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Abstract

Fire is known to be a major factor in shaping plants and vegetation worldwide. Many plant traits have been de-
scribed as adaptations for surviving fire, or regenerating after it. However, many of the traits are also advantageous
for overcoming other disturbances. The fact that fire in the Mediterranean Basin has been almost exclusively of
anthropogenic origin, and thus is of short duration in an evolutionary time scale, cast doubt on the possibility that
fire can act as a selective force in the Mediterranean Basin. Our aim here is to review the ecological advantages of
Pinus halepensis traits and their possibility to be selected by fire. The non-self pruning of cones and branches, and
the high resin content increase the probability of canopy fires and consequent death of P. halepensis trees. Post-
fire regeneration of P. halepensis depends totally upon its canopy-stored seed bank. The seedlings grow quickly
and they first reproduce at an early age. Young reproductive trees function first as females with a high percentage
of serotinous cones. Thus, young P. halepensis trees allocate many resources to seed production, reducing their
‘immaturity risk’ in a case of an early successive fire. The proportion of serotinous cones is higher in post-fire
naturally regenerating stands than in unburned stands, and seeds from serotinous cones germinate better under
simulated post-fire conditions. The extremely high pH of the ash-bed under the burned canopies creates the post-fire
regeneration niche of P. halepensis exactly under their parent trees. All these traits are advantageous for post-fire
regeneration, but could they also be selected during the time scale of anthropogenic fires in the Mediterranean
Basin? Pinus halepensis is a relatively short living tree with almost no recruitment under forest canopy. The
longest estimated fire-return interval and generation length are about 125 years. The earliest solid evidence for
the first hominid-controlled fire in the Mediterranean basin is 780,000 years ago, and thus the estimated number
of post-fire generations is 6240. We suggest that such a number of generations is sufficient for the selection and
radiation of fire adaptive traits in P. halepensis.

Introduction

Fire, mainly as a consequence of summer thun-
derstorms, is a natural factor in three of the five
Mediterranean-type regions in the world: Australia,
California and South Africa. According to FAO re-
ports (FAO 1999), during a single decade (1989–
1998), 616,037 fires in Portugal, Spain, France, Italy,
Greece, Turkey and Israel consumed 48,504 km2, 2%
of their total land area. In the west Mediterranean
basin lightning-caused fires are limited to high moun-
tains, were only 3.3% of all fires and burned only

7.5% of the total burned areas; the rest were anthro-
pogenic fires (Vázquez and Moreno 1998). In the east
Mediterranean all fires are almost only of anthropo-
genic origin; during 1980–1996 no ‘natural fire’ was
reported (Keidar 2001). It has been suggested that fire,
more than other kinds of human disturbances, such as
cutting and grazing, have strongly shaped the evol-
ution of Mediterranean plants (Naveh 1974; Naveh
1990). Thus, many dominant Mediterranean species,
including P. halepensis Miller (Aleppo pine), have
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been considered ‘pyrophytes’ that retain key survival
traits as ‘fire adaptations’ (Naveh 1974; Naveh 1990).

Trabaud (1987) challenged the relevance of such
terms, mainly for plants of Mediterranean regions,
because fire is only one of several disturbance types
that can select for ‘survival traits’. This argument is
especially strong given the relatively short history of
the fires in the Mediterranean Basin. In fact, most
life history traits are advantageous for various natural
and human disturbances. Resprouting, for example,
is advantageous after windfall and extreme herbivore
defoliation as well as after extreme grazing, logging
or canopy fire. Hard seededness is also often presen-
ted as an adaptation to post-fire regeneration from soil
seed bank (Bond and van Wilgen 1996). However, this
characteristic is responsible for spreading of germina-
tion over time in dormant, refractory seeds, and it is
common in the Cistaceae and Fabaceae, whether the
species inhabit fire prone habitats or not (Thanos et al.
1992). Even serotiny, which is generally accepted as
a fire-related trait (Lotan 1976; Lamont et al. 1991),
has also been shown to synchronize seed release in
time of optimal conditions for long-distance seed dis-
persal (Nathan et al. 1999). Because early succession
plant species have many common traits with post-fire
obligate seeders (Keeley and Zedler 1998) it is more
difficult to separate adaptations to fire from adapta-
tions to other disturbances. In contrast, the recently
found widespread smoke-stimulated germination (e.g.
Keeley and Fotheringham 1997) and flowering (Kee-
ley 1993) are advantageous solely in the case of fire. It
is possible, in many cases, to demonstrate the contri-
bution of various plant life history traits to resilience
to fire, or to post-fire regeneration. However, in most
cases, it is difficult to determine whether fire or any
other natural or anthropogenic disturbance acted as the
major selective force that caused the radiation of any
specific trait.

Although the above arguments generally hold for
all Mediterranean regions, selection by fire should be
carefully examined for long-lived plants of the Medi-
terranean basin in particular. This is because the time
period during which fire of anthropogenic origin be-
came a major force in this region (Naveh 1974; Prodon
et al. 1987) is perhaps too short for the selection
and radiation of new traits in relatively long-living
organisms such as trees. It might be sufficient, how-
ever to cause extinction of plants that entirely lack
any resilience, or any post-disturbance regeneration
mechanism.

Pinus halepensis is one of the most studied Medi-
terranean trees (Ne’eman and Trabaud 2000). It is a
post-fire obligate seeder, which does not survive fires
but regenerates only from seeds in the post-fire en-
vironment. Therefore, vegetative characters are less
important as potential fire adaptations than reproduct-
ive traits and features that affect early recruitment
(Whelan 1995; Bond and van Wilgen 1996). Pinus
halepensis is abundant in fire-prone habitats within
the Mediterranean basin (Arianoutsou and Ne’eman
2000; Trabaud 2000). It is also known however to
be a common pioneer and invasive species within
its natural distribution area and elsewhere, and thus
it is also adapted to regeneration in unburned dis-
turbed areas. Shade intolerant seedlings, short juven-
ile period, massive annual cone production, serotin-
ous cones and low probability of surviving fires are
the main traits determining the invasive ability of P.
halepensis in the Southern Hemisphere (Higgins and
Richardson 1998; Richardson 2000).

A review of the past and current research on P.
halepensis traits in relation to fire indicates a shift from
a strong emphasis on fire as the major or even the sole
factor affecting regeneration and selection, to the view
that the species exhibits a ‘dual life history strategy’
for utilizing fire as well as other disturbances (Trabaud
1987; Nathan et al. 1999; Nathan and Ne’eman 2000).
This recent recognition requires a new synthesis of
data accumulated in former and recent studies and re-
evaluation of their ecological role and evolutionary
causes and consequences. Therefore, our aim here is
to examine various life history traits of P. halepensis,
to evaluate their contribution to post-fire versus fire-
free regeneration, and to assess the possibility of their
direct selection by fire.

Reproductive traits of Pinus halepensis

Vegetative traits

The ecological role of pines in general is described as
specialized for moderate to low-fertility habitats and
the exploitation of open conditions imposed by lim-
itation of growth or by disturbance, fire in particular
(Keeley and Zedler 1998). The vegetative character-
istics of various pine species are correlated with fire
regime and their post-fire regeneration strategy. Where
only ground fires occur frequently, a grass-stage with
a delayed seedling development has evolved. In areas
with summer rains and high fire frequency, mainly in
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the southeast USA, basal resprouting of saplings and
young trees has evolved. Post-fire resprouting is cor-
related with thick bark, which protects the cambium
from fire’s heat, mainly in canopy resprouting species
(e.g. Pinus canariensis). Serotinous species are com-
mon in low productive sites with limited tree height,
which increases the danger that any fire could develop
into a canopy fire. Under such conditions, pine species
have only a relatively thin bark that does not supply
enough heat insulation to the cambium and leads to
tree death after wild fire. Pinus halepensis belongs to
the last group; its bark is 3.8 cm thick on average,
whereas bark thickness of 38 examined species ranged
from 1 to 7.62 cm (Keeley and Zedler 1998). Serotin-
ous species are not self-pruning, and dead branches
are not detached from the main trunk. They consti-
tute a highly flammable material that acts to amplify
fire intensity, thus increasing the chances that a local
low-intensity surface fire will become a widespread
high-intensity canopy fire (Keeley and Zedler 1998).
Pinus halepensis is not self-pruning, and it also retains
an extremely large number of open empty cones that
are very flammable. The non-self pruning of branches
and empty cones contributes to the high flammability
of P. halepensis, but not to its invasive ability.

Cone production

Pine species vary in their age to first reproduction from
5 years in high fire frequency habitats to 50 years
in timberline and desert species (Keeley and Zedler
1998). Saplings of P. halepensis are fast growing; their
sexual reproduction begins at the very early age of 3-6
years and is estimated to encompass the entire popula-
tion after 12-20 years (Thanos and Daskalakou 2000).
In even-aged populations large individuals begin their
reproduction earlier than small ones; this may explain
the high variability in the published data.

Monoecy is common to all pine species (Mirov
1967). However, P. halepensis trees start reproduction
as females and later turn bisexual when they start pro-
ducing also male strobili. In a three-year-old post-fire
stand on Mt. Carmel, Israel, 93% of the reproductive
individuals were females, 6% males and 1% bisexual.
When tree size is considered, reproduction begins at
1-1.5 m height with 51% reproductive individuals,
38% females and 12% bisexual; in full reproductive
stands of 9 m high trees, 99% are bisexual (Shmida
et al. 2000; Table 1). This temporal gender segrega-
tion pattern contrasts with the reproductive patterns in
most other monoecious species. Because female suc-

cess is often limited by resource availability (Charnov
1982), young or small individuals usually are pure
males and produce female units only later (Freeman
et al. 1981; Willson 1983). Such a temporal gender
segregation pattern is advantageous in the post-fire en-
vironment. In large burned areas, the probability that
the small amount of pollen, produced by small post-
fire saplings, will pollinate some distant unburned
trees seems extremely low resulting in low male suc-
cess. In contrast, the chances that pollen produced by
distant unburned large trees will pollinate the young
post-fire trees, over the same distance, seem much
higher, resulting in higher female success. Moreover,
‘immaturity risk’, the danger of recurrent fire before
the establishment of a seed bank, is a threat to the
population of post-fire obligate seeders (Lamont et al.
1991). Therefore, the contribution of even the low fe-
male success to the fitness of an individual under high
fire frequency regime is much higher than that of any
possible male success. This gets support also from the
higher percentage of serotiny in young small trees as
will be described in the next section.

However, young age at first reproduction and the
production of female cones first are also advantageous
for a pioneer, invading species.

Seed dispersal and serotiny

Most of the seeds of P. halepensis are produced in
regular cones that open regularly and release their
enclosed seeds under dry weather conditions. The
winged seeds are adapted for long-distance dispersal
(Nathan et al. 1999). Thus, cone structure, seed mor-
phology, and timing of seed release are major non-fire
related traits determining the invasive character of P.
halepensis.

Serotiny is the retention of mature seeds in a
canopy-stored seed bank with delayed dispersal (La-
mont et al. 1991). However, in many cases serotiny
refers to seed release and dispersal as a result of fire
(Lamont et al. 1991). The degree of serotiny in pines
varies considerably among species, among popula-
tions within a species, in response to site productivity
and mainly fire frequency (Keeley and Zedler 1998).
The degree of serotiny in Banksia species was found
to be dependent on resprouting ability, longevity and
fire frequency (Enright et al. 1999a; Enright et al.
1999b). The high variation in serotiny percentage and
its higher values in post-fire stands in North America
(Lotan 1976; Gauthier et al. 1996) are explained by
direct selection by fire and the simple genetic control
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Table 1. The percentage of non-reproductive individuals
(none), female, male and monoecious trees of Pinus halepen-
sis according to average height classes (m) in the Judean
Mountains (From Shmida et al. 2000).

Height (m)n None (%)Female (%)Male (%)Monoecious (%)

1.5 20349.3 38.0 0.4 12.3

3 147 9.2 10.3 0.7 79.8

6 95 0 2.1 0 97.9

9 38 0 0 0 100

12 75 0 0 0 100

(two alleles at one locus) of this trait (Teich 1970;
Perry and Lotan 1979).

Pinus halepensis is frequently presented as serotin-
ous pine whose cone opening and seed release are
related to fire (Trabaud et al. 1985; Daskalakou and
Thanos 1996; Saracino et al. 1997; Agee 1998; Doussi
and Thanos 2002; Leone et al. 2000; Roitemberg and
Ne’eman 1999). Serotinous cones also open, however
in the absence of fire as a response to extremely dry
weather and as an adaptation to favorable conditions
for dispersal (Nathan et al. 1999). This demonstrates
the complex situation involved in serotiny and seed
dispersal in P. halepensis. Pyriscence, fire-induced
seed release (sensu Lamont et al. 1991), is extens-
ive and widespread in this species and leads to its
remarkable post-fire recruitment and enlargement of
its distribution area in fire-prone areas. Xeriscence,
drought-induced seed release (sensu Nathan et al.
1999), constitutes the major portion of seeds released
during a tree’s lifetime, and may also result in wide-
spread recruitment. Thus, P. halepensis is adapted to
invading open disturbed sites generated by fire or by
other factors (Nathan and Ne’eman 2000).

A compilation of four recent studies, carried out
in Italy (Borghetti M., Saracino A. and Leone V.
unpublished data), Greece (Thanos and Daskalakou
2000), Spain (Tapias et al. 2001) and Israel (Goubitz
2001; Goubitz et al. in press), shows that serotiny
in P. halepensis strongly depends on the stand his-
tory in relation to fire (Figure 1). Some of the above
studies present averages of several stands; therefore
no means can be calculated. However, the degree of
serotiny in more than 10 post-fire stands was higher
than 78% and the degree of serotiny of more than 13
unburned was less than 81%. However, in the first
three studies, the post-fire regenerated stands were
younger than the unburned stands. This confounds

the interpretation with respect to the role of fire his-
tory, because the difference in serotiny can merely be
a function of tree age/height. In fact, the percentage
of serotiny in P. halepensis is much higher in young
and small trees than in adults. In Greece, 5-12 year-
old trees had 95% and 30-50 year-old trees had 48%
serotinous cones (Thanos and Daskalakou 2000). In
Spain, the last two crops in 3 young (18 years) and
3 adult (>40 years) stands had mean serotiny of 95%
and 78%, respectively (Tapias et al. 2001). In Israel,
serotiny was 90% in 3 m high stands and dropped to
20% in 8 m height stands (Figure 2). However, con-
trolling for the age/size effect by comparing trees of
similar size (up to 8 m) reveals significantly (t-test
p=0.03) higher serotiny in 3 burned (85%) than in 4
unburned (40%) stands on Mt. Carmel, Israel. This
suggests a direct and rapid selection by fire, as was
also found in North American pines (Lotan 1976; Gau-
thier et al. 1996). The higher percentage of serotiny of
young trees is also advantageous mainly in post-fire
conditions. Serotinous cones contribute to the quick
establishment of a canopy-stored seed bank, which is
the only chance for post-fire regeneration in case of
an early successive fire, thus reducing the ‘immaturity
risk’. Moreover, serotinous cones on small trees de-
crease the invasion rate in a no-fire scenario. Thus, the
tendency of younger or smaller pines to produce more
serotinous cones in general, and especially in post-fire
scenarios, provides evidence for a specific selection by
fire rather than by other disturbances.

Both serotinous and non-serotinous cones open
after fire and gradually release their seeds. In Italy,
seed rain was highest immediately after a fire, but
it has still been observed 4-5 months after the fire
(Saracino et al. 1997). Similar temporal patterns of
seed release were observed in several post-fire stands
in Israel (G. Ne’eman et al., unpublished). Saracino
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Figure 1. Degree of serotiny in post-fire and unburned Pinus
halepensis stands. Data are from: 4 stands in Italy (It) (Borghetti M.,
Saracino A., Leone V. unpublished data), average values of post-fire
and unburned stands in Greece (G) (Thanos and Daskalakou 2000),
6 stands in Spain (S) (Tapias et al. 2001) and 10 stands in Israel (Is)
(Goubitz 2001). The level of serotiny is estimated as the percentage
of serotinous cones out of the total cone crop in individual trees
in all studies except for the unburned stands in Spain, where it is
estimated only for the last two annual cone crops.

Figure 2. The average serotiny percentage as a function of average
stand height of 10 Pinus halepensis stands in Israel.

et al. (1997) also observed that early released seeds
are darker than seeds released later, in correspondence
with the change of the color of the post-fire ground;
thus, this feature is assumed to decrease seed pred-
ation by visual predators such as granivorous birds
(Saracino et al. 1997). Although gradual seed dispersal
is advantageous under many circumstances, the color
change seems to be a direct adaptation to the post-fire
environment.

Regulation of germination

Optimal germination temperature for P. halepensis
seeds is 20 ◦C, a temperature that fits the ambient
temperature in the beginning of the winter, the nat-
ural germination season. Seeds germinate both in
full light and in total darkness, but germination is
totally suppressed under continuous far-red illumin-
ation (Daskalakou and Thanos 1996; Thanos 2000).
These conditions are good both for post-fire regener-
ation and for invading open areas. Heat-shock treat-
ments drastically reduce the percentage of the seeds
that germinate (Martinez-Sanchez et al. 1995). How-
ever, because of the protection of the closed cone-
brackets (Habrouk et al. 1999), this does not prevent
the post-fire massive germination of the seeds.

Most of the post-fire released seeds land in the
proximity of their mother trees on top of a thick ash
layer, where they are exposed to unique chemical
conditions typical only of the post-fire environment.
Ash is a hostile environment, its low water potential
(−0.26 MPa), and mainly extremely high pH value
(10) cause drastic inhibition of germination of Pinus,
Cistus and annual species (Henig-Sever et al. 1996).
However, the nitrate and ammonium, at concentrations
present in the ash (200 and 1784 µM respectively),
are close to the optimal values for germination of P.
halepensis (Henig-Sever et al. 2000). The balance
between the inhibition of germination by high pH and
its stimulation by nitrate and ammonium present in the
ash determines the overall effect of the ash on post-fire
germination of P. halepensis.

Seeds from serotinous cones

Seeds from serotinous cones germinate naturally in
post-fire environments, whereas seeds from non-
serotinous cones germinate mainly in non-fire scen-
arios. To compare the germination response of seeds
from the two cone types, we examined their germin-
ation response to post-fire (heat shock of 100 ◦C for
5 min and germination at pH 10) and no-fire (heat
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shock of 40 ◦C for 5 min and germination at pH 7)
conditions. The treatments variously affected the ger-
mination of the seeds according to their cone type.
Percentage and rate of germination of seeds from non-
serotinous cones was higher in the no-fire simulation
than in the post-fire simulation. In the post-fire simu-
lation, seeds from serotinous cones germinated better
than seeds from non-serotinous cones (Goubitz 2001;
Goubitz et al. 2003). The different germination re-
sponses could not be attributed to differences in cone
age, because no difference was detected in the germin-
ation of seeds from one- and four-year-old serotinous
cones. These results indicate that the cone type is
linked to the germination response of the seeds in P.
halepensis, with seeds from serotinous cones being
more tolerant of fire-related factors. Moreover, the res-
ults revealed that in addition to protecting the seeds
during fire and dispersing them after fire, the seeds
from serotinous cones germinate in the post-fire envir-
onment better than seeds from non-serotinous cones.
Such a difference indicates that in the case of fire, in-
dividuals with a high percentage of serotinous cones
have an advantage over individuals with a low per-
centage of serotinous cones. We thus conclude that fire
may cause direct selection to increase the percentage
of serotinous cones.

Seed-bank and regeneration niche

Post-fire seeders may regenerate from the soil seed
bank or from a serotinous canopy-stored seed bank.
Because of the high predation pressure of about 97%,
P. halepensis seeds are almost completely absent from
the pine forest soil seed bank (Izhaki and Ne’eman
2000). The seeds that succeed to germinate under the
forest canopy produce seedlings that have no chance
to grow and reproduce in the shade of the mature
trees. Consequently, regeneration without fire drastic-
ally increased with distance from the adult trees. The
probability of a seed surviving to a sapling (3 years)
stage can increase by more than two orders of mag-
nitude when it is just 30 m from adult pines (Nathan
et al. 2000). This is presumably because more distant
sites have lower predation (R. Nathan, unpublished),
lower competition with both seedlings and adults, and
lower interference from adult litter and needle debris.

In the absence of soil seed bank, all post-fire regen-
eration depends on canopy-stored seeds in serotinous
and non-serotinous cones. The dispersal curve of P.
halepensis is similar to those of other wind-dispersed
species, exhibiting a rapid decline with increasing dis-

tance from the source (Nathan et al. 2000). This was
also verified in a post-fire situation (Eshel at al. 2000).
However, because of the inhibitory effect of the high
pH value of the ash (Henig-Sever et al. 1996), which
accumulates under the burned canopies of large burned
pines, pine seedlings appear in high density among the
trees and in sparse stands under the projection of the
burned pine canopies (Eshel at al. 2000). During the
early post-fire stage (2–5 years), the density of seed-
lings in the mineral rich ash near the burned trunks
is low. Because of the reduced competition and en-
riched mineral nutrition, growth rate of these seedlings
is high and their mortality low. Outside the effect of
the burned trees, seedling density is high as is intra-
and inter-specific competition; the consequent growth
is slow and mortality high. At the end of the later stage
(5–20 years), there are no differences in tree density,
but those growing in the exact site of their mother
trees are 10 times larger than trees that grew elsewhere
(Ne’eman and Izhaki 1998; Ne’eman 2000). The high
heat and ash accumulation under the large pine trees
create the regeneration niche for the next forest gen-
eration. This is of utmost importance in light of the
high competition in the post-fire environment among
annual and perennial post-fire seeders.

Flammability

Running crown fires are most likely in coniferous
forests with stratified fuel beds consisting of needle
litter, twigs, cones and understorey shrubs below a
canopy of live foliage, under hot and dry conditions
(Bond and van Wilgen 1996). Such conditions are typ-
ical for pine forests in low to moderate productive sites
in the Mediterranean basin resulting in high intensity
fires and predictable stand replacing fires (Keeley and
Zedler 1998). Pinus halepensis trees are more flam-
mable than oaks (Dimitrakopoulos 1994). Pine forests
are even more flammable than single trees because
of the litter and the understorey shrub layer, many of
which contain resins or flammable essential oils (Tra-
baud 2000). Pinus halepensis forests represent about
33% of the total burned area in the Mediterranean
basin (Le Houérou 1974) and 17% of the burned area
in Greece while it constitutes only 8.7% of the fores-
ted area (Arianoutsou and Ne’eman 2000). However,
flammability is not necessarily a disadvantage. When
flammability is entangled with other beneficial traits
and less flammable neighbors have a lower survival
rate, a single flammable mutant can spread and dom-
inate a population (Bond and Midgley 1995). Pinus
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halepensis fits this model because the resin content in
pine needles contributes to its flammability and serves
also as a defensive agent (Phillips and Croteau 1999)
and because it has immense post-fire regeneration
potential.

Selection by fire

To examine the possibility of direct selection by fire,
we first have to know how long Mediterranean plants
have been exposed to fires. Because most of the fires
in the Mediterranean basin are of anthropogenic ori-
gin (Vázquez and Moreno 1998; Keidar 2001) and
there is a low occurrence of summer thunderstorms,
it is commonly accepted that fire history in this re-
gion is tightly connected with the beginning of the
control of fire by man. The first fire-controlling hom-
inids had no motivation or possibility to extinguish
run-away fires. Therefore, at least from that time on,
fires have been a constant phenomenon shaping the
Mediterranean landscape. We will consider the first
accepted evidence of hominid controlled fire as the
starting point from which Mediterranean forests were
under the continuous effects of fires.

The most cited ages of anthropogenic fires in the
Mediterranean basin are 50,000 years BP from Mt.
Carmel, Israel (Naveh 1974), and 400,000 years BP
from Terra Amata, Nice, France (Prodon et al. 1987).
However, sometime in the Acheulian, the hominids
already had fire, which can be traced in fire hearths,
burned flints, pieces of charcoal and, rarely, burned
bones. There are some disputed indications that there
were signs of limited burns in Ubeidiya (Jordan Val-
ley, Israel) at ca. 1.4 million years BP (Bar-Yosef
and Goren-Inbar 1993). Recent solid evidence for the
earliest hominid use of fire is at the site of Gesher
Benot Ya’aqov (upper Jordan River, Israel) around
OIS 19, dated about 780,000 years BP (Goren-Inbar,
pers. comm.). Garrod and Bate (1937) cited the pres-
ence of hearths in the Tabun (Mt. Carmel, Israel) E
layer of ca. 7 m. Later, some of the beds in this unit
were dated to ca. 350,000 years BP (Mercier et al.
1995).

Because, as far as we know, there are no studies
of fire scars in long-living trees in the Mediterranean
forests, fire return interval, can only be estimated from
the area and frequencies of fires. Such data are rare
and moreover, we do not know how fire return inter-
vals changed during pre-historical and historical times.
Lloret and Mari (2001) found no difference in fire fre-
quency between the beginning and end of the second

millennium. However, fire return intervals can also be
estimated from P. halepensis longevity, because post-
fire stands are even-aged. The estimated average fire
return interval typical, for pine forests of low to mod-
erate reproductive sites, is within the range of 10-100
years (Keeley and Zedler 1998). The estimation for
the Mediterranean basin is 25–50 (Naveh 1990, Agee
1998). All these figures are within the limits of 100–
150 years, which fits P. halepensis longevity under
natural conditions (Keeley and Zedler 1998). As P.
halepensis has no recruitment under forest canopy, fire
return interval is limited by its longevity. Therefore,
we have conservatively estimated the average fire re-
turn interval to be 125 years. This estimate, combined
with the earliest solid evidence of hominid control of
fire, 780,000 years BP, result in a conservative es-
timate of 6240 generations of pine forests that were
subjected to selection by fire in the Mediterranean
basin.

Discussion

Pinus halepensis exhibits a dual life history strategy.
It is remarkably efficient in exploiting new establish-
ment opportunities generated both by fire and by other
disturbances. This dual strategy, combined with the
fact that its ability to regenerate after fire is one of
the main characteristics of its invasive nature, makes
the evaluation of any single trait difficult. In the pre-
vious sections we have discussed various life history
traits and evaluated their contribution to post-fire re-
generation or invasive ability in case of no fire of P.
halepensis. Table 2 presents a summary of the specific
contribution of the 21 examined traits. The distribution
of the traits according their contribution to post-fire re-
generation is: 18 positive, 2 negative and 1 indifferent.
The distribution of the traits according their contribu-
tion to no-fire invasion is: 7 positive, 7 negative and
7 indifferent. A clear majority of the examined traits
contribute positively to post-fire regeneration. Twelve
traits contribute to both or to one and are indifferent
to the other. Seven traits contribute positively to post-
fire regeneration and negatively to no-fire invasion and
only 2 traits contribute positively to no-fire invasion
and negatively to post-fire regeneration. This balance
demonstrates clearly that most traits make a positive
contribution to post-fire regeneration. Only xeriscence
has a negative effect.

In a recent study, Schwilk (2002) tested the hy-
pothesis of correlated selection by fire of life history
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Table 2. The contribution of main life history traits of Pinus halepensis to its post-fire regeneration or no-fire
invasive ability. + is positive value, 0 is indifferent and − is negative value, ∗ is positive contribution to post-fire
and negative to no-fire situations.

Life history traits Post-fire No-fire

regeneration invasion

∗Flammability + −
Thin bark + 0

Non self pruning of branches + 0/−
Non self pruning of empty cones + 0/−
Early age of first reproduction + +
Production of female cones first + +
Winged seeds and long range dispersal 0 +

∗Color change in post-fire dispersed deeds + −
Non-serotinous cones:
Xeriscence (drought-induced cone opening) − +

∗Pyriscence (fire-induced cone opening) + −
Serotinous cones:
Xeriscence (drought-induced cone opening) − +

∗Pyriscence (fire-induced cone opening) + −
∗Higher percentage in young trees + −
∗Higher percentage in post-fire stands + −

Germination:
Effect of light + +
Effect of temperature + +

∗Seeds from serotinous cones + −
Effects of ash:
pH + 0

ammonium + 0

nitrate + 0

Relative establishment success + 0

traits in pine species. Two alternative suites were
defined: fire surviving and fire embracing strategies.
The fire embracing strategy, in which plants invest
little to survive fire, involves traits that enhance flam-
mability and use fire to cue seedling establishment in
the post-fire environment through serotinous cones.
Significant correlations were found between several
traits: serotiny was positively correlated with min-
imal reproduction age and negatively correlated with
self-pruning and needle density. Self-pruning was
positively correlated with bark thickness and mature
height. Fire survival traits are negatively associated
with serotiny. Non-self pruning and serotiny are evol-
utionarily linked traits over all examined species. Dis-
persal shows no strong association with any other
trait.

This review supports placing P. halepensis among
species exhibiting the fire embracing strategy. The cor-

relation between flammability and life history traits
may emanate from two different reasons. The fire
embracing strategy may select for increased flammab-
ility to ensure canopy fire and the seed release from
the serotinous cones release. Yet, the correlation may
result from the opposite reason: where flammability
has evolved, plants are likely to evolve regeneration
traits in response to the increased probability of fire
(Schwilk and Ackerly 2001). In the absence of any
direct evidence to distinguish between the two altern-
atives, we can only speculate on the basis of currently
observed characteristics. Because P. halepensis is only
partially serotinous, it seems to better fit the second
explanation that serotiny has evolved in response to
increased probability of fire. Such gene interaction
mediated by the environment has been termed ‘niche
construction’ (Laland et al. 1996; Odling-Smee et al.
1996).
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In summary, a suite of traits has evolved conver-
gently in the serotinous pines of the USA, which are
subjected to selection by natural fires, and in Mediter-
ranean pines, which are subjected mainly to selection
by human-induced fires. Yet, some fire adaptive traits,
such as full serotiny, are absent in P. halepensis. This
may result from differences in fire regimes between
the two regions (Agee 1998) and the existence of
many other man-induced disturbances in the Medi-
terranean basin. It may also reflect differences in the
time available for the evolutionary process. However,
our conservative estimate of 6240 generations of pine
forests that were subjected to selection by fire since the
beginning of hominid control of fire 780,000 years BP
seems sufficient for selection of (at least) simply in-
herited traits such as serotiny. The high selective value
of serotiny is reflected by the increase in the propor-
tion of serotinous cones from 40% to 85% in just one
fire cycle. Further evidence for selection by fire comes
from other related traits, including seed germinability
and non-self pruning of empty cones. Altogether, a
diverse array of evidence summarized in this review
clearly indicates that fire may serve as a direct select-
ive agent that shapes plant traits in the Mediterranean
basin, and in P. halepensis in particular.
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