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Abstract
Koulelis, P.K., Daskalakou, E.N., Ioannidis, K.E., 2019. Impact of regional climatic conditions on tree 
growth on mainland Greece. Folia Oecologica, 46: 127–136.

Forest growth is commonly used to explore tree vitality and ability to resist to environmental changes or 
climatic fluctuations. This paper illustrates and examines how regional climatic conditions can be related to 
the decline of tree growth, which were found to be more distinct in Quercus frainetto Ten. (Hungarian oak) 
and Fagus sylvatica L. (European beech) and less pronounced in Abies borissi-regis Matt f. (Bulgarian fir) 
on three long-term intensive monitoring plots (ICP Forests-Level II) in Greece during the period 1996–2009. 
Relative basal area increment and volume increment were calculated, expressing tree growth in terms of 
mean relative annual periodic increment. A decline in the growth of basal area and volume was observed after 
hot and dry periods, where annual temperatures and precipitation were far from the mean of the analyzed 
period. This observation was statistically confirmed in oak and beech plots regarding summer precipitation 
only and are in agreement with the findings of previous studies in Europe. The representativeness of the re-
sults at a national scale needs further investigation, although our results provide a good basis for further and 
more intensive monitoring programs to address various forest management scenarios against the background 
of potential climatic changes in the Mediterranean area.
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Introduction

Decreased precipitation, accompanied by high tempera-
tures are most likely the main threats to the diversity and 
survival of Mediterranean forests (Peñuelas et al., 2017). 
Tree growth is a quantitative indicator of tree vitality and 
the ability to buffer environmental constrains (Dobbertin, 
2005). Based on literature findings, warming-induced 
drought may intensify physiological stress on long-lived 
woody vegetation, leading to sudden tree growth reduc-
tion. Moreover, growth decline in response to severe 
droughts may trigger widespread mortality, which can re-
shape the stand structure, composition, and the mid-term 
stand dynamics and forest landscapes at regional scales 

(Galiano et al., 2010). During the last decades, severe 
drought events, characterized by high temperatures and 
low precipitation, caused intense forest-dieback epi-
sodes across Europe (Peñuelas et al., 2001; Dobbertin, 
2005). Moreover, many recent examples of drought and 
heat-related tree mortality from around the world sug-
gest that no forest type or climate zone is invulnerable to 
anthropogenic climate change, even in environments not 
normally considered water-limited (Allen et al., 2010). 
As expected, there seems to be a connection between re-
gional climate conditions and forest growth decline in the 
Mediterranean forests. In addition, growth decrease was 
significantly less severe in sites with high moisture levels 
(Linares et al. 2009; 2011). Mediterranean regions might 
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become most vulnerable to tree species loss, mainly due to 
increased frequency and intensity of drought events (IPCC 
2007; IPCC 2012). Between the periods 1997–1999 and 
2000–2004, up to 50% of the examined ICP plots showed 
reduced growth in Italy (Bertini et al., 2011). Similar re-
sults were observed by Fabbio et al. (2005-2006) regard-
ing Italy. Warmer and drier climatic conditions during 
April were linked to enhanced defoliation in ICP-moni-
tored forest plots in Spain (Sánchez-Salguero et al., 
2017). Etzold et al., (2014) observed that tree growth 
was mostly reduced due to dry conditions during previous 
period. That included the hot year 2003 regarding plots in 
Switzerland. Ciais et al., (2005) suggested that the pro-
ductivity reduction in eastern and western Europe can be 
explained by rainfall deficits and extreme summer heat, 
respectively. In general terms, the literature confirms that 
extreme climatic events, such as successive and intensive 
droughts, may cause sudden growth declines and pulses 
of elevated tree mortality (Linares et al., 2009). Forest 
growth is among the variables measured within the inten-
sive (Level II) forest monitoring of UN/ECE ICP-Forests 
(International Co-operative Programme on Assessment 
and Monitoring of Air Pollution Effects on Forests). One 
of the scopes of the Programme was to analyze the influ-
ence of stress factors on the conditions of forests in Eu-
rope (De Vries et al., 2003). The dynamic and periodic 
tree growth characteristics were systematically (almost 
every five years) recorded in three intensive monitoring 
(ICP Forests-Level II) plots in Greece, following a com-
mon European protocol. Abies borissi-regis Matt f., Fagus 
sylvatica L. and Quercus frainetto Ten. are the representa-
tive and dominant species regarding the examined moni-
toring plots. 

Bulgarian fir (Abies borissi-regis Matt f.) is an en-
demic tree found at the southern Balkan Peninsula, natu-
rally distributed in Greece, Albania, Serbia, The Repub-
lic of North Macedonia, and Bulgaria (Caudullo and 
Tinner, 2016). In Greece, Bulgarian fir forests extend 
sparsely from Northern Peloponnese up to the northern 
border of the country (600–2000 m), forming pure stands 
or stands mixed with European beech. Bulgarian fir is 
a slow-growing species during its early stages (Aussenac, 

2002) and its growth is affected by late spring and summer 
precipitation with a variation in a south to north direction 
in central Greece (Papadopoulos, 2016). European beech 
(Fagus sylvatica L.) is widely distributed in Central and 
Western Europe, from low elevations in the northern part 
of its range to higherelevations (≥ 1,000 m) in the south 
(Von Wuehlisch, 2008) and center as well. Beech forests 
are important ecosystems from ecological (Bergmeier 
and Dimopoulos, 2001) and socio-economic points of 
view (Merino et al. 2007). Considering structure, they are 
relatively diverse, due to their past management, ranging 
from natural, old, and virgin forests to intensely managed 
stands. Their future distribution is most likely affected by 
the predicted climatic changes (Von Wuehlisch, 2008); 
beech might be less competitive due to drought (Houston 
Durrant et al., 2016), especially in its southern limits. 
Hungarian oak (Quercus frainetto Ten.) is an economical-
ly important tree species, native to the Balkan Peninsula, 
with an extended range from southeastern Europe (Italy) 
to Asia Minor (Turkey). Thermophilous deciduous forests 
with Hungarian oak, in pure or mixed stands, are widely 
distributed on the Greek mainland (Bergmeier and Di-
mopoulos, 2008). In most of the times, these forests, are 
managed as coppice woodlands for both firewood and 
timber (Mauri et al., 2016), and have suffered both de-
structive exploitation and over-grazing.

In this context, the main scope of this paper is to 
examine the interaction between the relative basal area 
and volume increment within ICP-Forests Level II plots 
in Greece and regional climate fluctuations, for fir, beech 
and oak, during the years 1996–2009. More specifically, 
temperature and precipitation fluctuations are examined 
as significant factors that explain basal area and tree vol-
ume annual increment separately for every species and 
with no comparison analysis between them.

Materials and methods

The data set consisted of three ICP-Forests Level II moni-
toring plots. Table 1 presents the ICP-Forests Level II plot 
characteristics from Greece, where the growth measure-

Table 1. Plot characteristics of the three ICP-Level II representative forest ecosystems in Greece

Plot Latitude Longitude Aspect Area (m2) Age (yr)

1 (Oak)

Ossa Mountain 39° 47' 10'' 22° 47' 40'' ΝE 2,624 95

2 (Beech)  

Ossa Mountain 39° 47' 52'' 22° 46' 37'' NE 2,733 130

3 (Fir) 

Tymfristos Mountain 38° 52' 29'' 21° 52' 02'' N 2,990 110



129

ments took place. Oak and beech plots belong to habitat 
types with a high importance for monitoring (Dimopoulos 
et al., 2006). Both plots are placed on a N-NE aspect, at an 
elevation of 740 and 890 m a.s.l. for oak and beech respec-
tively and located on Mountain Ossa, which is a mountain 
included in the Natura 2000 Network (GR 1420003) (Fig. 
1). Finally, the mentioned forests have been characterized 
as aesthetic forests under the national legislation. The fir 
plot is located on an N aspect at 1.175 m on Mountain 
Timfristos. Detailed characteristics of the plots regarding 
vegetation status, soil conditions, etc. are reported in Mi-
chopoulos et al. (2008, 2015).

The data set regarding tree growth was generated ac-
cording to the guidelines of the ICP-Forests tree growth 
manual (Dobbertin and Neumann, 2016). This manual 
focused on growth assessment within Level II plots, pro-
viding a consistent methodology to collect high-quality, 
harmonized and comparable data at intensive monitoring 

plots in terms of tree and stand growth. For the assessment 
of the basal area and the volume of trees and stands, peri-
odical data for diameter at breast height (dbh > 5 cm) and 
total height (H) of each tree, were collected approximately 
every five years, considering all the marked and numbered 
trees per plot simultaneously with the recording of the 
dead and broken top trees. In particular, for dbh (tree di-
ameter-outside bark at 1.3 m from ground level) measure-
ments, a caliper or a diameter tape was used; forked trees, 
with the fork below 1.3 m, were treated as two separate 
trees. All dendrometric measurements took place after the 
growth season for all species (November–December) and 
more specifically regarding the years 1996, 2000, 2006 
and 2009. Regional meteorological data were collected 
from the two installed meteorological stations on the two 
mountains near the plots, covering the period 1996–2009. 
To calculate tree growth decline over short periods, we 
used relative growth per forest tree species and plots. In 

Fig. 1. ICP level II monitoring plots and the meteorological stations inside them 
in Greece. Source: geodata.gov.gr/maps.
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measurements, we included living marked and numbered 
trees in all three inventories, excluding the dead trees dur-
ing the study periods. This kind of calculation expresses 
the volume or basal area growth in terms of mean relative 
annual periodic increment (MRAPI), using Pressler’s for-
mula (Pressler, 1865):

where G% is the relative growth, n are the years of the 
period, and Y1 and Y2, the values of basal area or bark 
stem volume at the beginning and the end of each period 
respectively. The volume calculations were made using the 
best fitting volume equation for national forest inventory 
for the specific tree species according to (Apatsidis and 
Sifakis, 1999):

 

A one way repeated measured analysis of variance 
(ANOVA) was conducted to evaluate if there were differ-

ences in annual tree growth, i.e. basal area and volume 
increment, between the three study periods for each of the 
three species. Pearson correlation coefficient and simple 
regression analysis were employed in order to compare 
the effect of temperature and precipitation on the depend-
ed variables (annual tree growth in terms of basal area and 
stem volume). This particular procedure was implemented 
using the periodical basal area and volume values regard-
ing the years 1996, 2000, 2006 and 2009. The constructed 
models were tested by their significance using p < 0.05. 
Considering that annual data, the missing values of the 
depended variables were handled with the usage of re-
gression models statistically important (p < 0.05). This 
approach involves developing a regression equation based 
on the complete subject data for a given variable. Where 
an observation is missing, the predicted values from the 
regression equation are used as replacement. Afterwards, 
the basal area and volume increment changes per year 
were calculated.

Results

Temperature data (1996–2009) representing individual 
sites, showed a similar annual pattern with common sum-
mer peak temperatures and common low temperatures in 
all case studies. As expected, monthly temperatures were 
higher on Ossa due to its lower elevation. In terms of pre-
cipitation, similar patterns were found for all sites (Fig. 2). 

Fig. 2. Mean monthly temperature and precipitation data for meteorological stations representing each study site. The data are 
based on the period 1996–2009 for both stations.
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Although the monthly values varied, before May, Timfris-
tos precipitation was higher, while from June to October, 
precipitation values were higher at Ossa, at least regarding 
the examined period.

Mean annual temperature fluctuations (Fig. 3a, c) in-
dicated that the temperature and the corresponding grow-
ing seasons, followed similar patterns for both sites. In the 
case of Timfristos meteorological station, a weak increas-
ing trend regarding temperature was observed during the 
entire period. In the case of Ossa meteorological station, 
the increasing trend was even weaker. However, we ob-
served variations over the years. For example, the years 
2000 and 2008 were the hottest on Timfristos, compared 
to the mean temperature, during the growing season. On 
the other hand, in Mt Ossa the years 2000, 2001 and 2008 
were the hottest. In both cases, annual average tempera-
tures were far from the mean of the analyzed period (i.e. 
+ 5 °C in 2000 and + 4.5 °C in 2008 for Timfristos and 
almost +4.5 °C in 2000 and +4.5 °C in 2008 for Ossa) 
regarding the growing season values. On Timfristos, the 

temperature fluctuations ranged from +2.2 to 5.1 °C for 
growing season values and from 0.6 to 0.9 °C for mean 
annual values. Ossa fluctuations ranged from 2.4 to 4.8 
°C for the growing season and from –0.1 to 1.0 °C for the 
annual values. Similar patterns were recorded regarding 
precipitation for both sites, with variations among the 
years. It seems that the years 1998, 2000, 2006, 2007, and 
2008 were the driest ones, according to yearly data for 
Timfristos (Fig. 3b). For Ossa (Fig. 3d), 2000, 2001, 2004, 
2005, 2007, and 2008 were the driest years. As was expect-
ed, between the two meteorological stations, precipitation 
was different compared to the mean of the analyzed period 
1996–2009. For instance, at the fir plot (meteorological 
station of Timfristos), mean annual precipitation in 2000 
was almost 500 mm less than the average value for the en-
tire study period (1,431 mm). At the beech and oak plots 
(meteorological station of Mt Ossa), annual precipitation 
for 2000 was more than 200 mm below the average of the 
entire study period (1,302 mm), while in 2001, precipita-
tion was almost 300 mm below the average. 

  

   

 

 

Fig. 3. Annual temperature and precipitation fluctuations compared to the corresponding mean values during the growing 
season (March–October) for Timfristos (a, b) and Ossa (c, d) Mountains (1996–2009). Precipitation data corresponded to 

each individual annual period and hot periods indicated between the vertical lines.
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At the fir plot, the period 1997–2000 was hot, with 
continuously increasing mean temperatures for the grow-
ing season until reached the peak in 2000 (almost 5 °C 
above the mean temperature of the period). In parallel, 
2000 was a relatively dry year compared to the other years 
of the study period, with an annual precipitation decline 
of 45%. In contrast, in central Europe, the year 2003 was 
characterized by an extreme drought (Bertini et al., 2011; 
Etzold et al., 2014). The oak and beech plots were sub-
jected to hot conditions for almost four years (1997–2000) 
until the peak of 2000–2001 (≈4.5 °C above the mean; 
Fig. 3c). At the same time, two subsequent years (2000 
and 2001) were dry, with over 23% of precipitation below 
the average of the observed period (Fig. 3d). It should 
be noted that similar observations for temperatures and 
precipitation were observed, regarding both plots, after 
2006–2007 until 2009. Possible lag effect of a hot period 
on the second inventory period was not tested, due to lack 
of growth data after 2009. Even that some similar pat-
terns were found in both areas, we can’t result regarding 
climate growth (in terms of MRAPI) response comparing 
the three species due to that there are in different loca-
tions. The results regarding the reduction in this study are 
presented separately as numerical observations for each 
species and no deeper analysis or comparison between 
them will be attempted. On the other hand, species-spe-
cific sensitivity to warmer or drier climate could impact 
tree growth behavior directly but also indirectly through 
influences on forest composition and vitality (Saxe et al., 
2001; Thuiller, 2004), a parameter which is not evalu-
ated in this study. 

The MRAPI is expressed as percentage (%) of the 
basal area at the beginning of each period per tree species 
and plots (Fig. 4). For all tree species, reduced basal area 
growth observed during the period 2000–2006 compared 
to 1996–2000. After 2006, for oak and beech the MRA-
PI increased again. The MRAPI of basal area for fir was 
1.60% during 1996–2000, 1.51 % during 2000–2006 and 
1.47% during 2006–2009. This reduction is considered 
rather low, suggesting that in general, basal area growth 
remained almost stable. This observation regarding fir, is 
confirmed as well by the analysis of variance, where there 
were no statistically significant differences between the 
three study periods (Fig. 4). 

At the beech plot, analysis of variance showed that 
there were significant differences in MRAPI of basal area 
[European beech (p < 0.05, n = 99) and Hungarian oak 
(p < 0.05, n = 166)], between the three monitoring peri-
ods (Fig. 4), with considerable reduction (approximately 
37%) after 2000 (1.45 to 0.91%), which was balanced 
after 2006 (1.28% regarding the period 2006–2009). 
For oak, the results were similar. MRAPI declined from 
2.45% in 1996–2000, to 1.45% in 2000–2006 and to 1.47 
in 2006-2009, with no significant differences between the 
two last periods. 

Similar results were found for tree volume (Fig. 5) 
with one differentiation. Among the three study periods, 
the analysis of the variance showed statistically significant 
differences in the MRAPI of volume for all the species, 
i.e. Bulgarian fir (p < 0.05, n = 82), European beech (p < 
0.05, n = 99) and Hungarian oak (p < 0.05, n = 166) (Fig. 
5). The particular MRAPI in fir plots reduced from 3.28 to 

Fig. 4. ANOVA results showing Bonferroni’s mutiple 
comparisons of relative basal area increment’ means for the 
three study periods of the three species. Bars by the same 

letter are not statistically different. 
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2.51% between the first two periods (approximately 22%) 
and increased by 3.21% during the last, almost reaching 
the levels of the first period. Similarly, in the first two pe-
riods in beech and oak declined from 3.32 to 1.51% and 
from 3.75% to 2.72%, respectively. 

The analysis of variance of the regression showed 
that the effect of temperature on MRAPI of the volume 
was not significant in any case even if that many combina-
tions of temperatures (May to September, June to August, 
March to October, May to October etc.) were tested. On 
the contrary, after several tests we found significant posi-
tive correlations between MRAPI of volume and the total 
summer season precipitation (May–August) regarding oak 
and beech. This particular relationship was not found to be 
significant regarding fir. The correlation and the ANOVA 
regression results regarding the precipitation are presented 
in Table 2.

All the correlations were found to be positive and sig-
nificant regarding beech and oak in contrast with the case 
of fir. The previously mentioned independent variable was 
found to be significant for tree volume increment with r 
= 0.757, Rsqr = 0.573 for oak and r = 0.550, Rsqr = 0.303 
for beech. Moreover, the p-value was 0.003 and 0.05 re-
spectively, with acceptable standard errors of estimate and 
Durbin-Watson value (there is no autocorrelation). 

Discussion

Changing water supply can severely alter above- and be-
low-ground tree growth, as well as affects the vitality of 
trees (Dobbertin, 2005). As summarized by De Vries et 
al. (2014), many tree-ring studies have successfully linked 
ring width reduction to reduced precipitation or increased 
temperature of various months during or before the current 
tree growing season. Camarero et al. (2013) showed that 
the previous year’s climatic conditions had actually influ-
ence on current growth, during the past century. A positive 
relation between volume growth and summer precipitation 
underlies the strong dependence of mountain tree species 
(i.e. oak and beech) on summers’ water availability (Fyl-
las et al., 2017). In addition, an extreme event (e.g. the 
heat wave of 2003 in Europe) in the growing season would 
also affect early tree growth in the following year, on low-
elevation deciduous broadleaved plots (Bertini et al., 
2011). In the present study, we observed growth increment 
decline (in terms of MARPI) in all three examined tree 

species, happened probably due to the heat and drought 
incidents during 1996–2000. In the Mediterranean zone, 
the rising temperatures and the projected rainfall decrease 
lead to increased drought risks; during hot periods, photo-
synthesis rates will decrease, resulting in lower biomass 
growth and yield (Lidner et al., 2010). Based on the me-
teorological observations are in agreement with Spinoni 
et al. (2015) regarding the highest drought frequency and 
severity at the Aegean region (Greece included) that took 
place after 1990.

The statistical analysis showed that temperature does 
not seem to be a strong predictor of MARPI of basal area 
and volume, regarding the examined tree species. Nev-
ertheless, we confirm the importance of water availabil-
ity for tree growth in Mediterranean forest ecosystems. 
Even that MARPI of basal area and volume correlation 
with precipitation were tested, only volume increment 
had significant relationship with summer precipitation. 
Therefore, concerning the examined period 1996–2009, 
reduced precipitation could result to considerable volume 
growth reduction. Fyllas et al. (2017) indicated that pre-
cipitation during summer was a strong predictor of tree 
growth across seven Mediterranean tree species. It is im-
portant to highlight that volume calculation includes tree 
height measurement; therefore, it is highly possible that 
both height and radial growth are reduced. In other words, 
volume is not only a more sensitive parameter to reveal 
growth change differences from period to period, but also 
seems to detect more efficiently correlations with climatic 
conditions. In agreement to Breda et al. (2006), drought 
results in the reduction of soil water availability, inducing 
restrictions to growth (both radial and height) and transpi-
ration, as well as bud production. Our data and statistical 
analysis could not prove that the above statement, regard-
ing significant relation between volume increment reduc-
tion and precipitation, is also valid for fir. 

It has been observed that the declining trees are at 
a very high risk of dying (Bigler et al., 2004). In agree-
ment to our results, increased tree growth during the third 
inventory period (2006–2010) at a few sites could be 
clearly related to growth enhancement after stand density 
reducing events (Etzold et al. 2014). Drought tolerance 
in tree species has been described by Hartmann (2011), 
suggesting that in large trees stomatal control of water 
loss hinders carbon assimilation and could lead to star-
vation during droughts. An important observation is that 
broadleaved forests (oak and beech) are characterized by 

Table 2. Annual volume increment and total summer precipitation correlation and regression parameters.

Correlation Coefficient Durbin-Watson Regression 

Oak 0,757 2.435  (Passed) Rsqr = 0.573

Beech 0,550 1.563  (Passed) Rsqr = 0.303

Fir 0,220 2.665  (Failed) Rsqr = 0.0497

0.757

0.550

0.220

Correlation Coefficient Durbin-Watson Regression 

Oak 0,757 2.435  (Passed) Rsqr = 0.573

Beech 0,550 1.563  (Passed) Rsqr = 0.303

Fir 0,220 2.665  (Failed) Rsqr = 0.04970.050
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predetermined early growth (Pallardy, 2008); therefore, 
extreme events in the growing season will seriously affect 
the growth of the following season (Bertini et al., 2011). 
Although, we cannot ignore that the fir plot was situated 
at a higher elevation with different site conditions (aspect, 
slope etc.) so the comparison between the species makes 
no sense. In central Europe, the extreme drought of 2003 
led to the reduction of forest growth in low-elevation for-
ests (up to 60%), while high-elevation forests showed no 
growth change or increased growth (Jolly et al., 2005). 
Furthermore, forest growth is influenced by internal fac-
tors (stand age, stand density, inter-tree competition, bi-
otic damage) and external factors e.g. weather conditions, 
nutrient (more details are included in Ferretti et al., 
2014) and water supply, deposition, biotic/abiotic dam-
age (Lorenz et al., 2004), and therefore, the above results 
do not entirely cover the subject of growth decline. For 
example, temperature-induced stress appears to become 
increasingly limiting as trees age, leading to higher cli-
mate sensitivity in older individuals (Linares et al., 2011). 
An increasing sensitivity to climatic conditions may have 
a significant impact on predictions of future carbon uptake 
and forest dynamics in the Mediterranean Basin. 

Given the economic importance of forestry and, 
more specifically, of the forest sector in relation to climate 
change, further questions arise regarding future timber 
harvests from sustainably managed forests. 

Further, research on forest growth monitoring, using 
dendrochronology methods and long-term meteorological 
data, will expand our understanding of the effects of re-
gional climatic conditions on tree distribution. Finally, the 
above mentioned current and future challenges regarding 
Mediterranean forests will provide useful scientific knowl-
edge for local managers and policy makers, who can take 
the necessary steps to promote the protection and sustain-
able use of these forests. 

Conclusions

As our world becomes increasingly warmer with more 
extreme weather events, decisions about forest manage-
ment have increasingly greater impacts. Quantitative cal-
culations about the forest growth and their growing condi-
tions, which can be applied at various scales to compare 
several case studies, are crucial for forest ecosystems and 
human interaction. Likewise, similar calculations can be 
made to assess changes in forest ecosystems caused by dif-
ferent factors. It is a relatively straightforward matter to 
link these growth variations to climate change scenarios 
or regional meteorological events. This assumption was 
confirmed in our analysis by finding statistical signifi-
cance between mean relative annual periodic increment of 
volume and summer precipitation for beech and oak plots 
which wasn’t proved in the case of fir. Volume changes 
cannot be explained by temperatures in any case, although 
volume changes seem to detect better than basal area 
changes correlations of growth with climatic conditions. 

The observations of increased growth decline, however, 
can also be interpreted more broadly in terms of medium-
or long-term decreased production and/or value of forest 
products, especially when considering sustainably man-
aged forests for wood production. Our observations were 
derived from samples of restricted size and specific sites, 
so our results should therefore be considered as evidences 
of growth changes, but not as general observations. Bio-
metric data, from 2009 up to date will possibly confirm 
our results regarding the previous period. Long-term mon-
itoring, further analysis of more tree species in additional 
plots, for the identification of potential decline or better 
resilience to climatic changes, are therefore important. Fu-
ture forest management scenarios in Mediterranean forest 
ecosystems now include information such as the above, to 
support decision making that aims to manage these vul-
nerable ecosystems in a sustainable way. Over time, such 
research will become a high priority task.
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