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Pinus halepensis invasion to P. pinea biotope, which is included in the Annex | of the
Directive 92/43 of European Union for nature conservation, has been observed in
many cases within the Mediterranean region. Strofylia forest, southern Greece,
belongs to the Natura 2000 European network, the Ramsar Convention, and in the
Special Protected Zones for birds according to E.U. Directive 79/407/EEC. The forest
is characterised by the invasion of P. halepensis to P. pinea biotope for many decades
which resulted in the gradual replacement of the species. This study aims to
investigate the invasion process by analysing stand structural data, species seed
production, and species growth patterns using the stem analysis method. Data
analysis showed that P. pinea stands are even-aged, approximately 115-130 years
old, with a very low stand density. P. halepensis invasion started approximately 50
years ago and still continues to the present day. Seed production of P. pinea is
limited, while P. halepensis produces a large number of seeds. Both pine species are
quite fast growing during the first 20-30 years of tree age, regardless of the
difference of 70 years in the time they established. Comparatively, at the same ages,
P. halepensis has significantly larger height growth than P. pinea, while P. pinea
shows greater diameter growth. The comparatively high growth rates of
P. halepensis in combination with high seed production and seed dispersal traits
should be considered significant factors favouring the species invasion and
contribute to an increased possibility for future dominance of P halepensis in
P. pinea habitat.
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Introduction

Ecological succession takes place in many cir-
cumstances around the world. Usually, during
succession, late successional species invade an area
occupied by early successional species and gradu-
ally replace them. Many models have been used to
explain succession, pointing out the importance of
competition between individual plants, which is
based on the species physiological traits, such as
shade tolerance and growth rates (Barbour et al.
1999; Huston & Smith 1987). Quite often, seed
dispersal and land use history, play an important
role (Botkin 1981; Kimmins 1997). While, according
to Oliver and Larson (1996) invasion patterns are
the result of regeneration mechanisms, growth
rates, mortality rates and shade tolerances.

Pinus pinea is a Mediterranean pine species
whose natural range is impossible to determine
due to early human use and expansion (Martinez &
Montero 2004). It is a species that has commonly
been used from ancient times for wood and
(mainly) for nuts production (Calama et al. 2003;
Moussouris & Regato 1999). It is geographically
distributed along the Mediterranean basin, and its
habitat is included in the Annex | of the Directive
92/43 of European Union for nature conservation.
Pinus halepensis is a Mediterranean pine which
forms extensive natural forests along the Mediter-
ranean basin (Quezel 2000). This species is con-
sidered one of the most invasive pines, threatening
native biodiversity in various habitats (Nathan &
Ne’eman 2004; Richardson 2000). It is a well-known
post-fire colonisation tree species due to the
serotinous cones. On the contrary, post-fire regen-
eration of P. pinea is poor and it seems unlikely that
forests of the species can recover after a fire;
therefore, action is recommended to restore their
ecosystems (Perula et al. 2003).

Strofylia forest lies in Western Peloponnese and
together with nearby sand-dune and wetland areas
belong to the European NATURA 2000 network of
protected areas and is also designated under the
Ramsar Convention. Furthermore, it is a Special
Protected Zone for birds according to E.U. Directive
79/407/EEC. Limitation of P pinea habitat by
invasion of the species P. halepensis has been
observed in the area for many decades (Ganatsas &
Tsakaldimi 2007; Moussouris & Regato 1999), as well
as in many cases around the Mediterranean basin
(Barbero et al. 1998; Tapias et al. 2004). This
results in a long-term reduction of P. pinea habitat
due to the forest succession phenomenon.

Until now, not much is known on stand dynamics
of P. pinea forest invaded by P. halepensis and the
drivers forcing this process. Seed production and

dispersal of the two species may be the critical
factors, but tree growth rates may also play a
decisive role.

Growth rate of tree species in temperate
ecosystems can be determined through the recon-
structive growth course of the trees, precisely
estimated using the stem analysis method. Stem
analysis is a very useful technique in forest
ecosystems, and it finds multiple uses in forestry
and especially in stands productivity assessment
and discrimination of site qualities (Bravo-Oviedo
et al. 2004; Salas & Garcia 2006; Thanasis 2004).
The constructed growth curves have a wide
biological, ecophysiological, silvicultural and prac-
tical importance in forestry (Kariuki 2002). Beyond
this implementation, stem analysis is a useful tool
for studying biological phenomena such as invasion
process (Webster et al. 2005). Also, it has recently
been used in the development of models related to
climate change and carbon sequestration possibi-
lities in forest ecosystems (Lopez-Serrano et al.
2005; Magnani et al. 2004).

This paper deals with the estimation of stand
dynamics of P. pinea forest invaded by P. halepen-
sis, based on the analysis of stand structural data,
and tries to estimate the role of seed production
and tree growth rates of the two pine species in the
invasion process. The time of invasion, and the tree
growth rates in height and diameter for the two
species were examined thoroughly with the recon-
struction of tree growth curves.

Materials and methods

Area description

The research was conducted in Strofylia forest in
Western Peloponnese, southern Greece (Figure 1).
The forest covers a north-south coastal strip with
a length of 15km and an average width of 1.5km.
P. halepensis, P. pinea and Quercus aegilops are the
dominant plant species in the area, and they form
pure and mixed stands. P. halepensis occupies the
greater part of the forest, while P. pinea appears in
the eastern part of the forest. Q. aegilops occupies
only a small part in the centre of the area. P. pinea
population in the area is considered natural
(Georgiadis et al. 1990). All the area is almost flat
with a low altitude 1-10m; the soils appear to have
sandy to loamy sand texture with high water table,
estimated 1.5m (Papamichos 1986). The climate is
Mediterranean with long dry periods which
reach up to five months. The vegetation belongs to
Quercetalia ilicis zone (Athanasiadis & Gerasimidis
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VEGETATION MAP OF STROFILIA

Figure 1. Map of the study area. Vegetation mapping was taken by Georgiadis et al. (1990).

1986). The whole area receives tourist pressures
every summer, a fact that contributes to some
degradation of the ecosystems. The population of P
pinea occupies rather uniform site conditions; the
habitat area is characterised by flat surfaces lying on
sandy-dune formations, at an altitude of a few
metres (1-5m) above sea level.

Methods

Stand structure of P. pinea forest in the area was
evaluated by taking a sample of 20 rectangular
permanent plots of 0.6-1.8 ha, distributed along the
area the species occupies, based on the habitat map
of the Natura 2000 network. However, we did not
sample in a small part of the area that is covered by
young artificial stands 25 years old, and a few open
over-mature stands (Ganatsas et al. 2008). All the
plots were established in the field in 2004, and their
geographic coordinates were recorded and placed
on a map. In each plot, the following data were
collected: i) tree dimensions (diameter at breast
height (DBH) and total height) of all the trees with
DBH above 4cm were measured for all species; and
ii) tree age was measured in a number of three
dominant trees per plot by taking tree cores and
measuring tree annual rings in the laboratory.

Then, based on the species stem distribution, the
stands were distinguished in four stages in regards
to P halepensis invasion, which in a chronose-
quence approach can be considered as different
seral stages of forest succession (Barbour et al.
1999; Foster & Tilman 2000). These stages are: a)
pure P. pinea stands; b) early successional stage
with low P. halepensis invasion; c) advanced
invasion stage; and d) late successional stage with
dominance of P. halepensis (Figure 2a, b, c, d).

Seed production was estimated by measuring all
the cones of 15 mature trees per species (random
sampling), selected from stands of the third seral
stage for two successive years. As mature trees we
considered trees with DBH over 35cm (Dafis 1990).
Then, taking into account, the species stem density,
which was estimated by field measurements, and
literature data for seed production per cone
(Daskalakou (1996) for P. halepensis, and Ganatsas
et al. (2008) for P. pinea), we estimated the seed
crop of the two species as follows: Seed
crop = number of trees per hectare x number of
cones per tree x number of seeds per cone. Seed
dispersal of P. halepensis was considered to follow
the model developed by Nathan and Ne’eman
(2004), while for P. pinea we accepted that seed
dispersal is limited under the parent trees (Barbeito
et al. 2008).

Tree sampling was conducted in April 2005 in
P. pinea stands invaded by P. halepensis (third seral
stage). Fifteen randomly selected dominant or co-
dominant trees were felled for P. pinea along the
P. pinea stands. Trees of P. halepensis were selected
according to the tree diameter classes of the
species. In order to cover any variation in species
growth pattern depending on the tree classes, five
trees per diameter class for the following classes
(Dafis 1990) were felled: i) trees with diameter at
beast height (DBH)<20cm; ii) trees with DBH
20-35cm; and iii) trees with DBH>35cm. The
relatively small number of sampling trees is due
to the large dimensions of the trees, and thus
the sampling procedure (cutting, felling, splitting
up), the stems discs transport and the examination
and analysis of annual rings were extremely time-
consuming. DBH and total height were measured in
all felled trees. Stem discs were taken at section
height 0.3 m and 1.3 m and then every 3 m along the
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Figure 2. Tree diameter distribution of the two species (P. pinea empty bars, P. halepensis lined bars) in the sample
stands, showing a progressive increase on P. halepensis stems, especially in the under storey and middle storey: a) pure
P. pinea stands; b) stands with low P. halepensis invasion; c) stands with advanced P. halepensis invasion; and d) stands
where P. halepensis already dominates.
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entire stem until the diameter over bark of 5cm.
The stem discs, 2 cm thick, were transported to the
laboratory where they were air-dried and the
number and width of annual growth rings were
measured, according to mean radial, with a Parker
Instrument, Electronic Machine for Measuring Annual
Growth Rings-Mod. 3, in an accuracy of 0.01 mm.

Annual height increment and tree height in every
stem section was estimated by using the Carmean
method (Carmean 1972), which is considered as one
of the most accurate methods in stem analysis (Dyer
& Bailey 1987; Fabbio et al. 1994; Salas & Garcia
2006; Tsitsoni et al. 2004; Wang & Kimmins 2002).
Cumulative growth curves and increment curves
(mean annual and current annual) of height and
diameter were produced from data obtained from
stem analysis for each sample tree. Then, based on
the mean values, we constructed the average
growth and increment curve for each species.
However, in the case of P. halepensis, we firstly
produced three curves, one for each diameter class;
then, due to the similar growth pattern they
followed, we homogenised the data of the three
classes, and we constructed one curve as the
average value of all P. halepensis trees. In order to
analyse periods of tree suppression and release for
each tree, we compared the average tree-ring
width over a 10-year period with the average tree-
ring width the 10 previous years (Dahir & Lorimer
1996; Groven et al. 2002; Webster et al. 2005).
A growth release was defined as 100% or greater
increases in radial growth rate for 10 years following
10 years of slow growth. For trees already showing
moderate growth before release (>1mm/year) a
50% increase was applied to define growth release
(Groven et al. 2002; Lorimer 1985). The minimum
growth rate during a release event is set at 1.0mm
per year. Based on the data analysis we estimated
the growth behaviour of the two species and we
tried to estimate the invasion process in the area.

Statistical analysis was conducted using the SPSS
software (SPSS Inc., Chicago, IL. USA), and the
Waller-Duncan criterion was used for means compar-
ison of tree height and diameter among the different
seral stages. Values distribution was tested for
normality by Kolmogorov-Smirnov criterion and the
homogeneity of variances was tested by Levene’s
test (Norusis 1994; Snedecor & Cochran 1988).

Results

Stand dynamics

The stands of P. pinea in the Strofylia forest were
found to be even-aged, 115-130 years old, established

approximately in 1873-1890. Based on the species
composition and their stem density, a progressive
increase on P. halepensis stems from west and north
to east and south was observed (from a to d column
in Figure 2), especially in the understorey and
middlestorey, that can be considered as a series
showing the rate of P halepensis invasion to
P. pinea habitat. The stands of first stage (Figure
2a) are even-aged pure P. pinea stands without any
presence of P. halepensis in any storey. Stands of
the second seral stage (Figure 2c) consist an early
successional stage where P. halepensis appears only
in the understorey and middlestorey, with relative
low stem density (mean tree density 20.7 trees per
hectare). All the P. halepensis trees are young and
they do not exceed the value of 35cm in DBH and
they did not enter in the overstorey. In terms of
total stem density, the ratio is approximately
80-20% for P. pinea and P. halepensis respectively
(Figure 3).

The stands of third stage (Figure 2c) consisted of
an overstorey of P. pinea trees with large dimen-
sions and low density, and a middlestorey and
understorey of P. halepensis, while some trees of
P. halepensis have entered the overstorey. P. pinea
is completely absent in these two storeys which
means that, if no silvicultural measure will be
taken, the next tree generation will consist only of
P. halepensis. The mean ratio of species density is
47.6% for P. pinea and 52.4% for P. halepensis.
The total stem density is 142.8 trees per hectare.
The fourth stage (Figure 2d) is characterised by the
dominance of P. halepensis in all storeys, in terms
of stem density. In these stands P. pinea will
disappear after a period that depends on the life
of P. pinea trees as well as on tree uprooting events
that happen periodically in the area (Moussouris &
Regato 1999) due to the shallow root system that
the species forms in the area. However, presence of
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Figure 3. Average species percentage in the four seral
stages.
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50-80
50-80
60-70
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37.5 (7.9)

Stands with low P. halepensis invasion

9.9 (1
13.1 (1.2) c
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74.8 (8.3)
260.8 (32.8)

Stands with advanced P. halepensis invasion
Stands where P. halepensis dominates

43.8 (0.5) ¢

Values are the mean and the standard error of the mean (in parenthesis). Values within the same column followed by a different letter are significantly different (P<0.05, Waller-Duncan

test). ns: non significant differences.

P. pinea trees presence in the overstorey is quite
imposing, even at this very low density, due to their
large dimensions, especially crown width.

The tree density of P. pinea is at significantly low
levels in all stands, exhibiting a mean value of 108
trees per hectare (Table 1) in pure stands, and it is
further decreased in invaded stands reaching 37.5
trees per hectare in the fourth seral stage. On the
contrary, P. halepensis appearance is low in the
early successional stage (20.8 trees per hectare in
the second seral stage) and it increases with
invasion intensity, reaching a mean density 260.8
trees per hectare in the fourth seral stage.

The average diameter of P pinea trees was
similar (52.5 cm) in pure stands and stands with low
P. halepensis invasion, while it was found signifi-
cantly higher (56.8 cm) in the third seral stage and
significantly lower (43.8cm) in the fourth stage
(Table 1). Mean tree height was found to be almost
constant in the area, ranged from 17.4m to 18.0m,
reflecting the similar site conditions existing in the
area occupied by the species (Papamichos 1986).
Trees of P. halepensis exhibited great differences in
their dimensions as a result of their age differ-
ences. Thus, the trees exhibited significantly higher
dimensions (diameter and height) in the stands of
the fourth seral stage, medium dimensions in the
third seral stage, and lower in the stands with low
P. halepensis invasion.

Seed production and dispersal traits

Annual seed production of P. pinea is low, ranging
from 103,174 to 219,450 seeds per hectare depend-
ing on tree density (Table 2), while annual seed
production of P halepensis is much higher, esti-
mated to be over 1,197,504 seeds per hectare.
Concerning seed dispersal, Nathan and Ne’eman
(2004) indicated that seed dispersal curves of
P. halepensis, similar to nearly all other wind-
dispersed tree species, show a peak at, or very
close to, the source, followed by a rapid decline
and a long tail, while, most seeds travel short
distances (<30m). On the contrary, seeds dispersal
of P. pinea is limited under the parent trees
(Barbeito et al. 2008) due to large size of seeds
and the very small wing (Ganatsas et al. 2008;
Magini 1955). Taking into account either the hump-
shaped (Janzen-Connell pattern) or the declining
(Hubbell pattern) for plant establishment with
distance from seed source (Nathan & Ne’eman
2004), P. halepensis has greater possibility for
recruitment within a 20-30m zone from parent
trees, while plant recruitment of P. pinea is limited
under the parent trees. Therefore, in the study
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Table 2. Seed production of the pine species in the studied forest.

Species Number of mature Average number Number of filled Estimated annual seed
trees per hectare of cones per tree seeds per cone crop ha-1
min-max ha-1

P. pinea 40.0-140.0 62.7-9.8 87.5-75.22 219,450-103,174

P. halepensis 28.0-47.8 810.0 52.8° 1,197,504-2,044,310

3Values are from Ganatsas et al. (2008).

BValues are from Daskalakou (1996) for P. halepensis stands in central Greece.

area, it is expected that P. halepensis has greater
possibility for plant recruitment than P. pinea, in
the borders of species stands.

Growth of P. pinea trees

Firstly, it must be noted that tree sampling was
carried out in the stands of the third seral stage
(Figure 2c), as in this stage both species coexist in
the overstorey. Based on the stem analysis, all the
sampled P. pinea trees have grown without any
suppression period (according to Dahir and Lorimer
(1996) criteria) and without great differences
between the trees, during their whole life.

The maximum height increment for P. pinea is
reached early in life, during the period of 5 to 35
years (Figure 4), with a peak in the period of 15-30
years. The tree height increment dramatically
decreases after the age of 35 years, and after the
age of 70 years it is less than 7-8 cm per year. The
diameter growth of P. pinea trees follows a similar
to height growth pattern; trees present their
maximum diameter increment during the period
of 5 to 25 years (Figure 5) having a peak in the
period of 10 to 20 years, when the mean current
annual increment reaches ca. 10 mm. After the age
of 30-35 years the diameter growth gradually
decreases and at the age of 70 years it reaches
low values of annual ring, less than 1 mm, which
further decreases at the age of 100 years to
approximately 0.5mm. It can be mentioned that
in some cases we recorded annual rings over
15mm, which means that the species is quite fast
growing in the area.

Based on the analysis of both height and
diameter growth data and their reconstructive
curves it can be said that P. pinea trees exhibit,
from their early life, a high annual increment of
both height and diameter. Based on the cumulative
growth curves of diameter and height (Figures 6
and 7), as well as from the current and mean annual
increment of height and base diameter (Figures 4
and 5), the growth of P. pinea trees can be divided
into four developmental stages. There is a clear

Current annual increment

------- Mean annual increment

0 10 20 30 40 50 60 70 80 90 100 110
Age

Figure 4. Current annual and mean annual increment of
height for P. pinea. Vertical bars represent the standard
error of means, N = 15.
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Figure 5. Current annual and mean annual increment of
base diameter for P. pinea. Vertical bars represent the
standard error of means, N = 15.

absence of an early understorey reinitialisation
stage, commonly appearing in naturally regener-
ated forest ecosystems (Oliver & Larson 1996). It is
characterised by a low growth of young seedlings,
due to the low illumination reaching the forest
floor. The first developmental stage starts in the
first years of tree life and lasts about 5-6 years. This
stage is characterised by a rapid accelerated
increase of tree dimensions every year and it can
be considered as a growth acceleration stage
(Willms et al. 2006). The second stage is char-
acterised by constantly high growth rate both in
tree height and diameter and can be characterised
as the stage of maximum growth. It lasts about 30
years from the sixth year up to the 35th year when
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Figure 6. Cumulative growth curve of height for the two
species based on stem analysis data. Vertical bars
represent the standard error of means, N = 15.
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Figure 7. Cumulative growth curve of base diameter for
the two species based on stem analysis data. Vertical bars
represent the standard error of means, N = 15.

the trees reach a height of 12m. In this stage the
trees show their growth peak; the maximum values
recorded were 30mm and 80cm for diameter and
height growth respectively. The third stage can be
characterised as the mature growth phase with a
progressively declining radial and height growth
that lasts about 35 years. This stage starts from the
35th year of the trees and ends when the trees
reach approximately the age of 70 years. During
this period even though a gradual reduction of tree
growth is observed, the tree volume growth is high
because of the large tree diameter and height. The
fourth stage starts at approximately 70 years when
the tree height increment has been almost stopped
or it is strongly reduced (annual increment lower
than 7-8 cm), while the radial growth is continued
but with a very low rate (annual ring width less
than 1 mm). This stage can be characterised as an
early over mature stage (Dafis 1990) and may last
for the remainder of the tree’s life.

Growth of P. halepensis trees

The oldest P. halepensis trees (trees with DBH
above 35cm) are approximately 50 years old and
they seem to comprise the first invasion wave in the

P. pinea biotope. Even though relatively young in
age, these trees grew fast and they are now in the
overstorey as co-dominant trees. The younger trees
(trees with diameter belonging to the classes lower
than 20cm and 20-35cm), which are now in the
middlestorey, invaded the P. pinea stand approxi-
mately 35 years ago (in 1970). All P. halepensis
trees, regardless of invasion period, grew without
any suppression or release period and grew quite
fast during their life (Figures 8 and 9), even though
they were established under the canopy of P. pinea
trees, or more accurately in gaps between the
P. pinea trees. According to stem analysis the
species growth is high in the area, both in height
and diameter, almost from the first years of the
tree life. The maximum height growth was ob-
served during the period (at the ages) of 5-15 years,
and afterwards the growth gradually decreases and
remains stable with small fluctuation during the
next years. However, at the same tree age, the
height growth of P. halepensis trees is higher than
that of P pinea trees, especially during the first
years of trees life. The diameter growth of the
trees follows a similar pattern to that for height;
thus, trees present their maximum diameter incre-
ment during the period of 5 to 15 years, and then
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Figure 8. Current annual and mean annual increment of
height for P halepensis. Vertical bars represent the
standard error of means, N = 15.
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Figure 9. Current annual and mean annual increment of
base diameter for P. halepensis. Vertical bars represent
the standard error of means, N = 15.
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the growth gradually decreases to an annual ring of
approximately 3 mm and it remains constant after-
wards. Comparatively, the diameter growth of
P. halepensis is lower than that of the P pinea
and results in the formation of taller and thinner
boles while the trees of P. pinea form shorter and
wider boles.

Discussion

The analysis of the collected data shows that the
P. pinea habitat has been invaded by P. halepensis
for many decades and the gradual replacement of
the species is anticipated for most of the forest.
Initial invasion has been caused by seeds coming
from the adjacent pure P. halepensis stands. The
invasion has a direction from west and north to east
and south. According to the tree age data, the
invasion of P. halepensis in P. pinea habitat seems to
have started around the year 1954, and the oldest
P. halepensis trees that have invaded, are now in
the overstorey. However, most of the P. halepensis
trees are in the middlestorey, while the species
dominates in the understorey in many cases too.
P. pinea tree density is very low, ranging between
an average 108 trees per hectare in pure stands,
and quite lower (37.5 trees per hectare) in the
fourth seral stage. This fact in combination with
the absence of species natural regeneration and
the low seed production shows that forest succes-
sion is anticipated in the area, by the gradual
replacement of the P. pinea by P. halepensis.

The starting time of invasion can be explained by
stand dynamics and mainly by the management
history of the Strofylia forest. According to the data
of the periodical Forest Management Plans of the
area, a thinning schedule of the stands started
during the period 1954-1959, aimed at opening the
stands and favouring P. pinea regeneration (Zervas
1954). Until then, any cutting of P. pinea trees was
prohibited in order to save the species habitat in
the area (Zervas 1954). The thinning probably
favoured the understorey establishment of
P. halepensis in the neighbouring P. pinea stands,
by seeds coming from the adjacent stands; accord-
ing to Barbeito et al. (2008), even-aged manage-
ment practices may be behind the failure to
encourage natural regeneration of P. pinea stands.
During that period, the stands were approximately
60 years old, with a dense crown density (90%,
Zervas 1954). Under these conditions it can be
assumed that, P pinea natural regeneration was
limited due to low seed crop and the low under-
storey illumination that did not favour the estab-

lishment of the light-demanding P. pinea (Ciancio
et al. 1986); in contrast to a much greater ability of
P. halepensis for understorey colonisation (Magini
1955). However, after the inclusion of the area in
the Ramsar Convention (1975) any tree cutting was
again prohibited in the area.

In a chronosequence approach (Foster & Tilman
2000), the present P. pinea stands comprise four
successional stages in regards to the invasion
degree of P. halepensis: a) pure stands unaffected
by P. halepensis that are situated at the greatest
distance form the adjacent P. halepensis stands; b)
stands where the invasion has recently started
which are generally close to the stands of the
previous stage and they are characterised by the
dominance of P. pinea and the presence of
P. halepensis only in the understorey and middles-
torey; c) stands where P. pinea comprises the
understorey while middlestorey and understorey is
occupied by P. halepensis and additionally few
trees have entered in the overstorey; and d) the
fourth stage consisting of stands already dominated
by P. halepensis in all storeys, while P. pinea exist
only in the overstorey with a few number of trees
with large dimensions especially in terms of crown
width.

Seed crop estimation and seed dispersal traits
verify the above trend for the future stands.
P. halepensis produces much larger amount of seeds
per year in the area, as reported for many areas
around the Mediterranean region (Daskalakou 1996;
Goubitz et al. 2004; Thanos & Daskalakou 2000),
compared to P. pinea (approximately 10:1). Seed
dispersal capacity of P. halepensis is generally high,
at least in a distance of 30 m from the parent stands
(Nathan & Ne’eman 2004), as opposed to P. pinea
which is low and limited under the parent trees
(Barbeito et al. 2008); while, seed germination is
high for both species (Escudero et al. 2002;
Ganatsas et al. 2008; Paitaridou et al. 2006). Taking
into consideration either the hump-shaped or
declining pattern establishment with distance from
seed source, we can conclude that, the possibility
of P. halepensis recruitment in the border of
species stands, as well as in a narrow strip
(approximately 30m) along the P. pinea stands, is
greater than that of P. pinea. The earlier fruit
production of P. halepensis trees, compared to
P. pinea (Tapias et al. 2001), further increases the
possibilities of the higher participation of
P. halepensis trees in the new generation.

Stem analysis showed that all the studied P. pinea
trees have grown following a similar typical, hump-
shaped form, without any suppression or release
period, meaning that they grew without any strong
competition during their whole life, leading to the
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possibility that the stands may be artificialy
established, approximately in 1873-1890. This
possibility is in contrast to what Georgiadis et al.
(1990) concluded, that the stands of P. pinea in the
Strofylia area are naturally grown. While, it seems
to agree with the latest view about the origin of
P. pinea stands which supports that almost all the
P. pinea stands are human established, a fact which
explains the very low genetic diversity of the
species worldwide (Fady et al. 2004).

Based on stem analysis data, it can be said that
P. halepensis trees present a high height growth
rate and comparatively, at the same tree age, they
significantly exceed the trees of P. pinea in height.
This difference is greater during the early years of
tree life and especially during the period of 5th to
15th year and thus, at this age, the trees of
P. halepensis reach a height of 7-8 m, while the
P. pinea trees reach a height of 4-5m. It is
characteristic that the curve of mean annual
increment crosses the curve of current annual
increment at the age of 15 years in P. halepensis
trees (Figure 8) and quite later in P. pinea trees (at
the age of 34 years, Figure 4).

On the contrary, the diameter growth of P. pinea
trees is higher than that of P. halepensis trees, and
this results in the formation of shorter and thicker
trees in P. pinea versus taller and thinner trees in
P. halepensis. Even though diameter growth de-
pends on stand density, this high diameter growth
seems to be necessary for the P pinea tree
anchorage in the area. The formation of shallow
root system due to the high water level and the
huge crown dimensions, in combination with the
high metacentre (in the vertical axis) of the
P. pinea trees, make them unstable.

Pine species are generally considered early
successional species. P. halepensis is a well-known
post-fire colonisation tree species which forms
extensive natural forests along the Mediterranean
basin (Quezel 2000). In contrast, P pinea is a
Mediterranean pine that even though it is wide-
spread around the world, its natural origin is
considered very limited. This means that most of
the occupied areas are human-made ecosystems.
These areas are within natural distribution of
P. halepensis and thus, the danger for the species
replacement from P. halepensis invasion is high
(Athanasiadis & Gerasimidis 1986; Barbero et al.
1998; Tapias et al. 2004). However, the duration of
forest succession process in the area will be quite
long, determined by the physiological longevity of
P. pinea trees that due to their huge dimensions
resist invasion until maturity, as other forest
species (Kimmins 1997). The estimated lifespan of
this species is considered to be over 150 years.

To sum up, the findings of this study can
contribute to a better understanding of this
replacement, and moreover they could be taken
into consideration in the forest management of the
area. Since the habitat of P pinea is of high
importance according to the Directive 92/43/EU
and it is included in Annex |, the appropriate
silvicultural measures should aim to conserve
species habitat. These measures should include: i)
gradual transformation of even-aged P pinea
stands to more diversified structures (uneven,
multi-aged and multistorey stands) in order to
favour the species natural regeneration (Barbeito
et al. 2008; Calama et al. 2008; Ciancio et al.
1986); ii) grazing control; iii), careful control of the
understorey maquis species through the improve-
ment of the moisture conditions in order to favour
seedling establishment and growth (Ciancio et al.
1986); and iv) removal of P. halepensis trees in the
P. pinea stands where the species has invaded, as
early as possible, and preferably at the age before
the trees reach full- reproduction. An uneven-aged
management system of low stocking that follows a
25-year schedule could be followed. This, will
favour the greater nut producers, will eliminate
their competitors and will also preserve maquis
species vegetation with low density and open gaps
since natural regeneration has already been estab-
lished (Barbeito et al. 2008; Ciancio et al. 1986).
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