosphomonoesterase (hereafter acid
phosphatase) and B-glucosidase. Acid phosphatase is produced by plant roots
and has been pointed out as particularly good indicator of fire effects as
compared with other soil enzymes (Staddon et al. 1998). It catalyzes the
hydrolysis of a variety of organic and inorganic phosphomonoesters, and is
therefore important in soil P mineralization and plant nutrition, particularly in
P-limited soils. Its activity is inhibited by high levels of inorganic P. The most
predominant glycosidase in soil is B-glucosidase, which is produced by fungi
and bacteria. It is the third enzyme in a chain of three which break down labile
cellulose and other labile C forms and its activity is stimulated by complex
organic substrate to be degraded (Tabatabai 1994). These characteristics
suggest that these two enzymes represent a range in production and
regulation mechanisms and therefore in potential soil enzymatic response to
fire disturbance.
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5.2. Materials and methods
5.2.1. Study area

The study was conducted in a Rosmarinus-Erica Mediterranean shrubland of
eastern Spain, in the province of Valencia. The study site (39°07'N 0°57'W; 20%
NE facing slope; 980 m.a.s.l.) has a dry-Mediterranean climate, with a mean
annual precipitation of 430 mm, and mean annual temperature of 13°C. Soils
are Humic Leptosols (FAO, 1998) (Lithic Xerocrept, Soil Taxonomy) developed
over white marls and limestone (See Table 5.1 for a description of main soil
properties). Vegetation was a dense shrubland that developed after a wildfire
on a Pinus halepensis forest in 1979. The dominant shrub species were the
seeder species Rosmarinus officinalis L. (27% plant cover), and the resprouter
species Erica multiflora (26% plant cover). Other seeder shrub species, such as
Ulex parviflorus Pourr., and resprouter shrub species, such as Quercus
coccifera L. and Juniperus, oxycedrus L. were also abundant in the study site.
The herbaceous layer was dominated by the resprouting perennial grass
Brachypodium retusum (Pers.) Beauv.

Table 5.1: Soil characteristics of the experimental site (Mean £SE, n=12).

Variable Mean SE
Organic C (%) 6.25+0.35
Total nitrogen (%)* 0.35+0.02
C/N ratio 17.8240.27
Available P (ppm)* 26.42+2.74
pH 7.1340.03
EC (mS/cm) 0.35+0.01
Sand (%) 59.70+0.89
Silt (%) 27.05+0.76
Clay (%) 12.82+0.57

! Organic C was measured using the titration (Walkley & Black Method)
method; total Nitrogen was measured by the Kjeldahl method; and
available P by the Olsen method (In: Carter M. R. (Ed.). 1993. Soil sampling
and methods of analysis. CRC Press.).
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In general, the climatic conditions during the study period were drier
than the long term (1950-2009: Ayora weather station - 39°01'N 1°03'W)
average (Fig. 5.1), except for few months with extreme rainfall events, such as
September 2009 and March 2011, when monthly precipitation exceeded
average values by a large amount.
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Figure 5.1: Net monthly precipitation: difference between monthly rainfall over the
study period (May 2009- May 2012) and the respective monthly long-term (1950-2009)
average; and mean monthly temperature over study period. Data from Ayora Weather
Station (Confederacion Hidrogrdfica del Jucar Network).The arrows point to the
experimental burning and sampling times: Two weeks before the fire (UB), and two
weeks (B1), 12 (B2), 30 (B3) and 36 months (B4) after the fire.

5.2.2. Experimental design, sampling, and laboratory procedures

For the experimental treatments, we selected four types of shrubland
microsites: (1) patches dominated (i.e., where plant cover of the target
functional group was higher than 90% of total patch cover) by seeder shrubs
(SS), patches dominated by resprouter shrubs (RR), mix patches co-dominated
(between 40 and 60% cover each) by seeder and resprouter shrubs (SR), and
shrub interpatches (IP), which represented areas between shrubs, typically
covered by scattered grasses and chamaephytes.

On May 2009, an experimental burn (Fig. 5.2) was conducted over a
homogeneous ~500 m? area. The fire completely burned the shrub cover and
litter. Maximum temperature measured by thermocouples installed at the soil
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surface was 492 + 32°C (mean * SE, n=35). Prior to the burning, we marked all
individual shrub patches that fit into any of the selected patch microsite types,
and all interpatch areas equal or larger than 1m?% then we randomly selected
12 circular (1m-diameter) plots for each microsite type (SS, RR, RS, and IP),
totalling 48 sampling plots in the study site. For each plot, we measured soil
acid phosphatase and B-glucosidase activities, soil organic C, and plant cover

dynamics over a three-year period.

Figure 5.2: From left to right and top to bottom, images of the experimental site
before, during, inmediatelly after, and two years after the experimental fire.

The soil variables were assessed two weeks before fire (UB), and two
weeks, 12, 30, and 36 months after the fire (B1, B2, B3, and B4 respectively)
(Fig. 5.2). In order to make pre- and post-fire enzyme activities comparable and
to control for the influence of seasonal variability, soil sampling always took
place in spring or autumn, when the maximum enzyme activities can be
expected in response to optimum conditions of temperature and water-
availability and to the peaks in plant growth (spring) and litterfall (autumn) in
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Mediterranean ecosystems (Sardans and Pefiuelas 2005; Sardans et al. 2008).
At each sampling time, we took one soil core (0-5 cm depth; 5 cm diameter)
from each circular sampling plot. The soil cores for the various sampling times
were taken ~ 15cm apart from each other, at a similar distance (~¥30 cm) from
the centre of the circular plot, and on the south-facing side of the plot. The soil
samples were air-dried and sieved, and the <2mm diameter fraction was
stored in plastic boxes until analysis. Soil organic C was determined by
potassium dichromate-sulphuric acid oxidation (Mebius 1960). Soil acid
phosphatase and B-glucosidase activities were determined colorimetrically as
the amount of p-nitrophenol (PNP) produced after incubation of 0.5 g of sail
(37°C, 1 h) with p-nitrophenyl-phosphate and p-nitrophenyl-B-D-
glucopyranoside, respectively (Tabatabai and Bremner 1969; Tabatabai 1994).

On each sampling plot, total plant cover and total cover of seeder and
resprouter species were independently estimated by the grid-point intercept
method, using a 0.25 m” quadrate frame with 100 grid points. Plant cover was
assessed two weeks before the fire and 9, 12, 18 and 36 months after the fire.

5.2.3. Resilience and resistance calculations

The soil enzymatic response to fire disturbance was quantified using resistance
and resilience indices developed by Banning and Murphy (2008). Resistance
(RS) is defined as the magnitude (%) of change in a given soil function caused
by fire (measured immediately after fire), while resilience is captured by two
indices: The Recovery index (Rx), which defines the difference (%) between
burned and unburned conditions at a given time after the fire regardless the
initial fire impact (RS values), and the Resilience index (RL), which is expressed
relative to the initial resistance. The indices were applied to our data as

follows:
Resistance: RS = —100{UB;81}
Resilience: Rx:—lOO{UB_BX} and RL =—(RS - Rx)

where UB represents pre-fire values for the target variable, Bl
represents the values recorded immediately after fire (two weeks after fire),
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and Bx corresponds to average values for the last two sampling periods (B3
and B4; i.e., 30 and 36 months after fire).

An RS value of zero indicates maximum resistance, with no difference
between recently burned soils (B1) and unburned soils (UB), while an RS value
of -100 indicates a complete depletion of soil enzyme activity in burned soils
(B1). Positive values of the RS index may occur when soil enzyme activity in
burned soils (B1) is higher than in unburned soils (UB). Rx values are
interpreted similarly to RS values, with values of zero indicating complete
recovery at a given time x. For the RL index, a value of zero indicates no
resilience. Negative RL values indicate further decline in enzyme activity
beyond the initial fire impact. Positive values indicate resilience.

5.2.4. Data analysis

We used a repeated measures ANOVA to test the effect of Fire (unburned
versus two weeks after fire) and Microsite type (SS, RR, SR, and IP) on sail
enzyme activities (acid phosphatase and B-glucosidase) and organic C. The
effect of Microsite type on the post-fire dynamics of soil enzyme activities (acid
phosphatase and pB-glucosidase), organic C, and plant cover over the
monitoring period (two weeks, 9, 12, and 36 months after fire) was tested
using repeated measures ANOVA, with Time as the within-subject factor and
Microsite type as the between-subject factor. The effect of Microsite type on
pre-fire soil enzyme activity and on the resistance, recovery and resilience of
these activities (i.e., RS, Rx, and RL indices) were analysed using one-way
ANOVA, followed by Tukey test in the case of a significant microsite effect.
Relationships between acid phosphatase and B-glucosidase activities and soil
organic C, and between these soil biochemical properties and plant cover were
analyzed using Pearson correlation. Prior to analysis, the normality and
homoscedasticity of the various sets of data were tested and all data met
these assumptions. Statistical analyses were performed with SPSS Statistics v.
17.0 (SPSS Inc., Chicago, IL).
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5.3. Results
5.3.1. Microsite effect on soil and plant dynamics in response to fire

Pre-fire activities of acid phosphatase and B-glucosidase significantly varied
among the microsite types, with acid phosphatase showing the gradient IP<
SS< RR< SR (F= 20.895, P< 0.001; one way ANOVA) and B-glucosidase showing
the gradient IP<SS< RR<SR (F= 12.804, P< 0.001; one way ANOVA). The highest
values for both enzyme activities were recorded in the patches with presence
of resprouter species (RR and SR) (Fig. 5.3).
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Figure 5.3: Pre-fire values and post-fire dynamics of soil acid phosphatase and 6-
glucosidase activities in interpatch areas (IP), seeder shrub patches (SS), resprouter
shrub patches (RR) and mixed patches of resprouter and seeder species (SR).

Enzyme activity decreased after fire (Fig. 5.3). Repeated measures
ANOVA on pre-fire and immediately (two weeks) after fire data showed
significant effect of both Fire and Microsite on acid phosphatase and B-
glucosidase, with no interaction between these factors (Table 5.2). All over the
post-fire period assessed, the activity of both enzymes varied among microsite
types in a consistent way, with shrub patches including resprouter species,
with or without seeder species, showing the highest values (Table 5.3, Fig. 5.3).
The post-fire temporal dynamics of enzyme activity varied between acid
phosphatase and B-glucosidase. In both cases, there was an initial decrease in
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enzyme activity that lasted at least one year. However, while B-glucosidase
increased its activity afterwards, acid phosphatase showed a decreasing trend
till the end of study period (Fig. 5.3).

Table 5.2: Results from repeated measures ANOVA (F and P values) on soil acid
phosphatase, 8-glucosidase, and organic C data, with Fire (two weeks before and after
the fire) as within-subject factor, and Microsite (IP, SS, RR, and SR) as between-subject
factor (Significant results are depicted in bold).

Acid phosphatase B-glucosidase Organic C
Within subject
Fire F=47.573 F=49.954 F=2.353
P<0.001 P<0.001 P=0.132
Fire x Microsite F=0.919 F=1.562 F=0.233
P=0.440 P=0.212 P=0.873
Between subject
Microsite F=22.098 F=15.624 F=3.180
P< 0.001 P< 0.001 P=0.033

Microsite type significantly affected soil organic C, with microsites
including resprouter species showing the highest values (Fig. 5.4). We did not
find any effect of Fire (Table 5.2) and Time after fire (Table 5.3), nor interaction
effects between Microsite and Fire or Microsite and Time after fire on this
variable.
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Figure 5.4: Pre-fire values and post-fire dynamics of soil organic C (%) per microsite
type: interpatch areas (IP), seeder shrub patches (SS), resprouter shrub patches (RR)
and mixed patches of resprouter and seeder species (SR).

Table 5.3: Results from repeated measures ANOVA on soil acid phosphatase, B-
glucosidase, organic C, and plant cover data, with Time (two weeks, 12, 30, and 36
months after fire) as within-subject factor and Microsite (IP, SS, RR, and SR) as
between-subject factor (Significant results are depicted in bold).

Acid B-glucosidase Organic C Plant
phosphatase cover
Within subject
Time F=2.051 F=19.025 F=1.964 F=117.272
P=0.110 P<0.001 P=0.123 P<0.001
Time x F=0.278 F=0.362 F=0.690 F=10.646
Microsite P=0.980 P=0.951 P=0.717 P<0.001
Between subject
Microsite F=11.333 F=12.858 F=6.167 F=29.901
P< 0.001 P< 0.001 P=0.001 P<0.001

Two weeks after the fire acid phosphatase and B-glucosidase were
positively correlated between them and with soil organic C. However, at the
end of the study period (36 months after the fire), acid phosphatase and B-
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glucosidase were no longer correlated; the correlation of acid phosphatase and
organic C were still significant but weaker, and the correlation between (-
glucosidase and organic C was not significant. At this last sampling time, both
enzyme activities and organic C were positively correlated with plant cover
(Table 5.4).

Table 5.4: Pearson correlation coefficients (r) and significance (P) for pair-wise
relationships between soil acid phosphatase, 8-glucosidase, organic C, and total plant
cover, early (two weeks) after fire and 36 months after fire (Significant results are
depicted in bold).

2 weeks post-fire 36 months post-fire

(n=48) (n=48)

Acid phosphatase — B-glucosidase r=0.438 r=0.196
P=0.002 P=0.183

Acid phosphatase - Organic C r=0.502 r=0.306
P<0.001 P=0.034

B-glucosidase - Organic C r=0.302 r=0.279
P=0.037 P=0.055

Acid phosphatase - Plant cover r=0.293
P=0.043

B-glucosidase - Plant cover r=0.383
P=0.007

Organic C - Plant cover r=0.467
P=0.001

Repeated measures ANOVA showed a significant effect of Time and
Microsite, and significant interaction (Time x Microsite) on post-fire plant
cover (Table 5.3). Throughout the study period, plant cover followed the
gradient IP<SS<SR<RR (Fig. 5.5, Fig. 5.6). The interaction between Microsite
and Time pointed to the different recovery rates of plant cover for the various
types of microsites, with the microsites that included resprouter species
showing fastest recovery.
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Figure 5.5: A) Post-fire plant cover dynamics per microsite type: interpatch areas (IP),
seeder shrub patches (SS), resprouter shrub patches (RR) and mixed patches of
resprouter and seeder species (SR). B) Cover ratio of seeder (S) and resprouter (R)
species per microsite type 36 months after the fire.

Figure 5.6: From left to right and top to bottom, images of the microsite types:
interpatch areas (IP), seeder shrub patches (SS), resprouter shrub patches (RR) and
mixed patches of resprouter and seeder species (SR) 30 months after fire.
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5.3.2. Resistance and resilience of soil enzyme activity

Fire decreased the activity of both enzymes, but acid phosphatase appeared to
be slightly more resistant (less percentage of change immediately after fire)
than B-glucosidase (Fig. 5.7). Neither acid phosphatase nor B-glucosidase
showed significant differences in resistance between microsites, although
there was an apparent higher resistance in interpatch areas (IP) (Table 5.5, Fig.
5.7).
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Figure 5.7: Resistance (RS), recovery (Rx) and resilience (RL) of acid phosphatase and 8-
glucosidase activities per microsite type: interpatch areas (IP), seeder shrub patches
(SS), resprouter shrub patches (RR) and mixed patches of resprouter and seeder species
(SR). RS= 0 means complete resistance, while increasing negative values indicate lower
resistance. Rx values are interpreted similarly to RS values. RL= 0 means no resilience;
positive values indicate resilience, and negative values indicate further degradation of
enzyme activity beyond the initial fire impact.
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Table 5.5: Microsite effect on Resistance, Recovery and Resilience indices for soil acid
phosphatase and 8-glucosidase activities (One-way ANOVA; F and P values).

Resistance (RS) Recovery (Rx) Resilience (RL)
Acid phosphatase F=0.156 F=0.871 F=0.604
P=0.925 P=0.464 P=0.616
B -glucosidase F=0.569 F=1.149 F=0.155
P=0.638 P=0.341 P=0.926

Three years after the fire, and for all microsite types, the difference in
acid phosphatase activity between pre-fire and burned conditions was even
higher than the difference created immediately after fire. Thus, this enzyme
showed very negative recovery values and negative resilience values (Fig. 5.7).
Conversely, B-glucosidase activity recovered well in all microsites, reaching the
unburned values and even exceeding pre-fire values in the case of
interpatches. There were no significant differences in resilience between
microsites (Fig. 5.7, Table 5.5), although interpatch areas (IP) seemed to be
slightly more resilient than shrub patches for both enzymes assessed, and
seeder species (SS) patches seemed to be the least resilient microsite type. For
B-glucosidase activity, SS shrub patches seemed to be less resistant but more
resilient.

5.4. Discussion

5.4.1. Post-fire regeneration traits and soil enzyme activity

There is abundant evidence that plant species can have major impacts on soil
biochemical properties (e.g., Knops et al. 2002; Rutigliano et al. 2004; Garcia et
al. 2005) and their responses to disturbances (e.g., Hart et al. 2005; Sardans
and Pefuelas 2010; 2013; Barcenas-Moreno et al. 2014). We expected that
plant functional groups that relate to the post-fire regeneration traits of plant
species (i.e., seeder and resprouter species; Keeley 1986; Pausas et al. 2004a)
develop group-specific plant-soil systems that differ in their functioning and
their abilities to withstand and recover from fire disturbance. We found that
post-fire regeneration functional groups modulate soil enzyme activity in
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Mediterranean fire-prone shrublands. For two key soil enzymes involved in P
and C cycling (i.e., acid phosphatase and B-glucosidase, respectively) soil
enzyme activity was higher under shrub patches dominated or co-dominated
by resprouter species than under patches dominated by seeder species. Soils in
interpatch areas showed the lowest enzyme activity. These differences among
microsite types were consistent between pre-fire and post-fire conditions, yet
they slightly vanished over the post-fire period.

Vegetation patches that vary in their proportion of resprouter and
seeder species may largely vary in the quantity and quality of root exudates
and litter inputs (Saura-Mas and Lloret 2009), which in turn may have a
significant influence on soil enzyme activity (Garcia et al. 2005; Zang et al.
2013). However, several previous works that compared soil enzyme activities
for a variety of Mediterranean plant species in unburned conditions did not
show consistent differences between seeder and resprouter species
(Rutigliano et al. 2004, Garcia et al. 2005; Papa et al. 2007). Probably the most
contrasting differences in soil biochemical and microbiological properties
between seeder and resprouter species appear once the plant community has
experienced one or repeated fires. Most resprouter individuals survive the fire
and keep their root systems alive and active, recovering their above-ground
biomass on the same spot. Conversely, seeders are killed by fire, their root
systems decompose and the new individuals establish from seeds in different,
more or less distant spots than pre-fire ones (Keeley 1986). Therefore, in case
of fire, the so-called microbiological hotspots (i.e., enhanced microbial activity
under plant patches; Goberna et al. 2007) are more durable if linked to
resprouter species than to seeder species. As a result, differences between the
soil systems of these two functional groups would accumulate through
repeated fires. Our study site was burned by a wildfire in 1979, and then
burned again by our experimental fire in 2009. Despite the likely inter-specific
differences within both the resprouter (E. multiflora, Q. coccifera, and J.
oxycedrus) and the seeder (R. officinalis, U. Parviflorus, and C. albidus) groups
of species that were assessed in this study, we found a clear pattern of
enhanced soil enzyme activity in resprouter and mixed (resprouter and seeder
combined) shrub patches as compared with seeder shrub patches.
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5.4.2. Soil enzyme response to fire

Fire reduced the activity of both acid phosphatase and B-glucosidase in all
microsite types. This decline in soil enzyme activity immediately after the fire
may be attributed to enzyme denaturation, temporary soil sterilization, P
mineralization, and changes in soil microbial community, among other direct
thermal effects of fire (DeBano et al. 1998; Certini 2005; Guénon et al. 2011;
Goberna et al. 2012). The high correlation found between acid phosphatase
and B-glucosidase activities two weeks after fire suggests that both enzymes
responded to these fire-driven changes similarly, yet the decline in soil enzyme
activity was slightly higher for B-glucosidase than for acid phosphatase. In both
cases, enzyme resistance did not show significant differences between
microsite types. However, there was an apparent tendency towards higher
resistance in interpatch soils as compared with soils under shrub patches. This
can be attributed to lower fuel load and therefore lower fire severity in
interpatch soils, combined with lower pre-fire enzyme activity in this
microsites, which can therefore only slightly be further reduced (Lépez-Poma
et al. in review; see Chapter 4).

One year after the fire, there was no sign of recovery for any of the
two enzyme activities. Similar and longer periods of persistent fire impacts on
enzyme activity have been previously reported for Mediterranean ecosystems
(Hernandez et al. 1997; Guénon et al. 2011). However, after the first post-fire
year, the two target enzymes showed diverging trends: while B-glucosidase
activity shifted towards a positive recovery trend, acid phosphatase showed no
recovery throughout the study period and even further decreased with time
after fire. Contrasting resilience between these two enzymes was also
reported by Guénon et al. (2011). Comparing unburned and burned (four years
after fire) cork oak forests, these authors found that acid phosphatase activity
was still significantly lower in burned than in unburned forests, while B-
glucosidase activity showed the opposite pattern.

Persistent low activity of acid phosphatase could result from high
availability of inorganic P, which inhibits this enzyme activity (Sinsabaugh 1994;
Allison and Vitousek 2005). Initially, the pyro-mineralization of organic P during
the fire (Serrasolsas and Khanna 1995; Certini 2005) could have satisfied P
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demands by plants and microorganisms. In addition, immediately after the
experimental burning, there was an increase in the activity of alkaline
phosphatase (Goberna et al. 2012). This enzyme is involved in the degradation
of phospholipids and nucleic acids and contributes to further increase the
availability of inorganic P. However, many studies have reported that this
initial burst of P mineralization and availability is rather ephemeral (but see
Creech et al. 2012). Furthermore, in neutral or alkaline soils, as the soil in the
study site, inorganic P binds to Ca-minerals or precipitates as discrete Ca-
phosphates (Certini 2005), quickly declining its bioavailability. An alternative
explanation to the persistent low activity of acid phosphatase relates to the
particularly dry conditions that prevailed over most of the study period. Acid
phosphatase is mostly produced by plants and its activity is rather sensitive to
water scarcity (Sardans et al. 2006). Drought-stressed plants reduce post-fire
recovery, nutrient demand, and the production of acid phosphatase by roots,
which can exacerbate the initial fire-driven decline in acid phosphatase
(Fonturbel et al. 2012; Hinojosa et al. 2012). The contrasting response of B-
glucosidase may be attributed to the availability of complex substrates to be
degraded, as a consequence of both fire and drought impacts, which induce
the synthesis and activity of PB-glucosidase (Allison and Vitousek 2005;
Geisseler and Horwath 2009). Furthermore, B-glucosidase is mostly produced
by fungi, which seems to be remarkably resistant to drought (Yuste et al.
2011).

Conversely to soil enzyme activity, total soil organic C (SOC) showed only
small differences between microsite types; it was not affected by fire and
barely changed throughout the study period. Furthermore, the positive
correlations found between SOC and both B-glucosidase and acid phosphatase
activities immediately after fire largely vanished three years after fire. Overall,
these results do not support a relevant role of total SOC as control factor of
enzyme activity, which probably is more dependent on labile SOC forms (Wang
et al. 2013). However, some degree of covariation between total SOC and
enzyme activity can always be expected, as they both reflect and indicate soil
quality. Furthermore, organic matter is the primary source of enzyme
substrates and it contributes to the physical stabilization of enzymes
(Sinsabaugh 1994; Dick and Tabatabai 1992; Karaca et al. 2011).
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5.4.3. Post-fire regeneration traits and soil enzyme resilience

Lépez-Poma et al. (in review; see Chapter 4), found that soil functions were
more resilient to fire in patches of resprouter plants. In agreement with these
results, we expected higher resilience of soil enzyme activity under resprouter
and mixed shrub patches than under seeder shrub patches. Resprouter and
mixed shrub patches quickly increased plant cover after fire, benefiting from
the ability of resprouter individuals to rapidly mobilize underground reserves
and reactivate nutrient and water uptake soon after fire (Canadell et al. 1991;
Whelan 1995). Conversely, plant cover on seeder patches was still very low
(~20%) three vyears after fire, only slightly higher than plant cover on
interpatch areas. This contrasting plant response probably affected nutrient
demand and rhizosphere activity and, therefore, it could be expected to
control soil enzyme resilience. In fact, three years after fire, -glucosidase and
acid phosphatase were positively correlated to plant cover. However, we
found only minor, non-significant differences in soil enzyme resilience between
shrub patch types, which suggest that other factors could have
counterbalanced or masked the role played by plant recovery. The lack of
differences in the resilience of B-glucosidase between the various types of
shrub patches could have resulted from the counterbalancing effect of higher
rhizosphere activity under resprouter shrubs on the one hand, and higher
availability of decaying organic matter under seeder shrubs, most of which are
killed by fire, on the other hand. The apparent higher resilience of interpatch
areas as compared with shrub patches could be explained by a lower initial fire
impact on these microsites. The recovery of acid phosphatase was probably
hindered by the effect of a persistent drought that followed the fire, which
seems to have magnified the initial fire impact and masked any potential effect
of microsite type (Hinojosa el al. 2012). However, despite the general post-fire
decline in acid phosphatase activity across microsite types, there was a
tendency towards lower resilience in seeder shrub patches, which is in
agreement with our expectations and previous work by Lépez-Poma et al. (in
review; see Chapter 4).
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5.5. Conclusions

Plant functional groups that relate to post-fire regeneration traits (i.e., obligate
seeder and resprouter species) modulate the activity of soil extracellular
enzymes acid phosphatase and B-glucosidase in Mediterranean fire-prone
shrublands. The activity of both enzymes is enhanced under shrub patches
dominated or co-dominated by resprouter species as compared with soils
under seeder shrub patches and interpatch soils. Fire similarly reduced the
activity of both acid phosphatase and PB-glucosidase in the short term.
However, these enzymes showed contrasting differences in resilience. B-
glucosidase, a substrate-dependent enzyme that is involved in the degradation
of cellulose and is mostly produced by microorganisms, particularly fungi,
proved to be very resilient to fire. Conversely, acid phosphatase, which is
mostly produced by plants, did not show any sign of recovery over the first
three pre-fire years, probably due to the combined effect of fire and post-fire
drought. How the resulting alteration in P cycling processes can affect
vegetation recovery in P-limited soils would deserve further research. Overall,
the results suggest that the positive influence of resprouter shrubs on soil
enzyme activity is very resistant to fire. However, contrasting responses to fire
and drought disturbances between the various enzyme types could greatly
alter nutrient cycling dynamics. Our results provide insights on how plant
functional traits and groups modulate soil biochemical and microbiological
response to fire and contribute to define general patterns and control factors
of ecosystem resistance and resilience to wildfires.
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6. General discussion and conclusions

6.1. Fire severity and resilience of Mediterranean plant communities

Disturbances like fire can shape patterns of secondary succession by affecting
processes of community assembly. Fire regime (frequency and/or severity)
affects plant recovery patterns and may act as environmental filter that selects
species with regeneration traits adapted to that particular fire regime, with
consequent impacts on species abundance in the post-fire community
(Moreno and Oecheel 1991a; Pausas et al. 2003; Lloret et al. 2003;
Hollingsworth et al. 2013). This doctoral research work (Chapters 2 and 3)
provides evidence that the post-fire biological structure of Mediterranean
plant communities is largely shaped by fire severity. In turn, fire severity
depends on plant traits that relate to the potential flammability of the
community, such as tissue moisture content and chemical composition, fuel
area-to-volume ratio, plant height, canopy density, and retention of dead
branches (Dimitrakopoulos and Panov 2001; Baeza et al. 2002; Schwilk 2003;
Baeza et al. 2011; Santana et al. 2011).

In @ common Mediterranean landscape, with a mosaic of plant
communities that represent different successional stages after agricultural
land abandonment, fire severity controlled the recovery rate (engineering
resilience - sensu Holling 1996) of vegetation abundance, and filtered species
composition, promoting shifts to alternative communities (ecological resilience
— sensu Holling 1996). It is worth noting that engineering and ecological
resilience do not always follow the same pattern. For example, pine forest
areas were moderately resilient regarding the post-fire recovery of total plant
cover. However, this type of community shifted to a new domain (gorse
shrubland) with low probability of re-establishing the biological structure of
the previous state, therefore proving to be low resilient in ecological terms
(Holling 1973). It is known that severe fires on young pine stands may result in
local extinction of pines, since they may have not produced a significant
canopy seedbank before the fire (Pausas et al. 2004b). Furthermore, pine
forest resilience also depends on the dominant pine species. Thus, species that
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produce few seedlings after fire (e.g. P. nigra, P. sylvestris, and P. pinea) favour
post-fire ecosystem shifts to other community types (Rodrigo et al. 2004). In
our case, low ecological resilience of mature pine forest seems to have
resulted from the combination of high fire severity and post-fire drought,
which acted together as a selective filter that favoured the spreading of seeder
shrubs (although delaying their recovery at the earliest post-fire stage), and
hindered the germination of pine seeds, which do not maintain viable seeds
for long after dispersal. Out of several combinations of factors that could
hinder community self-succession after fire and promote ecosystem shifts, our
results point to factors of particular relevance in a context of climate change,
according to which more severe and frequent wildfires and droughts are
expected in the Mediterranean region (Schroter et al. 2005).

The filtering role of fire severity was evident at the microsite scale. The
spatial variation in fire severity within plant communities was highly correlated
with variations in plant recovery, but this relationship was modulated by fire-
related plant functional groups. Microsites burned at high severity filtered out
sensitive resprouters, and created degraded bare-soil gaps. These microsites
were later colonized by seeders that maintain persistent viable seeds in the
soil seed bank, such as Ulex parviflorus and Cistus albidus. As a result of this
contrasting response of seeders and resprouters to fire severity, there was an
exponential increase in the seeder/resprouter abundance ratio with increasing
fire severity within the burned area (Chapter 3).

Overall, our results show that both ecosystem resilience and resistance
are strongly influenced by the plant post-fire regeneration traits of the
dominant plant species. On the one hand, these traits act as response traits
(sensu Lavorel and Garnier 2002). First, they affect the way species resist fire
impacts. For example by maintaining viable seeds in the soil seed bank (e.g.,
Ulex parviflorus, Cistus albidus, and Rosmarinus officinalis), and by keeping
protected living tissues in belowground structures (e.g., Brachypodium
retusum, Quercus coccifera, Erica multiflora and Juniperus oxycedrus). Second,
post-fire regeneration traits modulate the recovery of the plant community
after fire (Keeley 1986; Pausas et al. 2004a; Bond and Midgley 2001; Lloret et
al. 2005) (Fig. 6.1). On the other hand, plant post-fire regeneration traits per se
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seem to have a significant influence on ecosystem functions (effect traits).
Conversely to the hypothesis formulated by Lavorel and Garnier (2002),
according to which regeneration and demographic traits associated with
response to disturbance would be of little relevance to mature-ecosystem
processes, we found that post-fire regeneration traits largely affect soil
functions (Chapter 4 and 5) and propensity to disturbance (Chapter 2). Thus,
different species from the same post-fire regeneration functional group may
share similar structural traits determining flammability and fire severity. For
example, seeder species tend to have lower total fuel load but higher dead-to-
live fuel ratio, and lower moisture content than resprouter species of
comparable life forms (Saura-Mas et al. 2010). However, the results presented
in Chapter 4 also highlight the importance of species-specific structural traits in
determining fire effects (See also Section 6.2 below).

Community
structure and
diversity
Regenerative traits
Response traits
Disturbance ist Resili
(Fire re gime ) sistance esliien
Effect traits
Structural traits
Ecosystem
functioning

Figure 6.1: Plant structural traits and post-fire regeneration traits interact to determine
ecosystem resistance and resilience to fire, which in turn influence community structure
and diversity, and therefore ecosystem functions. Adapted from Lavorel and Garnier
(2002).
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Many traits, either regeneration or structural features, have been
showed experimentally to correlate with the response of plants and
communities to fire (Pausas et al. 2004a; Brasdshaw et al. 2011). Table 6.1
compiles reported results in that regard. Some plant traits have been
described as adaptations to surviving fire (Keeley et al. 2011); the main two
fire-persistence traits (resprouter and seeder), have been used in predictive
modelling along fire-regime gradients (Pausas 1999; Vesk and Westoby 2004;
Hollingsworth et al. 2013), highlighting the importance of the patterns and
processes that underlie the expression of these plant traits on ecosystem
response to fire. Plant regeneration traits should not be randomly distributed
along the geographical gradient, plant trait distribution should follow a
predictable trend along the combined fire and climatic gradient (Lloret et al.
2005) or productivity gradient (Pausas and Bradstock 2007). Further research
on the functional linkages and trade-offs among traits, would help to
determine the filtering potential of target environmental factors, to capture
the complexities of community assembly, predict the impact of fire regime,
and identify ecosystem vulnerability to disturbances.

Table 6.1: Plant traits that may have functional relevance in the response of plant
individuals and communities to fire impact.

Functional role References
Structural traits
Growth form or life Determines the fuel structure and  Pausas and
form (grasses, ecosystem flammability. Bradstock 2007
herbaceous, shrubs,
trees)

Accumulation of dead Modulates local fire temperatures  Baeza et al. 2002,
biomass and heat release Schwilk 2003

Dead-to live fuel ratio Mediates fuel combustibility and Saura-Mas et al.

flammability 2010
Canopy architecture Determines the fuel flammability Goubitz et al. 2004;
and continuity, and canopy Ruiz-Gonzalez and
density. Alvarez-Gonzalez
2011.

108



General discussion and conclusions

Surface to volume ratio

Chemical components
of plant tissues
(volatile oils, waxes
and resins)

Water content of
branches, twigs and
leaves

Regeneration traits

Serotiny

Seed dormancy

Timing of seed release
and dispersal mode

Bark thickness in trees

Resprouting ability

Root stored reserves

Root lateral spreading
(Root system
morphology)

Root depth (root
system morphology)

Determines fuel flammability.
Smaller twigs and smaller leaves
commonly have higher surface:
volume ratio, and therefore be
more flammable

Contribute to enhance
flammability and heat-content.

Determines fuel flammability,
High leaf and twig dry matter
content are expected to increase
flammable.

Protects seeds from fire damage
in serotinous cones, and to confer
plant tolerance to fire

Leads to production soil seed-
bank, allowing seed to avoid
unfavourable conditions and
recover later.

Modulates seed ability to disperse
and colonize.

Modulates protection of stem
buds.

Modulates resprouting from
dormant buds once foliage is
removed

Modulates resprouting; plants
require a substantial pre-fire
allocation of resources.

Allows plants to explore the
surface soil horizons, and favours
wide-spread of clonal growth

Modulates uptaking capacity.

Pereire et al. 1995;
Cornelisse et al.
2003.

Dimitrakopoulus and
Panov 2001; Nufiez-
Regueiro et al. 2005;
Alessio et al. 2008a

Saura-Mas et al.
2010

Moya et al. 2013

Ferrandis et al.
1996; Valbuena et
al. 2000

Keeley and
Fotheringham 2000;
Bastida and Talavera
2002.

Pausas 1997;
Bellingham and
Sparrow 2000;

Bellingham and
Sparrow 2000; Bond
and Midgley 2001;

Bond and Midgley
2001; Moreira et al.
2012

Guerrero-Campo et
al. 2006

Guerrero-Campo et
al. 2006
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6.2. Plant-traits and soil functioning relationships

Plant and soil interactions and feedbacks drive important ecosystem processes
such as biomass production, water availability, and nutrient cycling (Wardle et
al. 2004). Plant effects on these processes are mediated by multiple plant traits
(Eviner and Chapin 2003). For example, litter chemistry, litter mass, biomass,
quality of root exudates and labile C inputs, and rate and pattern of root
growth modulate the structure and activity of the soil microbial community
(Fioretto et al. 2000; Eviner 2004; Hart et al. 2005; Barcenas-Moreno et al.
2014). Different plant species create their own microenvironment, leading to
small-scale variations in soil organic carbon, nitrogen and phosphorus content,
pH, and soil microbial diversity (Garcia et al. 2005; Pérez-Bejarano et al. 2010).
However, groups of species share particular combinations of traits (functional
group) that influence ecosystems function in a specific ways. For example,
litter decomposition rates and pattern vary between resprouter and seeder
species, which attributed to differences in leaf chemistry between these two
functional groups (Saura-Mas et al. 2012).

Understanding how plant functional traits modulate the response of
soil functions to fire disturbance is critical to predict the overall impact of
increased fire frequency in fire-prone woodlands and shrublands and would
help to identify the plant-soil interactions and feedbacks behind the ecosystem
response to fire. Plant-soil interactions and feedbacks may shape the
magnitude and ecological impact of disturbances. For example, species-specific
and group-specific structural traits such as accumulation of fine dead fuel
determine fuel consumption, and soil maximum temperature and residence
time during the fire (Santana et al. 2011), and thus largely influence fire impact
on soils and plants, and further post-fire recovery (Chapter 4). In turn, soil
characteristics may also have an influence on fire behaviour by filtering plant
traits. For example, plants with high accumulation of polyphenolic compounds,
which enhance flammability, are common in acidic and infertile soils (Northup
et al. 1998; Orians and Milewski 2007).

We found significant plant effects of plant traits and functional groups
on overall soil functioning (Chapter 4) and particularly on soil enzyme activity
(Chapter 5). Growth-form traits combined with post-fire regeneration traits
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modulate soil functions. Thus soils under the resprouter grass B. retusum was
less functional than under the resprouter shrubs Q. coccifera, while soil
functions under the three different seeder shrub species (Ulex parviflorus,
Cistus albidus, and Rosmarinus officinalis) did not vary between species.
Despite the findings supporting that species within the same post-fire
regeneration functional group may share structural traits related to
flammability (Saura-Mas et al 2010), our results revealed that species-specific
structural traits appeared to control fire severity and the amount of change in
soil functions (resistance). Thus, soil function resistance was higher under R.
officinalis patches than under patches of other shrub seeders (U. parviflorus
and C. albidus), which can be attributed to differences in the amount of fine
dead fuel and leaf chemistry. Conversely, post-fire regeneration functional
group, regardless the species, was the most important factor controlling
resilience of soil functions to fire, being resprouters the group enhancing soil
function resilience (Chapter 4).

Narrowing the focus of our research on plant traits as control factor of
soil functions and stability against fire, we assessed the response of two key
soil enzyme activities: B-glucosidase and acid phosphatase (Chapter 5). In
agreement with our previous results (Chapter 4), both enzymes showed higher
activities in soils under patches dominated or co-dominated by resprouter
species. However, the enzymes largely differed in their post-fire recovery
pattern. B-glucosidase proved to be very resilient at medium term, and even
increased activity as compared with pre-fire values, while acid phosphatase did
not show any sing of recovery during the entire study period (three years after
fire). To what extent, this sustained low activity of acid phosphatase can
compromise plant recovery and to what extent it is counterbalanced by
alkaline phosphatase, also involved in soil P cycling, deserve further research.
Conversely to our results from Chapter 4, post-fire regeneration functional
groups did not show any relevant effect on the resilience of soil enzyme
activity. This can be attributed to the masking effect of drought in the case of
acid phosphatase, and the positive effect of increased availability of C sources
under dead seeder shrubs due to the decomposition of root biomass.
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6.3. Future research

112

Seeder/resprouter ratio appears to increase with increasing fire severity;
several previous works have proven similar outcome from increasing fire
frequency. Further research should investigate the combined effect of
fire recurrence and severity in the abundance ratio of these two main
functional groups.

Relationships and trade-offs between different plant traits, particularly
between post-fire regeneration traits and traits closely related to soil
functions (e.g., root architecture, production of root exudates) deserve
further research. This will provide additional insights about the
modulating role of plant persistence traits on soil biogeochemical
cycling.

Assessment of the recovery of a large variety of soil enzyme activities,
and their control factors, as a function of post-fire regeneration
functional groups.

Longer-term post-fire monitoring of soil acid phosphatase activity and
further research on the role of droughts as control factor of its activity
and on the consequences for plant recovery in P-limited soils.
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GENERAL CONCLUSIONS

The successional stage after agricultural land abandonment in a terraced
Mediterranean landscape modulates fire severity and post-fire plant recovery.
Dry grasslands burned at low severity and quickly recovered after fire, while
dense shrubland and pine stands burned at higher severity and re-established

their cover at a lower rate.

Seven years after fire, dense gorse shrubland and pine forest resulted in similar
post-fire shrubland communities, dominated by highly flammable seeder
species such as U. parviflorus and Cistus species, which contributed to
homogenize the landscape structure towards a more fire-prone type, and thus
to increase fire hazard.

Pine stands showed the largest changes in community structure after the fire
and the lowest short-term post-fire plant recovery, so pine forest can be
considered the most vulnerable of the three successional stages studied,
particularly if wildfires are followed by relatively dry years.

Fire severity filters plant regeneration traits, and drive the functional
composition in Mediterranean shrublands, so that higher severity favours
obligate-seeder functional group.

In three common Mediterranean plant communities - dry grasslands, gorse
shrublands, and pine stands, the seeder/resprouter abundance ratio barely
varied at low severity and rapidly increased with increasing severity, leading to
a positive non-linear relationship between the relative abundance of seeder
species and fire severity.

Plant structural and functional traits modulate the response of soil functions to
fire disturbance in terms of resistance (the amount of change caused by fire)
and resilience (the recovery capacity after fire). Soil resistance seems to be
more influenced by plant structural traits related to the potential fuel
consumption, while soil resilience is highly determined by the post-fire
regeneration strategy of the plant species (resprouter vs. seeder).
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Soil functions were more resistant and resilient in patches of resprouter
species, while soil functions in patches of seeder species with high content of
fine dead fuel were the least resistant.

Plant functional groups that relate to post-fire regeneration traits (i.e., obligate
seeder and resprouter species) modulate the activity of soil extracellular
enzymes acid phosphatase and B-glucosidase in Mediterranean fire-prone
shrublands. The activity of both enzymes is enhanced under shrub patches
dominated or co-dominated by resprouter species as compared with soils
under seeder shrub patches and interpatch soils.

Fire reduced the activity of both acid phosphatase and B-glucosidase in the
short term. However, these enzymes showed contrasting differences in
resilience. B-glucosidase, a substrate-dependent enzyme that is involved in the
degradation of cellulose and is mostly produced by microorganisms,
particularly fungi, proved to be very resilient to fire. Conversely, acid
phosphatase, which is mostly produced by plants, did not show any sign of
recovery over the first three post-fire years, probably due to the combined
effect of fire and post-fire drought.

Overall, the results suggest that the positive influence of resprouter shrubs on
soil enzyme activity is very resistant to fire. However, contrasting responses to
fire and drought disturbances between the various enzyme types could greatly
alter nutrient cycling dynamics.
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$2.1. List of species present in unburned plots and flammability and heat content
classes.

Species Flammability Heat-content
class class

Anthyllis cytisoides L. HI LO
Argyrolobium zanonii (Turra) P.W.Ball LO UN
Atractylis humilis L. UN UN
Avena sp. UN UN
Brachypodium phoenicoides (L.) Roemer & HI UN
Schultes

Brachypodium retusum (Pers.) Beauv. HI LO
Calicotome spinosa (L.) Link ME LO
Catananche caerulea L. UN UN
Cistus albidus L. ME ME
Cistus salviifolius L. ME ME
Convolvulus althaeoides L. UN UN
Coris monspeliensis L. UN UN
Dactylis glomerata L. HI UN
Daphne gnidium L. LO UN
Dorycnium pentaphyllum Scop. UN UN
Erica multiflora L. ME HI
Eryngium campestre L. UN UN
Euphorbia serrata L. UN UN
Foeniculum vulgare Miller UN UN
Fumana thymifolia (L.) Spach ex Webb UN ME
Hedysarum humile UN UN
Helianthemum apenninum (L.) Mill. UN UN
Helianthemum cinereum (Cav.) Pers UN UN
Helictotrichon filifolium (Lag.) Henrard HI UN
Hyparrhenia hirta (L.) Stapf HI UN
Inula viscosa (L.) Ait. UN UN
Linum strictum L. UN UN
Olea europaea L. LO ME
Ononis minutissima L. UN UN
Pallenis spinosa (L.) Cass. UN UN
Phagnalon rupestre (L.) DC. UN UN
Phagnalon saxatile (L.) Cass. UN UN
Phlomis lychnitis L. ME ME
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Pinus halepensis Miller
Plantago albicans L.

Plantago sempervirens Crantz
Polygala rupestris Pourret
Prunus dulcis (Mill.) D. A. Webb
Psoralea bituminosa L.
Rosmarinus officinalis L.

Rubia peregrina L.

Rubus ulmifolius Schott
Sanguisorba minor Scop.
Santolina chamaecyparissus L.
Sedum sediforme (Jacg.) Pau
Smilax aspera L.

Stipa parviflora Desf.

Teucrium polium L. ssp. capitatum (L.)
Arcangeli

Teucrium pseudochamaepitys L.
Thymus vulgaris L.

Ulex parviflorus Pourr.

Flammability and Heat-content classes: HI = High; ME = Medium; LO= Low;

UN= Unknown.
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$3.1. List of species and regenerative traits
Species

Anagallis arvensis L.

Andryala integrifolia L.

Anthyllis cytisoides L.

Anthyllis tetraphylla L.

Aphyllanthes monspeliensis L.
Argyrolobium zanonii (Turra) P.W.Ball
Atractylis cancellata L.

Atractylis humilis L.

Avena sp.

Blackstonia perfoliata (L.) Hudson
Brachypodium phoenicoides (L.) Roemer & Schultes
Brachypodium retusum (Pers.) Beauv.
Calicotome spinosa (L.) Link
Catananche caerulea L.

Centaurea aspera L.

Cistus albidus L.

Cistus salviifolius L.

Clematis flammula L.

Convolvulus althaeoides L.

Coris monspeliensis L.

Coronilla scorpioides (L.) Koch
Cuscuta epithymum (L.) L.

Dactylis glomerata L.

Daphne gnidium L.

Dorycnium hirsutum (L) Ser.
Dorycnium pentaphyllum Scop.
Echinops ritro L.

Erica multiflora L.

Eryngium campestre L.

Euphorbia serrata L.

Filago pyramidata L.

Foeniculum vulgare Miller

Fumana ericoides (Cav.) Gand
Fumana thymifolia (L.) Spach ex Webb
Fumaria officinalis L.

Hedysarum humile
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Helianthemum apenninum (L.) Mill.
Helianthemum cinereum (Cav.) Pers
Helianthemum syriacum (Jacq.) DC.
Helichrysum stoechas (L.) Moench
Helictotrichon filifolium (Lag.) Henrard
Hippocrepis comosa L.
Hyparrhenia hirta (L.) Stapf
Hypericum perforatum L.

Inula viscosa (L.) Ait.

Leontodon taraxacoides (Vill.) MUrat
Linum narbonense L.

Linum strictum L.

Lithodora fruticosa (L.) Griseb.
Medicago orbicularis (L.) Bartal.
Medicago polymorpha L.
Mercurialis tomentosa L.

Olea europaea L.

Onobrychis sp.

Ononis minutissima L.

Pallenis spinosa (L.) Cass.
Phagnalon rupestre (L.) DC.
Phagnalon saxatile (L.) Cass.
Phlomis lychnitis L.

Pinus halepensis Miller

Plantago albicans L.

Plantago lanceolada L.

Plantago sempervirens Crantz
Polygala rupestris Pourret

Prunus dulcis (Mill.) D. A. Webb
Psoralea bituminosa L.

Reichardia tingitana (L.) Roth
Reseda alba L.

Rosmarinus officinalis L.

Rubia peregrina L.

Rubus ulmifolius Schott
Sanguisorba minor Scop.

Santolina chamaecyparissus L.
Scabiosa sp.

Scolymus hispanicus

Scorpiurus muricatus L.

Scorzonera graminifolia L.
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Sedum album L. S CH
Sedum sediforme (Jacq.) Pau S CH
Sideritis angustifolia Lag. RS CH
Silene vulgaris (Moench) Garcke S HE
Smilax aspera L. RS LI
Sonchus asper (L.) Hill S TH
Sonchus tenerrimus L. S HE
Staehelina dubia L. S CH
Stipa parviflora Desf. R PG
Teucrium polium L. ssp. capitatum (L.) Arcangeli R CH
Teucrium pseudochamaepitys L. RS CH
Thymus vulgaris L. RS CH
Trifolium angustifolium L. S TH
Trifolium campestre Schreb. S TH
Trifolium stellatum L. S TH
Ulex parviflorus Pourr. S TS

Regenerative traits: R = Resprouter; S = Seeder.
Growth forms: TR = Tree; TS = Tall shrub; SS = Small shrub; CH = Chamaephyte;
PG = Perennial grass; HE Hemicryptophyte; LI = Liana.
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S.4.1. Interpretation of soil surface indicators of Soil surface Assessment from
Landscape functional Analysis (LFA) (adapted from Tongway and Hindley,

2004).

Indicators

Objective

Soil cover

(Score range: 1-5)

Perennial cover

(Score range: 1-4)

Litter cover

(Score range: 1-30)

Cryptogam cover

(Score range: 0-4)

Crust broken-ness

(Score range: 0-4)
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Projected percentage cover of perennial vegetation
to a height of 0.5 m, plus rocks > 2 cm and woody
material > 1 cm in diameter or other long-lived,
immoveable objects. This indicator assesses the
degree to which physical surface cover and
projected plant cover ameliorate the effect of
raindrops impacting on the soil surface.

Basal cover of perennial grass and/or canopy cover
of trees and shrubs. This indicator assumes a
positive relationship between perennial cover and
belowground biomass, and assesses the
contribution of the belowground biomass of
perennial vegetation to nutrient cycling and
infiltration processes.

This indicator considers amount (cover and depth),
origin (local or transported) and degree of
decomposition and incorporation (nill; slight;
moderate; extensive) of plant litter, assessing the
availability of surface organic matter for
decomposition and nutrient cycling.

Cover of cryptogams (algae; fungi; lichens; mosses)
visible on the soil surface. This indicator assesses
surface stability, resistance to erosion and nutrient
availability.

A crust is defined as a physical surface layer that
overlies sub-crust material. This indicator assesses
to what extent the surface crust is broken, leaving
loosely attached soil material available for erosion.
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Erosion type and
severity

(Score range: 1-4)

Deposited materials

(Score range: 1-4)

Microtopography

(Score range: 1-5)

Surface resistance to
disturbance

(Score range: 1-5)

Slake test

(Score range: 0-4)

Soil texture

(Score range: 0-5)

Erosion in this context refers to accelerated erosion
caused by the interaction of management and
climatic events. This indicator considers the nature
(sheet erosion; rill erosion; pedestals and
terracettes) and severity (insignificant; slight;
moderate; severe) of current soil loss.

This indicator considers the nature and amount of
alluvium transported to and deposited on the
query zone, understanding that the higher the
amount of deposited material the lower the
stability.

This indicator evaluates the surface roughness for
its capacity to capture and retain mobile resources
such as water, seeds, topsoil and organic matter.

This indicator assesses the ease with which the soil
can be mechanically disturbed to yield material
suitable for erosion by wind or water.

This indicator assesses the stability of natural soil
fragments when rapidly wetted.

This indicator classifies the texture of the surface
soil, and relates this to permeability.
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S$.4.2. The combination of the soil surface indicators to determine the Soil
functional indices of stability, infiltration and nutrient cycling (From Tongway
and Hindley, 2004).

Indicators

1. Soil cover canopy/ rock cover T~

2. Basal cover of perennial grass STABILITY

3a. Litter cover

3b. Litter cover, origin and degree of
decomposition

3b. Litter cover, origin and degree of
decomposition

INFILTRATION
4, Cryptogam cover

5. Crust broken-ness

6. Erosion type and Severity

7. Deposited materials

8. Microtopography. NUTRIENT

CYCLING

9. Surface resistance to disturb

10. Slake test

11. Soil texture
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Los atributos de la vegetacion modulan la resiliencia al fuego

Resumen: Los atributos de la vegetacién modulan la resiliencia al fuego en el
monte mediterraneo

1. Incendios forestales en la cuenca mediterranea

Los incendios forestales son un fendmeno comun en regiones mediterraneas.
Muchas especies de plantas mediterrdneas presentan mecanismos adaptativos
gue les permite persistir y regenerarse después de un incendio, lo que permite
a los ecosistemas naturales de la cuenca mediterranea y de otras regiones
mediterraneas ser altamente resilientes después de un incendio, siendo en
general capaces de resistir regimenes de incendio de alta recurrencia (Naveh
1975; Keeley 1986; Pausas y Verdu 2005). Asimismo, el fuego es también un
factor determinante en los procesos y la estructura de estos ecosistemas
(Bond y Keeley 2005; Pausas y Keeley 2009), y por ende en la configuracion de
los paisajes forestales (Lloret et al. 2002; Baeza et al. 2007). Los incendios
promueven ecosistemas mas inflamables, diferentes de la fisonomia esperada
segun las condiciones climdticas de la region (Bond y Midgley 1995; Bond et al.
2005; Keeley et al. 2011; Moreira et al. 2011; Pausas et al. 2012). Asi, extensas
areas de matorral mediterrdneo que son bosques potenciales, mantienen la
dominancia de arbustos debido a la frecuencia de incendios. En la cuenca
mediterrdnea, los incendios forestales han ido ocurriendo durante milenios,
por lo que la biodiversidad de estas zonas podria haber sido estructurada por
el régimen de incendios (Pausas et al. 2008). Sin embargo, una de las
diferencias mas relevantes entre la cuenca mediterrdnea y otras regiones
mediterraneas es el impacto de un uso del suelo intenso durante milenios;
practicas como las quemas, aclareos de bosques, pastoreo, aterrazado y uso
agricola, han llevado a una intensa modificacidn del paisaje que, a su vez, tiene
importantes consecuencias en el régimen de incendios (Moreira et al. 2001;
Mouillot et al. 2003; Carrién et al. 2003; Vanniére et al. 2008). Asi, por una
parte, el paisaje resultante de la actividad humana, mosaico heterogéneo de
diferentes tipos de uso del suelo y cubierta vegetal que no son igualmente
susceptibles al fuego, puede modificar la expansion del fuego, produciendo
pequefias areas quemadas por fuegos individuales. Por otra parte, el intenso
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uso del suelo, que por lo comun ha llevado a la eliminacién de especies
rebrotadoras para habilitar suelos para la actividad agricola, combinado con
incendios frecuentes, ha conducido a cambios en la vegetacién hacia
ecosistemas dominados por especies germinadoras (Vallejo y Alloza 1998),
Estos ecosistemas son, a su vez, mas propensos de sufrir incendios y menos
resilientes que ecosistemas dominados por especies rebrotadoras. Ademas, la
baja resiliencia de estos ecosistemas puede prolongar el periodo de impacto
de las perturbaciones, con largos periodos post-incendio con suelos expuestos

a agentes erosivos.

En los paises europeos de la regién mediterranea, el nimero de
incendios y el darea quemada ha incrementado significativamente durante las
ultimas décadas (Pausas et al. 1999; Pausas 2004). En la region de Valencia
(Este de la peninsula Ibérica) esta tendencia ha sido particularmente marcada
desde los mediados de los 70s, con notables cambios entre regimenes de
incendios entre 1972 y 1973 (Pausas y Ferndndez-Mufioz 2012). Asi, en el
periodo de 1978 -1979 se quemaron 154000 hectareas, y en 1994 se quemod
casi el 12% de area forestal de la regiéon en pocos dias (140000 hectareas)
(Pausas 2004). Algo parecido ocurrié en la region de Minho (Noroeste de
Portugal) donde los incendios se triplicaron en el periodo de 1980-1996
(Moreira et al. 2001).

Segun Dube (2009), el régimen de incendios podria ser el resultado de
la interaccidon entre numerosos factores a multiples escalas. Sin embargo, a
escala regional el régimen de incendios responde a la retroalimentacién entre
clima, incendio y vegetacion. En la cuenca mediterranea, los cambios en el
régimen de incendios han estado asociado principalmente a dos factores: los
cambios climaticos y las causas socio-econdmicas (Fernandez-Ales et al. 1992;
Moreira et al. 2001; Pausas 2004; Pausas y Fernandez-Mufioz 2012). La
disminucién de las precipitaciones de verano y el incremento claro de las
temperaturas en los ultimos 50 afios (1950-2000) implicarian una reduccion de
la humedad del combustible vegetal, con el consecuente incremento del riego
de ocurrencia de incendios (Pifiol et al. 1998; Pausas 2004). Por otro lado, los
cambios socio-econdmicos en los paises mediterrdneos europeos, como el
desarrollo industrial durante los afios 70, han derivado en la despoblacién de
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areas rurales (Fernandez-Ales et al. 1992; Moreira et al. 2001; Duguy y Vallejo
2008), induciendo a drasticos cambios en los usos tradicionales del suelo,
como el abandono de areas cultivadas y la reduccidon de pastoreo del ganado.
Estos cambios en los usos del suelo, junto con la implementacién de
programas de forestacién extensiva incrementaron, en algunos casos, la
acumulacién y continuidad del combustible vegetal. En muchos casos, el
combustible vegetal estd compuesto por especies de alta inflamabilidad (Baeza
et al. 2011). Pausas y Fernandez-Mufioz (2012) sugieren que mientras los
incendios antes de los afios 70 fueron incendios restringidos por la
disponibilidad de combustible y estuvieron principalmente relacionados con
los cambios de usos del suelo (abandono de cultivos y plantaciones forestales),
después de los afios 70 los incendios no estdn restringidos por la disponibilidad
de combustible y estan determinados principalmente por episodios de sequia.

A pesar de que los ecosistemas mediterrdneos se consideran
resilientes al fuego, varios estudios sugieren que los regimenes actuales de
incendio pueden inducir cambios importantes en la composicién de especies vy,
por lo tanto, afectar a la resiliencia de estos ecosistemas. Por ejemplo, en
comunidades dominadas por especies germinadoras obligadas, la alta
recurrencia de incendios, con intervalos demasiado cortos de tiempo para el
reclutamiento de plantulas, la maduraciéon y la formacién de bancos de
semillas persistentes, llevaria al reemplazo o cambio de la dominancia de
especies; en el caso de paisajes dominados por bosques podrian cambiar a
otros dominados por matorrales (Kazanis y Arianotsou 2004; De Luis et al.
2006). A nivel de paisaje, los incendios pueden cambiar los paisajes por otros
mas homogéneos o heterogéneos dependiendo del tamafio del area quemada.
Asi, incendios grandes que queman diferentes tipos de cobertura de bosque al
mismo tiempo, podrian llevar un paisaje heterogéneo y en mosaico a un
paisaje dominado por matorral homogéneo (Rodrigo et al. 2004; Viedma et al.
2006), particularmente si las especies forestales son poco resilientes a la alta
frecuencia de incendios (Diaz-Delgado et al. 2002; Kazanis y Arianotsou 2004).
Sin embargo, los incendios pueden también fragmentar dreas forestales o
areas homogéneas de matorral, y crear un mosaico de diferentes estadios
sucesionales (Lloret et al. 2002).
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2. Estabilidad de los ecosistemas frente a una perturbacion: resistencia y
resiliencia

La respuesta de un ecosistema a una perturbacion refleja su estabilidad, que se
define por dos componentes: resistencia y resiliencia (Pimm 1984; Grimm vy
Wissel 1997). La resistencia se define como la capacidad de un sistema para
resistir la presién de una perturbacién y mantener intacta su estructura y
funciones. La resistencia se mide como la magnitud de cambio o alteracion de
las variables o atributos del ecosistema afectados por la perturbacion. Por su
parte, la resiliencia puede ser definida desde dos perspectivas: ecoldgica e
ingenieril. La resiliencia ingenieril se define como la velocidad a la cual un
sistema retorna a su estado estable original después de la perturbacion; esta
definicion asume que un ecosistema se comporta como un material, que
muestra un desplazamiento como respuesta inmediata a la presién de la
perturbacién, pero luego recupera su estado pre-perturbacion. Esta definicion
considera la estabilidad como un estado préximo a un estado de equilibrio y se
cuantifica como la velocidad de retorno al equilibrio o a las condiciones pre-
perturbacién. Por otra parte, la resiliencia ecoldgica considera la cantidad de
perturbacidn que se requiere para mover un sistema de un estado estable a
otro estado estable alternativo (o dominio de estabilidad) (Walker et al. 1969;
Holling 1973). Esta definicion asume que los ecosistemas podrian cruzar un
umbral: si se producen alteraciones criticas en las variables afectadas, el
ecosistema podria verse desplazado hacia una trayectoria diferente a las
condiciones previas a la perturbacién.

La estabilidad de las comunidades vegetales frente al fuego ha sido
analizada desde multiples perspectivas. La resistencia de la vegetacion al fuego
puede ser definida como el nivel al cual las propiedades de la vegetacién
(cobertura vegetal, composicidén y riqueza de especies) pueden mantenerse
inalteradas después de un incendio, lo que dependera de la sensibilidad y el
grado de proteccidon de las semillas y las yemas de las especies presentes
(Keeley 1986). Por otra parte, la resiliencia de la vegetacion se define como la
tasa de recuperacion de los valores previos al incendio (Halpern 1988; Lavorel
1999), lo que dependera de la composicidon de especies previas al incendio, de
los mecanismos de persistencia de estas especies (capacidad de germinacion y
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rebrote) y del nivel del dafo ocasionado por el régimen de incendios
(severidad y frecuencia). Asi, la estabilidad refleja la capacidad de las especies
vegetales de resistir el impacto del fuego o mantenerse inalteradas vy, en el
caso de sistemas afectados, la capacidad de recuperacién (Halpern 1988).

La resiliencia de un ecosistema puede ser evidente a diferentes escalas
y actuar simultdaneamente en todas las escalas. Por ejemplo, los incendios
pueden trasformar un tipo de vegetacion en otro diferente, como es el caso de
pinares transformados en matorrales después del fuego (Kazanis y Arianoutsou
2004), lo que a su vez modifica la configuracién del paisaje (Lloret et al. 2002;
Loepfe et al. 2010). Asimismo la resiliencia de diferentes componentes vy
procesos de un ecosistema pueden estar correlacionadas. Por ejemplo, debido
a la estrecha relacién planta-suelo, es de esperar que la resistencia y resiliencia
de los componentes del suelo y la vegetacion estén correlacionadas (Seybold
et al. 1999; Herrick 2000; Certini 2005), pero son muy escasos los trabajos
sobre este tema. Sin embargo, es importante enfatizar que los componentes y
procesos de un ecosistema pueden variar ampliamente en su sensibilidad a
una perturbacion y su capacidad de recuperacién (Lavorel 1999). Un ejemplo
de ello es la recuperacion de cobertura vegetal, que puede ser relativamente
rapida, mientras que la abundancia relativa de las especies requiere mas
tiempo para alcanzar valores previos al incendio.

En este trabajo de tesis se usa, principalmente, la definicién ingenieril
de estabilidad, asumiendo la resistencia como la capacidad de resistir el
impacto del fuego y la resiliencia como la capacidad de un ecosistema o
comunidad para recuperar las condiciones previas al incendio. Por lo tanto, la
resistencia se cuantifica como la magnitud de los cambios producidos por el
fuego en las propiedades del sistema y la resiliencia se cuantifica como la
cuantia de la recuperaciéon de los valores del pre-incendio, medidos en un
periodo de tiempo dado. No obstante la resiliencia ecolégica también esta
presente en este trabajo cuando se considera la ocurrencia potencial de
cambios del ecosistema hacia estados alternativos.
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3. Factores que afectan la resistencia y resiliencia de los ecosistemas frente al
fuego

La resistencia y resiliencia de un ecosistema frente al fuego es el resultado de
la combinacién de factores bidticos y abidticos, a su vez relacionados con el
régimen de incendios (severidad y frecuencia), condiciones climaticas post-
incendio, factores inherentes a las comunidades (estructura fisica y bioldgica) y
factores relacionados con las condiciones de las dreas afectadas. Estos factores
interactian entre ellos y operan a diferentes escalas. Un incendio puede
afectar potencialmente todos los niveles de organizacidon biolégica del
ecosistema, por lo tanto tiene un papel importante en la estructuracion y
funcionamiento de las poblaciones y comunidades afectadas. La magnitud de
los efectos del fuego en la vegetacion y el suelo (resistencia) depende
fundamentalmente de la severidad del fuego, la que podria ser considerada
con una propiedad inversa a la resistencia (como se explica mas adelante), las
caracteristicas de la vegetacién y del suelo relacionadas con su sensibilidad y
nivel de proteccién. Por otra parte, la capacidad de recuperacion de la
vegetacion y el suelo después del fuego (resiliencia) dependera de la severidad
del incendio, la capacidad de regeneracion de las especie presentes y de las
condiciones climaticas post-incendio.

3.1. Intensidad y severidad del incendio

Si bien intensidad y severidad del incendio en muchos casos son dos términos
intercambiables en la literatura, no hacen referencia a lo mismo. La intensidad
del fuego esta relacionada con la cantidad de combustible consumido y
energia liberada durante el proceso de combustion, pero esta valoracion de un
incendio es insuficiente para estimar los efectos que la energia liberada por el
fuego produce en los ecosistemas (Keekey 2009). Por su parte, la severidad del
incendio se usa generalmente para describir los efectos del fuego en los
ecosistemas y se define como el impacto del fuego en el ecosistema producido
por la transformacién o pérdida de materia orgdnica subterrdanea y aérea
(Keeley 2009). Asi, la severidad del incendio estd correlacionada con la
intensidad del incendio y captura los efectos en la vegetacién y el suelo de la
intensidad y del tiempo de residencia de altas temperaturas ocurridas durante
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el incendio (Pérez y Moreno 1998). Por consiguiente, hasta cierto punto, la
severidad de un incendio y la resistencia del sistema al impacto de esta
perturbacién pueden considerarse como las dos caras de una misma moneda;
aunque la severidad del incendio normalmente hace referencia a la pérdida o
transformacion de la materia organica (Keeley 2009), mientras la resistencia
frente a un incendio implica a cualquier componente o proceso del ecosistema.

La severidad del incendio es uno de los principales factores que
controla la resiliencia de los ecosistemas, pudiendo afectar gravemente los
patrones de reclutamiento de pldntulas germinadas, la capacidad de rebrote,
la actividad microbiana de suelo y muchos otros procesos importantes del
ecosistema (Bond y van Wilgen 1996; Neary et al. 1999; Keeley et al. 2005). Un
incendio en la misma darea por lo general no quema de forma homogénea, la
distribucién espacial del combustible vegetal puede derivar en un mosaico
generado por las diferentes severidades con que se quema la vegetacion. La
heterogeneidad espacial de la severidad tiene una influencia importante en los
procesos ecoldgicos y en la recuperacion de la vegetacién y del suelo tras el
incendio.

3.2. Recurrencia de incendios

El efecto de la recurrencia de incendios en los ecosistemas es una funciéon
intervalo-dependiente, relacionada con la disponibilidad de tiempo suficiente
que permita el re-establecimiento de especies germinadoras y la produccion
de semillas y también la recuperacion de las reservas de carbohidratos en el
caso de las especies rebrotadoras (Zedler 1995; Clarke et al. 2013). Las
especies germinadoras obligadas que dependen del fuego pueden enfrentarse
al riego de inmadurez o senescencia debido a intervalos cortos o largos entre
incendios respectivamente (Zedler 1995). Los intervalos cortos pueden afectar
negativamente la densidad y tasas de crecimiento de las poblaciones de
arboles y arbustos (por ejemplo, Pinus sp) (Ne’eman et al. 1999; Eugenio et al.
2006a). Algunas especie arbustivas (por ejemplo, Rosmarinus officinalis y
Cistus albidus) parecen alcanzar su maxima abundancia a una frecuencia
intermedia de incendios (Lloret et al. 2003). Sin embargo, la alta recurrencia de
incendios puede incrementar la abundancia de gramineas perennes

159



Resumen

rebrotadoras (por ejemplo, la graminea tipo macolla Ampelodesmos
mauritanica; Lloret et al. 2003), mientras que la productividad y la capacidad
de regeneracidon de algunas rebrotadoras arbustivas puede disminuir (Delitti et
al. 2005) debido al agotamiento de carbohidratos de reserva almacenados
(Paula y Ojeda 2009). Incendios con intervalos de retorno cortos, que no
permiten la recuperacion de la vegetacion, pueden ocasionar la exposicion
prolongada de la superficie del suelo, lo que podria llevar a altas tasas de
escorrentia y como consecuencia mayor erosion (Campo et al. 2006;
Wittemberg y Inbar 2009; Malkinson et al. 2011) y a la perdida de nutrientes
del suelo (Eugenio et al. 2006b). En general la alta recurrencia de incendios
puede retardar la recuperacién de la cubierta y la biomasa vegetal en
ecosistemas mediterraneos (Mouillot et al 2003; Delitti et al 2005; Abdel
Malaak y Pausas 2006), dando lugar a una ventana de perturbacion de larga
duracidn de tiempo, que podria reducir la resiliencia del sistema.

3.3. Estructura de la comunidad vegetal y atributos funcionales de la plantas

La vegetacidn juega un papel importante en la determinacidn de Ia
inflamabilidad del combustible, la severidad del fuego y la regeneracién post-
incendio de la vegetacion, lo que a su vez afecta la composicién de especies de
la nueva comunidad tras el fuego, llevando asi a la retroalimentacion entre
vegetacion e incendio. La composicidon de especies y la edad de la comunidad
determinaran la cantidad y las caracteristicas estructurales de combustible
(compactacién, relacién superficie/volumen, continuidad vertical y horizontal,
relacién combustible vivo/muerto, densidad), lo que influye en la dindmica de
humedad, proceso de ignicion y combustibilidad del combustible y Ia
propagacion del fuego (Baeza et al. 2002; Schwilk 2003; Alessio et al. 2008;
Saura-Mas et al. 2010; Santana et al. 2011) y, por tanto, determinara la
severidad potencial del fuego. Al mismo tiempo, la composicién funcional y
especifica pre-incendio (particularmente la relacionada con los atributos que
permiten a las especies persistir después de un incendio) es de crucial
importancia para la recuperacién de la vegetacion después de un incendio
(Whelan 1995; Lloret y Vila 2003; Arnan et al. 2007; Duguy y Vallejo 2008).
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Muchas especies de la region mediterranea pueden reclutar
abundantes plantulas (germinadoras) o rebrotar de drganos vegetativos
(rebrotadoras) después del fuego, mientras que otras especies son capaces de
usar ambos mecanismos de regeneracién (facultativas). Estos atributos
permiten a las especies o individuos persistir después de un incendio, haciendo
que las comunidades mediterraneas sean altamente resilientes frente al fuego
(Keeley 1986; Ldopez-Soria y Castell 1992; Pausas et al. 2004a; Keeley et al
2005; 2006). De todos modos, no todas las especies mediterraneas pueden
sobrevivir al fuego en todas las situaciones. Comunidades dominadas por
arboles rebrotadores (por ejemplo, Quercus ilex, Q. cerrioides, Q. suber, Q.
pyrenaica) o arbustos rebrotadores (Quercus coccifera) (Calvo et al. 2003;
Rodrigo et al. 2004; Delitti et al. 2005), o por especies germinadoras con un
reclutamiento eficiente de plantulas después del incendio (por ejemplo, Pinus
halepensis, P. pinaster) pueden ser altamente resilientes frente al fuego
(Pausas et al. 2003; Rodrigo et al. 2004; Arnan et al. 2007). Por el contrario,
comunidades dominadas por especies germinadoras que producen un
reclutamiento reducido de plantulas (por ejemplo, P. nigra, P. sylvestris, P.
pinea) puede facilmente cambiar hacia otro tipo de comunidad después del
incendio (Rodrigo et al. 2004; Arnan et al. 2007).

En los ecosistemas mediterrdneos, hay una gran variacion en la
proporcion de especies germinadoras y rebrotadoras. En gran medida esta
variacién depende de la historia de usos del suelo (Duguy y Vallejo, 2008;
Lépez-Poma et al. en prensa, véase Capitulo 2 de esta memoria), lo que podria
modular la presencia relativa de especies con diferentes atributos de
persistencia después del fuego. La historia de usos del suelo también
determinara las propiedades fisico-quimicas del suelo (fertilidad del suelo) a
medio plazo (Duguy et al. 2007). En consecuencia, es de esperar que areas con
diferente historia de uso del suelo difieran en su respuesta al impacto del
fuego, derivando en diferentes patrones de regeneracion (Duguy y Vallejo
2008; Puerta-Pifiero et al. 2012). Sin embargo, poco se conoce sobre la
influencia del legado de especies de la actividad agricola que determinan la
demografia de rebrotadoras y germinadoras obligadas después del incendio.
Ademas, aun se conoce poco sobre el efecto global de la composicién
funcional (rebrotadoras versus germinadoras) de matorrales mediterraneos en
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la resiliencia post-incendio, a través del efecto combinado de la capacidad de
regeneracioén, inflamabilidad y severidad del fuego.

Aparte de los atributos de persistencia de las especies después del
incendio, otras caracteristicas individuales de las plantas o de la comunidad
pueden ser relevantes en la determinacién de la recuperacién de la
vegetacion. El tamaiio de los individuos rebrotadores parece ser uno de los
factores mds importantes en la determinacion de del nimero y biomasa de los
rebrotes (Canadell et al. 1991). La edad de la comunidad, relacionada con la
frecuencia de incendios, puede ser crucial en la regeneracién de la vegetacién
tras un incendio, particularmente para especies germinadoras, tanto por sus
efectos en la capacidad de produccion de semillas como en el almacenamiento
de semillas en los bancos del suelo y la copa (Kazanis y Arianotsou 2004;
Eugenio et al. 2006a). La diversidad de especies puede ser también relevante;
por ejemplo, comunidades de bosque con un gran nimero de especies son
mds diversos en atributos funcionales, lo que aseguraria su recuperacién
después de un incendio y una alta resiliencia después de una perturbacién de
alta intensidad (Puerta-Pifiero et al. 2012). Sin embargo, la relacién diversidad
— resiliencia ha sido poco estudiada (Lloret y Vila 2003; Dimitrakopoulos et al.
2006), por lo que aldn no se tienen establecida una teoria reconocida.

La resiliencia de algunos componentes y funciones del suelo dependen
de la estructura de la comunidad vegetal. La recuperacién de la materia
organica en areas quemadas se inicia con el re-establecimiento de vegetacion
(Certini 2005) y la tasa de recuperacién de la vegetacion definirda la
recuperacion de la actividad de rizosfera (Hernandez et al. 1997).

3.4. Condiciones climaticas

Durante el incendio, las condiciones climaticas son importantes porque
determinan el comportamiento del fuego y a su vez la virulencia de incendio.
Después del incendio, las condiciones climaticas son decisivas para la
estabilidad del suelo y para el re-establecimiento y desarrollo de la vegetacion.
Condiciones desfavorables de sequia después del incendio pueden dificultar la
regeneracion de las especies, afectando particularmente a las germinadoras
gue son mas sensibles a la disponibilidad de agua en los primeros estadios de
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establecimiento de las plantulas que en estadios tardios (Céspedes et al. 2012).
Asi, dependiendo de las condiciones climaticas post-incendio, podrian ocurrir
diferentes trayectorias en la dindmica sucesional (Quintana et al. 2004).
Ademas, condiciones climaticas post-incendio desfavorables, en combinacién
con otros factores como la severidad del fuego, pueden afectar
considerablemente la respuesta de las especies al impacto del incendio. Por
ejemplo, periodos de sequia después del fuego pueden ocasionar una
recuperacion lenta de la vegetacién, lo que implicaria una pobre proteccién
inicial del suelo y una alta susceptibilidad al encostramiento fisico y erosién,
particularmente en suelos de textura fina como los suelos desarrollados sobre
margas (Mayor et al. 2007). La tendencia actual del clima en regiones
mediterraneas hacia largos periodos de sequia estival y la intensificacion de
eventos extremos, tanto de sequia y precipitaciones intensas (Giorgi y Lionello
2008), pueden incrementar ain mas el riesgo de la reduccidn de la resiliencia
del ecosistema y por consiguiente mayor impacto de los incendio forestal en
los ecosistemas (Mouillot et al. 2002).

3.5. Condiciones fisiogrdficas de las zonas quemadas

Los factores inherentes a las condiciones de las dreas quemadas como la
pendiente, su orientacidén, tipo de sustrato litolégico, pueden afectar
considerablemente en la resiliencia de los ecosistemas (Pausas et al. 1999). La
orientacién de la pendiente parece ser una variable importante relacionada
con el comportamiento del fuego y la recuperacién de la vegetacion debido a
la influencia en la intensidad del viento, cantidad y humedad del combustible.
La orientacion solana en el hemisferio norte es cominmente caracterizada por
condiciones de sequia que normalmente limitan la recuperacion de la
vegetacion y por ende la resiliencia del ecosistema, comparado con la
orientacién norte (Pausas et al. 1999; Mouillot et al. 2003; Malkinson et al.
2011). La baja tasa de recuperacion en la orientacion solana puede favorecer el
incremento de la tasa de erosién comparado con la orientacion norte
(Marqués y Mora 1992), lo que c puede afectar la resiliencia del sistema. La
inclinacién de la pendiente es también un factor importante para la resiliencia,
en pendientes muy pronunciadas, la recuperacién de la vegetacién puede ser
significativamente reducida (Tsitsoni 1997), lo que, combinado con el efecto
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directo en la energia de la escorrentia, puede incrementar el dafo en el
ecosistema después del incendio. En la cuenca mediterrdnea, las tasas de
recuperacion post-incendio varian considerablemente con el tipo de sustrato
litolégico (Pausas et al. 1999), ya que el tipo de sustrato estd estrechamente
relacionado con el tipo de suelo y el tipo de usos del suelo en esta regién. Asi,
por ejemplo, la regeneracion post-incendio es cominmente mas alta en suelos
desarrollados sobre calizas que en suelos sobre marga, lo que puede estar
relacionado con el intenso uso agricola, y la eliminacién consiguiente de
arbustos rebrotadores, en suelos desarrollados sobre margas.

4. Objetivos y estructura de la tesis

El objetivo general de esta tesis es la valoracién de papel de los atributos de la
vegetacion en la resiliencia después de un incendio en el monte mediterraneo,
particularmente centrado en los atributos de persistencia de las especies
después del fuego (regeneracion), y en la respuesta al fuego de la comunidad
vegetal y de las funciones del suelo. Los supuestos generales subyacentes a la
tesis estdn representados en la Figura 1.3 (véase Capitulo 1). Tanto la
composicion de la comunidad vegetal (asociado a los atributos funcionales)
como las funciones del suelo estan involucrados en la resistencia y resiliencia
de los ecosistemas. Las funciones del suelo dependen de la composicidon de
especies (grupos funcionales) a través de una variedad de mecanismos de
retroalimentacion. Los grupos funcionales de plantas modulan la severidad del
fuego vy la resistencia de la vegetacién y de las funciones del suelo al impacto
del fuego mediante su influencia en las propiedades del combustible.
Asimismo, los grupos funcionales de plantas modulan la resiliencia de los
ecosistemas a través de diferencias en su capacidad de rebrote, colonizacion y
del re-establecimiento de la retroalimentacién planta - suelo.

La tesis esta estructurada en seis capitulos: introduccién general
(capitulo 1), cuatro capitulos que son versiones de articulos cientificos que
estan en prensa o en revisién en revistas cientificas (capitulos del 2 al 5) y un
capitulo final de discusién y conclusiones generales (capitulo 6).

El capitulo 2 analiza cémo los estadios sucesionales después del
abandono del uso agricola (herbazal seco, matorral y pinar), asi como sus
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caracteristicas inherentes de composicién y estructura de la comunidad,
influyen en la severidad del incendio y en la resiliencia de la vegetacién. La
recuperacion de la vegetacion se midié uno, cuatro y siete anos después del
incendio. Los estadios sucesionales se diferenciaron en biomasa aérea,
cantidad de hojarasca, distribucidon vertical y continuidad horizontal de la
cobertura vegetacidn, y la inflamabilidad. La menor severidad del incendio se
registrd en el herbazal seco, mientras que el matorral y el pinar no mostraron
diferencias en severidad. Un afio después del incendio, el recubrimiento
vegetal mostrd una relacién inversa con la severidad del incendio. Esta relacién
negativa se fue atenuando con el paso del tiempo después del incendio. Siete
afos después del incendio, el pinar y el matorral resultaron en comunidades
arbustivas similares dominados por especies altamente inflamables como U.
parviflorus y especies del género Cistus, lo que contribuyd a la homogenizacion
del paisaje. Los pinares mostraron una alta vulnerabilidad a los incendios,
debido a que estas comunidades sufrieron los mayores cambios en la
composicion de especies como resultado del fuego y una menor recuperacion
de la cobertura vegetal comparado con otros estadios sucesionales.

El capitulo 3 examina como la severidad del incendio influye en los
atributos de regeneracién post-incendio de las especies. Se analizo la dindmica
post-incendio de las especies germinadoras y rebrotadoras, asi como la
variacion del ratio germinadoras/rebrotadoras, en funcién de la variacion de la
severidad del fuego y del tipo de comunidad vegetal pre-incendio en tres
comunidades mediterraneas (herbazal, aulagar y pinar) que representan
diferentes estadios de sucesion después del abandono de cultivos. Los
resultados mostraron que el ratio de cobertura de germinadoras/rebrotadoras
se incrementé de forma no lineal con el incremento de la severidad del
incendio, de forma consistente en las tres comunidades vegetales. El aumento
en la tasa de cobertura germinadoras/rebrotadoras con la severidad del fuego
parece estar relacionado con la mortalidad de individuos de especies
rebrotadoras y la creacién de espacios de suelo desnudo, lo que aumentd la
disponibilidad de micrositios favorables para la germinacién de las semillas (ya
sea del banco de semillas existente en el suelo o semillas procedentes de zona
adyacentes no quemadas) y el crecimiento de las plantulas.
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El capitulo 4 examina el papel que desempeian los atributos de las
plantas relacionados con el fuego, en la magnitud de cambio (resistencia) y la
recuperacion (resiliencia) de las funciones del suelo después de un incendio en
matorrales mediterraneos. El estudio se centrd en cinco tipos diferentes de
manchas de vegetacidon, dominadas cada una por una especie en particular
(Brachypodium retusum, Quercus coccifera, Ulex parviflorus, Cistus albidus,
Rosmarinus officinalis) y zonas de interpach (suelo desnudo), en tres
comunidades de matorral a las que se aplicd una quema experimental. Las
funciones del suelo que se evaluaron fueron la estabilidad del suelo, la
infiltracidon de agua, y las funciones relacionadas con los ciclos de nutrientes,
segln la metodologia del andlisis funcional del paisaje (Landscape function
analisis - LFA). El impacto de los incendios se evalud utilizando indices de
resistencia y resiliencia. Los resultados mostraron que la variacién en la
resistencia y la resiliencia de las funciones del suelo depende en gran medida
de la variacion de los atributos estructurales y funcionales de las especies
relacionados con el fuego. La resistencia parecié estar mas relacionada con
atributos estructurales de las plantas, como la acumulacion de combustible
muerto; mientras que la resiliencia aparentemente estuvo mas relacionada
con atributos funcionales, como es la capacidad de rebrote de las especies
estudiadas.

El capitulo 5 evalua el papel de los grupos funcionales relacionados con
lo mecanismos de regeneraciéon de las especies después de un incendio
(rebrotador, germinador), en la resistencia y resiliencia de dos enzimas
involucradas en el ciclo del fésforo y carbono del suelo (fosfatasa acida y B-
glucosidasa, respectivamente) después de un incendio. Después de un fuego
experimental, se monitorizé la dindmica de recuperacién post-incendio de las
enzimas, el carbono organico del suelo y la cobertura vegetal, en cuatro tipos
de micrositios: manchas de arbustos rebrotadores, manchas de arbustos
germinadores, manchas mixtas de rebrotadoras y germinadoras, y una matriz
de suelo con herbaceas y caméfitas dispersas (Interpatch). Los resultados
mostraron que los grupos funcionales relacionados con los atributos de
regeneracion post-incendio (rebrotador, germinador) modulan la actividad de
ambas enzimas (fosfatasa acida y B-glucosidasa), con mayor actividad en
manchas de vegetacién dominados o co-dominados por rebrotadoras que en
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suelos debajo de especies germinadoras. El fuego afectd negativamente ambas
enzimas de forma similar, aunque la dindmica posterior de las dos enzimas fue
diferente. La B-glucosidasa mostré ser muy resiliente después del incendio,
mientras que la fosfatasa acida no mostré sefiales de recuperacion. Los
resultados mostraron también una influencia positiva de las especies
rebrotadoras en la recuperacion de las enzimas.
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CONCLUSIONES GENERALES

El estadio de sucesién después del abandono de cultivos en un paisaje
mediterrdneo modula la severidad del fuego y la recuperacién de las plantas
después de los incendios. Los herbazales secos se quemaron con baja
severidad y se recuperaron rapidamente después del incendio, mientras
matorrales y pinares, que se qguemaron con mayor severidad, mostraron una
menor tasa de recuperacion de su cobertura vegetal.

Siete afios después del incendio, tanto los aulagares como los pinares
estudiados dieron lugar a comunidades de especies arbustivas similares,
dominadas por especies germinadoras altamente inflamables como U.
parviflorus y especies del género Cistus. Esto contribuyé a homogeneizar la
estructura del paisaje hacia un tipo de vegetacidn mdas propenso a los
incendios, aumentando el riesgo de nuevos incendios en el futuro.

Los pinares mostraron los mayores cambios en la estructura de la comunidad
después del incendio y la recuperacién de la cobertura vegetal fue mas baja a
corto plazo, por lo que pueden ser considerados como el mas vulnerable de los
tres estadios de sucesién estudiados, sobre todo si después de los incendios se
suceden anos relativamente secos.

La severidad del fuego ejercio un efecto filtro en los atributos de regeneracién
de las especies y, por lo tanto, sobre la composiciéon funcional en matorrales
mediterraneos, de manera que la mayor severidad favorecio al grupo funcional
de germinadoras obligadas.

En tres comunidades vegetales mediterraneas comunes — herbazales secos,
aulagares y pinares — la relacién de abundancia germinadoras/rebrotadoras
apenas varidé a baja severidad del fuego pero aumentd rdpidamente con el
aumento de la severidad, lo que llevé a una relacion no lineal positiva entre la
abundancia relativa de especies germinadoras y la severidad de los incendios.

Los atributos estructurales y funcionales de las especies modulan la respuesta
de las funciones del suelo a la perturbacién por el fuego, en términos de
resistencia (la cantidad de cambio causado por el fuego) y de resiliencia
(capacidad de recuperacion después de un incendio). La resistencia del suelo
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parecié estar mas influenciada por los rasgos estructurales de las plantas
relacionadas con el consumo potencial de combustible, mientras que la
capacidad de recuperacion del suelo estuvo altamente determinada por la
estrategia de regeneracidn post-incendio de las especies vegetales
(rebrotadoras vs germinadoras).

Las funciones de los suelos fueron mas resistentes y resilientes en manchas de
vegetacion de especies rebrotadoras, mientras que las funciones del suelo en
manchas de vegetacién de especies germinadoras con alto contenido de
combustible fino muerto fueron menos resistentes.

En matorrales mediterraneos, los grupos funcionales relacionados con los
atributos de regeneracion post-incendio (germinadoras obligadas vy
rebrotadoras) modulan la actividad de la fosfatasa acida y B-glucosidasa. En
manchas de arbustos dominados o co-dominados por especies rebrotadoras,
se registro una alta actividad de ambas enzimas en comparacién con la
actividad enzimatica del suelo bajo manchas de arbustos germinadores y en la
matriz de suelo entre las manchas de arbustos.

El fuego redujo la actividad enzimatica tanto de la fosfatasa acida como de la
B-glucosidasa en el corto plazo. Sin embargo, estas enzimas mostraron
diferencias en la capacidad de recuperacién. La B-glucosidasa, una enzima
dependiente de la disponibilidad del sustrato, que estd implicada en la
degradacion de la celulosa y es producida principalmente por
microorganismos, demostré ser muy resiliente después del fuego. Por el
contrario, la fosfatasa acida, que se produce principalmente por las plantas, no
mostrd ningun signo de recuperaciéon en los primeros tres afios después del
incendio, probablemente debido al efecto combinado de fuego y la sequia
post-incendio.

En general, los resultados sugieren que la influencia positiva de los arbustos
rebrotadores sobre la actividad enzimdtica del suelo es muy resistente al
fuego. Sin embargo, el contraste entre las respuestas de los diversos tipos de
enzimas al fuego y a la sequia podria alterar en gran medida la dinamica de los
ciclos de nutrientes.
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