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Abstract. Fire is an integral part of many ecosystems, including the
Mediterranean ones. However, in recent decades the general trend in number of
fires and surface burnt in European Mediterranean areas has increased
spectacularly. This increase is due to: (a) land-use changes (rural depopulation is
increasing land abandonment and consequently, fuel accumulation); and, (b)
climatic warming (which is reducing fuel humidity and increasing fire risk and fire
spread). The main effects of fire on soils are: loss of nutrients during burning and
increased risk of erosion after burning. The latter is in fact related to the
regeneration traits of the previous vegetation and to the environmental conditions.
The principal regeneration traits of plants are: capacity to resprout after fire and
fire-stimulation of the establishment of new individuals. These two traits give a
possible combination of four functional types from the point of view of
regeneration after fire, and different relative proportions of these plant types may
determine the post-fire regeneration and erosion risk. Field observations in Spain
show better regeneration in limestone bedrock type than in marls, and in north-
facing slopes than in south-facing ones. Models of vegetation dynamics can be
built from the knowledge of plant traits and may help us in predicting post-fire
vegetation and long-term vegetation changes under recurrent fires.
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2.1. Introduction

There are several features that make the landscapes of the European
Mediterranean Basin different from those of the rest of Europe, and these
differences are mainly related to the climate, the long and intense human impact,
and the role of fire. The latter is, in turn, influenced by the other two.
Mediterranean ecosystems of Europe have been subjected to a long-term history
of human use (Wainwright 1994, Grove 1996, Margaris et al. 1996), and this has
provoked older and very intense disturbance regime when compared to the other
Mediterranean-climate regions in the world (Fox and Fox 1986). However, within
the Mediterranean basin, differences in land-use patterns have increased during
this century  between Euro-Mediterranean and Afro-Asiatic-Mediterranean
countries (Blondel and Aronson 1995). In the southern areas of the western
Mediterranean (Maghreb), growing populations are reducing forests and
shrublands by overgrazing and extending arable lands, whereas in the northern
countries abandoned land is increasing at the expense of marginal agriculture
(Puigdefábregas and Mendizabal 1998). These differential trends make the
European Mediterranean Basin more fire prone than the southern area, as shown
in the fire statistics of the last decades (Vélez 1997, Moreno et al. 1998).

2.2. Fire history

2.2.1. Statistics

Natural fires are common in many parts of the world and are an integral part of
many terrestrial ecosystems. Fire has been used by man as a management tool
since early times. It has been suggested that Palaeolithic people already burnt
deliberately to facilitate hunting and food gathering (Stewart 1956). The first
evidence of human-induced changes by fire in the Mediterranean landscape is
during the Neolithic (Naveh 1975). Since then, the Mediterranean basin has seen
the evolution of many cultures, some with high population densities, and most
making use of fire and farming. However, from the 60s until today the general
trend in number of fires and surface burnt in the European Mediterranean areas
(mainly Iberian, Italic and Greek Peninsulas and surrounding islands) has
increased exponentiallyFire statistics compiled for Spain from the 60s (Martínez-
Ruiz 1994, Moreno et al. 1998, Piñol et al. 1998) show a clear increase in number
of fires and surface burnt especially since the mid-70s (Fig. 2.1 and 2.2). From
1960 to 1973 the mean annual burnt area was about 50 kha and the annual number
of fires was less than 2000. However, since 1974, the mean annual area burnt is
about 215 kha, caused by a mean of 8550 annual fires, and in some of these years
the area burnt was more than 400 kha, i.e. nearly 2% of the total non-arable land
of Spain (1978, 1985, 1989 and 1994; Fig. 2.1). This increase has occurred in spite
of the increased fire suppression efforts of the recent years. A similar trend has
been found in other European Mediterranean areas (e.g. Kailidis 1992, Viegas
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1998), although the increment may be slightly shifted in time. The year 1993-94
was a turning point in recent fire history because several large fire episodes took
place in different Mediterranean ecosystems of the world (SE Australia: January
1994, Spain: August 1994, California: October 1993; Moreno 1998).

Data from Spain (Martínez-Ruiz 1994, Moreno et al. 1998) show that the
increase in the number of fires has mainly affected non-wooded areas (e.g.
shrublands); wooded areas showed lower increase (Fig. 2.1). Most areas burnt are
pine forests, especially Pinus pinaster and P. halepensis (Fig. 2.3), while
broadleaf species represent a small proportion. Although in Spain a large percent
of the causes of fire ignition are unknown (38%), most fires are caused by people,
either intentionally, by negligence or by pasture burning. Only a very few are
natural (i.e. lightning, 5% of the fire with known cause; Fig. 2.3). A more detailed
analysis of the causes of fire-ignition in Eastern Spain has been underway since
1995 by the local government. This study has determined the origins of 99% of
fires in the area. It shows that during the period 1995-97 the pattern was quite
different from the general pattern found for the whole Spain: 43% of the fires were
caused by negligence, 28% were intentional and 23% were started by lightning.
This elevated figure for lightning as compared with the whole of Spain may be
due to the relative high frequency of dry storms inland in early summer in the
region. However, it should be taken into account that this information is only
available for 3 years and these years were moist years (with relatively high
rainfall). This imply that the percent fires started by lightning may be high
(because of the high number of storms) but the total number of fires and burnt area
may be low (because of the high humidity).  For the whole of Spain, fires caused
by pasture burning are distributed throughout the year, with a great proportion
occurring during spring and fall, whereas most other fires, including those from
lightning, are concentrated in summer (Vázquez and Moreno 1995). The temporal
pattern of fires from pasture burning may, in part, reflect the pattern of fires of few
decades ago, but the current fire regime is very different from that, since most
fires occur in just a few weeks during summer (Moreno et al. 1998).
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Fig. 2.1.Yearly number of fires (line), wooded surface burnt (close bars, kha) and non-
wooded (e.g. shrublands) surface burnt (open bars, kha) in Spain for the period 1961 -
1997. Elaborated from data of ICONA (Martínez Ruiz 1994, Vélez 1996, 1997b)
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Fig. 2.2. Number of fires in the last decades for the whole Spain (black dots) and for the
eastern part (Valencia region). Note the logarithmic scale of the y-axis
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2.2.2. Land-use changes

In the Mediterranean basin, many centuries of severe human pressure resulting
in burning, cutting and grazing on non-arable lands and clearing, terracing,
cultivating, and later abandonment of arable portions, have created a strongly
human-influenced landscape. The cultivation of marginal areas under increasing
population pressure have been common in southern Europe since the 16th century
(Roxo and Mourao 1995, Kosmas 1996).  It is not possible to understand current
vegetation patterns in the Mediterranean basin without taking into account past
anthropogenic activities and land-uses. Human intervention has been so strong
that it is still making a significant impact on current and future vegetation patterns.

The changes in fire occurrence during the last decades closely reflect the recent
socio-economic changes underway in the European Mediterranean countries
(Vélez 1993, Moreno et al. 1998). With industrial development, European
Mediterranean countries have experienced: depopulation of rural areas, increases
in agricultural mechanisation, decreases in grazing pressure and wood gathering,
and increases in the urbanisation of rural areas (LeHouérou 1993). These changes
in traditional land-use and lifestyles have implied the abandonment of large areas
of farm-land, which has led to the recovery of vegetation (García-Ruiz et al. 1996,
Roxo et al. 1996) and an increase in accumulated fuel (e.g. Rego 1992). In
Southern Europe, human activity has dramatically increased fire frequency as a
consequence of land abandonment and tourist pressure. Piñol and Terradas (1996)
found a significant relationship between population density and fire occurrence in
Mediterranean areas of the Iberian Peninsula. As a consequence of these
processes, landscapes  are becoming homogeneous (Moreno and Oechel 1992,
Sala and Rubio 1994). In summary, land-use changes produced during the present
century in southern Europe are parallel to the changes in the fire regime, from
being few in number and affecting small areas, to becoming very numerous and
affecting large extensions every year. This trend is not observed in the southern

Fig. 2.3. Percentage of surface burnt by dominant species (A) and percentage of number of
fires by causes of ignition (B, 38% of the fires were of unknown cause and are not
considered in the figure), in Spain during the period 1974-1994. Elaborated from data in
Moreno et al. (1998).
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Mediterranean basin where traditional land-uses remain the major socio-economic
system.

2.2.3. Climate change

Although the main reason for fire increase in the last decades is probably
changes in land use, climatic factors should be considered as a contributing factor.
Fires tend to be concentrated in summer when temperatures are high, and air
humidity and fuel moisture are low. Predictions on climate warming in the
Mediterranean basin indicate an increase in air temperature and a reduction in
summer rainfall (Houghton et al. 1996). Although there is uncertainty on the mean
and variance of the precipitation changes, all predictions suggest a future
increment in water deficit. These changes would lead to an increase in water stress
conditions for plants, changes in fuel conditions and increases in fire risk, with the
consequent increase in ignition probability and fire propagation. Analysis of past
climate data already show some of these trends (Maheras 1988, Amanatidis et al.
1993, Piñol et al. 1998). For example, the recent analysis of meteorological data
from 1910 to 1994 in the eastern Iberian Peninsula (Piñol et al. 1998) show a clear
increase in temperature and potential evapotranspiration and a reduction in
summer humidity. These changes are correlated to an increase in the number of
fires. The climate changes that are predicted to occur in the near future as a result
of releasing greenhouse gases are likely to induce increased fire risk not only in
the Mediterranean area, but also in other fire-prone regions of the world
(Flannigan and van Wagner 1991, Torn and Friend 1992).

2.3. Fire effects on soils

Fire effects on soils can be separated in two phases, that is, direct losses of
nutrients during burning, and post-fire changes due to low vegetation cover. These
two phases include different processes, and they eventually require different
measures to reduce soil degradation risk.

During burning, direct nutrient losses are produced by volatilisation, mostly C,
N and S, and by ash convection in the smoke column (Raison et al. 1985, Gillon
and Rapp 1989, Trabaud 1994). These losses are especially relevant in high
intensity fires (Little and Ohmann 1988). In addition, the vegetation and forest
floor cover disappear partially or totally, and the topsoil suffers heating
(Christensen 1994). These processes associated to burning operate in a time scale
of seconds to weeks, the latter in the case of smouldering in small spots. The
magnitude of these impacts is included in the often ambiguous term ‘fire severity’,
which is somehow related to fire intensity, and may be defined as the residence
time of a threshold temperature, e.g. 150ºC (Pérez-Ramos 1997). As fire
temperature is related to fuel load and spatial structure, actions to reduce fire
impact during combustion are addressed to control fuel accumulation.

The burned land has lost most of the plant and forest floor cover, therefore the
ash layer and bare soil are exposed to water and wind erosion, and to soluble
nutrients leaching from the ash layer during the post-fire period of low vegetation
cover (DeBano et al. 1979, Khanna and Raison 1986). The time scale of this
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second phase is from fire extinction up to a few months to years depending on the
vegetation recovery rate. Nutrient losses produced after fire could be higher than
those produced during burning, especially when soil erosion is relevant. The
greatest damage by fire is caused in those areas with a long dry season where
organic horizons can be burnt, exposing, and perhaps affecting, the mineral soil
(Trimble 1988). In Mediterranean regions, the frequent autumn rainstorms
constitute a high erosion risk  after summer wildfires. Thornes (1990) considered
that a minimum of 30% projective plant cover is sufficient for protecting the soil
against water erosion. The risk of post-fire soil erosion is higher the higher the
time required for vegetation to reach this threshold plant cover value. In eastern
Spain, critical time values varied from a few months to more than 1.5 years
(Vallejo et al. in press), and these are quite dependent on the regenerative strategy
of the vegetation. Post-fire soil degradation in vulnerable soils (erodible soils,
steep slopes and low plant-regeneration capacity) could be mitigated by applying
emergency seeding techniques (Vallejo and Alloza 1998) that aim at enhancing a
protective herbaceous cover shortly after the fire. In spite of nutrient losses
produced during combustion and post-fire leaching and erosion, soil fertility
increases temporarily by ash incorporation in the soil and soil biological activity
enhancement shortly after the fire (Walker et al. 1986, Kutiel and Naveh 1987),
although a late short-term depression in nutrient availability may appear (Ferran
1996). Soil biological activity after fires requires more than 20 years for complete
recovery (Prodon et al. 1987). In addition, fire may modify mycorrhizal inocula in
the soil (Torres and Honrubia 1997, Tartaglini 1992) that can limit plant
regeneration. Soil properties usually increase their spatial heterogeneity because of
processes associated to the fire, such as patchiness in fire severity (Pérez-Ramos
1997), short-distance redistribution of ashes and top soil material after fire
(Serrasolsas 1994), and the modifications in nutrient cycling produced by the
different litter qualities of colonising plants (Ferran and Vallejo 1992).

High fire frequency affecting nutrient-poor ecosystems strongly increases the
risk of soil fertility depletion and desertification. In semiarid shrublands of south-
eastern Spain, Carreira et al. (1996) found a sharp depletion of soil available
nutrients, especially extractable inorganic phosphorus, associated to a linear
increase in the fire frequency along a successional chronosequence. In addition, C
accumulation in the soil could be limited by N losses during fire in ecosystems
affected by high fire frequency (Menaut et al. 1993, Vitousek and Howarth 1991).
In spite of the short-term nutrient losses produced by severe wildfires, and that
model predictions indicate that regular burning may result in a decline of forest
productivity (O’Connell 1989),  few evidences have been found so far of long-
term decreases in soil productivity because of fire. Recently, Ferran et al (1998)
found that 3.5 years after the fire, Quercus coccifera garrigues accumulated less
biomass in stands affected by recurrent fires (up to 3 fires in 16 years) as
compared to those affected by only one.

2.4. Post-fire regeneration of vegetation

The effects of fire on vegetation are very complex, not only because of the
great complexity of Mediterranean ecosystems and the interactions with land-uses,
but also because of the different responses to different type of fires and fire
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regimes (i.e., different intensities, seasonalities, recurrences and extent of the fire).
At the landscape level, post-fire regeneration would depend mainly on the initial
vegetation, that is, plant traits of the initial species occurring on the site, and on-
site environmental factors (climatic and terrain parameters).

2.4.1. Plant traits
There are two main plant traits conditioning the regeneration pattern: a) the

capacity to resprout after fire (resprouter species), and b) the stimulation of the
recruitment by fire (seeder or recruiter species). We consider fire-stimulated
species to be those in which fire stimulates or facilitates the recruitment process
(seed dispersal, germination, flowering, etc.) by some physical or chemical
mechanism (e.g. heat, smoke). Species that increase after fire because there is
more light/space available (opportunistic species) are not considered fire-
stimulated species. Species may resprout or not, and may have their recruitment
stimulated by fire or not, in four possible combinations (Pausas 1999): resprouters
without recruitment stimulated by fire (R+S-), resprouters with recruitment
stimulated by fire (R+S+), non-resprouters with recruitment stimulated by fire (R-
S+, obligate seeders) and non-resprouters without recruitment stimulated by fire
(R-S-).

These functional types have different demographic patterns and responses to
repeated wildfires (for details see Pausas 1999). Resprouting species always
maintain some biomass alive (often below-ground biomass) and recover quickly
from fire. A typical example is the Quercus coccifera (kermes oak, the dominant
species of the garrigues), a vigorous resprouter shrub with rhizomes that quickly
recover from fire. Trabaud (1991) experimentally burnt this species every two
year for 19 years and it kept resprouting. Ferran et al. (1998) have demonstrated
the loss of some growth capacity in this species after recurrent fires. This loss can
be due to the depletion of carbohydrates and nutrients stored in the below-ground
system. Other Quercus species have demonstrated their high resprouting capacity
from basal buds (e.g., Q. ilex). An interesting case is Quercus suber (cork-oak)
which is able to resprout from stem buds (Pausas 1997) thanks to protection by a
thick bark (cork). It is the only European tree species that resprouts from stem
buds, as do most Australian Eucalyptus (Gill 1981, Strasser et al. 1996), and it
produces a quick regeneration of the landscape after fire. This feature together
with its economic importance make this species a good candidate for reforestation
programs in fire-prone areas.

The recovery of non-resprouting species is slower and depends on the fire
interval, the age of maturity (to produce seeds for regeneration) and seed
longevity, and resistance to fire. Species with fire-stimulated recruitment show a
peak-phase soon after a fire, and then they decrease due to their low competition
ability. Different recruitment processes may be stimulated by fire, with
germination being the most important. Seeds of some species have innate
(primary) dormancy and require a fire-related stimulus to germinate (refractory
seeds). Fire may also stimulate flowering or dispersal. Examples of species with
fire-stimulated germination are most of the Cistaceae and Papilonaceae (legumes)
species (e.g. Thanos et al. 1992, Arianoutsou and Thanos 1996). Furthermore, it
has been postulated that post-fire vegetation may be rich in legume species
because their capacity to fix nitrogen may alleviate nutrient losses caused by fire.
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However, while some studies seem to supports this hypothesis (e.g., in the Greek
phryganas, Arianoutsou and Thanos 1996), others do not (in French and Iberian
garrigues, Trabaud 1992, Pausas et al, in review).

Another adaptation to fire is the serotiny (=bradyspory), that is, the retention of
the seed in the canopy until a fire occurs (fire-induced seed dispersal). This fire
stimulation system is frequent in other Mediterranean type ecosystems (South
Africa, Australia) but in the Mediterranean basin it is only found in a relatively
low level in a few species such as the Mediterranean pines (e.g., Pinus halepensis,
P. brutia). In these pines the recruitment is stimulated by fire because of increased
seed dispersal rather than germination stimulation. In contrast with some other
Mediterranean type ecosystems (such as South Africa, Australia), in the
Mediterranean Basin no plants have been found to be strictly dependent on fire for
completing their life cycle.

There are some species which posses both the capacity to resprout after fire and
to have their recruitment stimulated by fire (e.g. Thymus vulgaris, Anthyllis
cytisoides, Dorycnium pentaphyllum). However, in these cases both factors are
usually developed in a lesser degree (i.e. lower resprouting capacity and lower
stimulation of the recruitment) than for resprouting (non stimulated recruitment)
species and obligate seeders.

2.4.2. Environmental conditions

Environmental conditions affect both fire behaviour and vegetation response,
and the differential effect on each of these factors is difficult to separate from field
observations. Several samplings in the eastern Iberian Peninsula have been
undertaken to test the effect of different environmental (terrain and climate)
parameters on regeneration (Vallejo 1997, Pausas et al., in review).
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Two main bioclimatic zones from the point of view of temperature and two
main bedrock types are found in the eastern Iberian Peninsula (Valencia region):
the thermo-Mediterranean zone right next to the coast with a mean annual
temperature between 17-19ºC (vegetative period = whole year) and the meso-
Mediterranean zone, a bit inland with a mean annual temperature between 13-
17ºC (vegetative period = 9 - 11 months). The two main bedrock types are:
limestone, that is, calcareous hard rocks producing very shallow and decarbonated
brown-red soils with abundant outcrops and cracks, and marls which produce
deeper and highly carbonated soils but without cracks. The combination of these
factors (bioclimatic region x bedrock type) gives four distinctive environmental
conditions. Several sites were selected in each of these environments after the
1991 fires, and the vegetation covers were analysed 10 and 34 months after the
fire (Vallejo 1997, Pausas et al. in review, Fig. 2.4). Results clearly show the
influence of bedrock type, while difference in climatic region were less evident:
plant recovery was significatively lower on marls in both samplings (10 and 34
moths after fire). Ten months after fire the mean plant cover was over 71% on
limestone bedrock type, and ca. 40% on marls. At that time two highly resprouting
species (both having rhizomes), Quercus coccifera (kermes oak) and
Brachypodium retusum (a perennial grass) covered ca. 30 and 46% on limestone
and 7 and 24% on marls.

The effect of facing slope on post-fire recovery was studied after the 1994 large
fire in the meso-Mediterranean bioclimatic zone under limestone bedrock of the
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eastern Iberian Peninsula. A year after the fire, on the average, vegetation covered
42% of the soil, and the cover was significantly greater on the north slopes
(52.4%) than on the south ones (32%, Fig. 2.5). This recovery was mainly due to
the resprouting species Quercus coccifera and Brachypodium retusum, and to the
obligate seeders Ulex parviflorus, Helianthenum marifolium and Cistus albidus.

The regeneration of Pinus halepensis has also shown some relation with
environmental conditions. This species tends to regenerate better at low altitude
(Fig. 2.6), at low/middle position on the hillside and on moderate slopes or flat
areas (Tsitsoni 1997). Furthermore, other parameters have been found to be
important in the regeneration of this species, such as the thickness of the ash layer
after fire, which reduces the germination rate of Pinus halepensis and Cistus
species (Ne’eman et al. 1993). The regeneration of this important forest species
depends on fire recurrence, that is, if the fire free period is shorter than the age to
reach maturity, the species would be locally eliminated.
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2.4.3. Prediction of long-term effects

The long-term consequences of disturbances on landscapes are difficult to
predict on the basis of field observations only. Models of vegetation dynamics are
useful tools for investigating the long-term consequences of different scenarios
such as climatic (Solomon 1986, Bugmann 1997), harvesting (Pausas and Austin
1997), fire regime (Pausas 1998) or land-use scenarios. These models are
especially important for studying the consequences of interval-dependent
processes (in contrast to event-dependent processes; Bond and van Wilgen 1996),
where the experimental approach is difficult to apply. Interval-dependent
processes such as establishment, maturation and dormancy are key factors for
predicting the long-term consequences of alternative fire scenarios on
Mediterranean landscapes.

Modelling vegetation dynamics in fire-prone ecosystems requires two steps
(Pausas 1998). The first is to produce descriptive (often statistical, e.g. Strasser et
al. 1996, Pausas 1997) models based on field observations after wildfire or
experimental fire. These models are a simplified description of the response of
vegetation to disturbance events (fires). The second step is to introduce ecological
knowledge of how plants function and descriptive models from field observations
into a mechanistic simulation model. This simulation model allows us to simulate
long-term vegetation dynamics, and to test alternative scenarios or management
options.

The most standard modelling technique currently used to predict vegetation
dynamics is the gap model approach (individual-based gap dynamic modelling
approach, Botkin et al. 1972, Shugart 1984) which simulates stand development
by modelling mechanistically the establishment, growth, and death of individual
plants. We have developed a simple gap model, called BROLLA (Pausas, in press),
that simulates the establishment, growth, and death of individual plants in a 200
m2 plot and at annual time-steps. BROLLA aims at capturing the main features for
modelling the dynamics of Mediterranean vegetation. It is based on other gap
models (Botkin et al. 1972, Shugart 1984, Coffin and Lauenroth 1990, Pausas et
al. 1997) and includes 4 species groups (plant functional types) growing in the
north-eastern Iberian Peninsula: Quercus (tree, broad-leaved evergreen resprouter;
e.g. Q. ilex), Pinus (tree, needle-leaved non-resprouter with serotinous cones; e.g.
P. halepensis), Erica (heath, ericoid-leaved resprouter; e.g. E. multiflora), and
Cistus (shrub, broad-leaved non-resprouter with germination stimulated by fire;
e.g. C. albidus). Six fire scenarios were simulated for a  500 year period
(mnemonic names in brackets): no fire (NF) and fire every 100 (F100), 40 (F40),
20 (F20), 10 (F10) and 5 (F5) years. The objective of these fire scenarios was to
create a fire recurrence gradient to study the behaviour of the functional types with
changes in fire recurrence. In the presented model runs, it is assumed that the
simulated patch is within a large fire, that is, there is no external source of seeds
from surroundings.

The BROLLA model predicted changes in the relative abundance of the different
species with changes in the fire recurrence in NE Iberian Peninsula (Fig. 2.7).
Quercus showed a progressive decrease in relative abundance, from ca. 70% (NF)
to less than 5% (F5) of the total basal area. Pinus had its maximum relative
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abundance (30%) at low and intermediate fire recurrences (NF-F20). Erica and
especially Cistus increased with increased fire recurrence (F10 and F5).

Without fire, BROLLA predict a forest dominated by Quercus (oak forest), with
some Pinus and a very low presence or total absence of Erica and Cistus. With
high fire recurrence (F5), the model predict a community (shrublands) dominated
by Erica and Cistus, with very low abundance or absence of Quercus and Pinus
(immatures only). At intermediate fire recurrences, the predicted community is
dominated by Quercus with Pinus (mixed forest) depending on the fire recurrence.
These results are roughly as expected for eastern Spain (Terradas 1987, Ferran
1996), that is, mature oak (e.g. Q. ilex) forest in areas with low fire recurrence,
pine/oak woodlands (e.g., P. halepensis) in areas with higher fire recurrence, and
shrublands (e.g. Erica multiflora and Cistus sp. pl.) in the highest fire recurrence
areas. Similar patterns of increasing shrublands and decreasing Quercus
communities due to increasing fire recurrence are found in other Mediterranean
basin systems (e.g., Trabaud and Galtié 1996). In a successional study using a
chronosequence in the NE Iberian Peninsula (Ferran 1996), Quercus ilex, Pinus
halepensis, and Cistus salviifolius followed a similar pattern to the one simulated
here, although Erica species were less abundant. That is, Quercus was abundant in
the mature stands (23 and 35 years since last fire), while Cistus was very abundant
in the young ones (2 years since fire). Pinus was low in abundance or absent in all
the chronosequence, and absent in the young stands. A Quercus coccifera garrigue
in eastern Spain (Ferran et al. 1998) showed a significant decrease in Quercus
biomass from a plot unburned at least for the last 18 years to similar garrigues
burnt once, twice, and three times in that period; the cover of Cistus species
(biomass was not sampled) showed an opposite trend. Model results are consistent
with these trends although accurate comparisons are not possible. It is very
difficult, if not impossible, to verify accurately these types of models because of
the difficulty in obtaining reliable fire history information at the patch level; and
because of the spatial variability in the response. Current vegetation is a mosaic of
different patches, with different fire histories and different site (e.g. soil,
microclimate) characteristics.

The land-use history may interfere with the dynamic pattern described here.
Cultivation requires the uprooting of resprouters, and although land abandonment
permit new plant colonisation, this is often difficult for many sclerophyllous
resprouter species because of their low dispersal capacity and/or their requirement
of an animal vector for dispersal (zoochory) which may not be available in
degraded lands (Alcántara et al. 1997). In addition, germination rates and seedling
survival are often low for these species in degraded drylands, as is the case of
Quercus rotundifolia (Laguna and Reyna 1990, Pausas 1999).

Vegetation dynamic models provide us some insights into the fate of vegetation
with changes in fire recurrence, and can be used to test alternative management
scenarios. However, further work is needed before we can obtain reliable models
for global change predictions. The main research needed includes: the extension to
spatially explicit gap models (including realistic dispersion processes), realistic
environmental (especially temperature) response of the species, knowledge of key
species attributes, and the inclusion of below-ground competition. Research on
these topics would improve our ability to produce more accurate simulation
models.
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2.5. Concluding remark
Large forest fires have spread at an unprecedented rate in southern Europe

during the last decades, after dramatic changes in land use and population
distribution between urban and rural areas. Similar trends could be predicted for
northern African countries in the future. The challenging questions now are to
what extent the present fire regime can be modified through suppression and
prevention policies, and what might be the consequences for ecosystems and
landscape structure and dynamics. To get some insight into these questions,
ground-based observations should be coupled with remote sensing techniques in
order to provide the knowledge basis for modelling various management scenarios
at the appropriate scale.
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