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Influence of tree density on climate-growth
relationships in a Pinus pinaster Ait. forest
in the northern mountains of Sardinia (Italy)
Gianluigi Mazza, Andrea Cutini, Maria Chiara Manetti
In view of the projected increases in the frequency and duration of drought
events in the Mediterranean basin, a better understanding on how differences
in stand structure affect climate-growth relationships can improve and
ehnance the conservation and management strategies for marginal forests in
mountain areas. In this study, we examined the intra-annual variability of
growth patterns and responses to climate of two maritime pine (Pinus pinaster
Ait.) stands growing at contrasting tree densities at low elevation in northern
Sardinia (Italy). A dendroclimatic analysis was used to assess the climategrowth relationships on monthly, seasonal and annual scales. Late spring and
summer precipitations of the current year appeared to be the crucial climatic
driver promoting the radial growth of trees in this mountain stand. However,
summer drought was the main climate constraint, triggering negative effects
on P. pinaster growth. Summer Palmer’s drought severity index showed contrasting influence on latewood growth responses to drought conditions related
to stand density, still significant also across the autumn months in the stand
with the highest tree density. Our findings indicate that stands growing at high
density may experience more prolonged water shortages, especially during the
late summer and early autumn months. Additionally, since the early 1980s, as
precipitation has decreased, the influence of previous rainy years on radial
growth has been highly significant in the stand with the lowest tree density.
This result suggests that such trees may explore deeper soil horizons, thus
reaching water resources stored in previous rainy years, especially during periods of low precipitation.
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Introduction

Maritime pine (Pinus pinaster Ait.) is
widely spread over the western Mediterranean region, the High Atlas and Tunisia in
north Africa (Carrión et al. 2000). Its main
populations are located in the Iberian Peninsula, where the species has adapted to extremely cold winters of central Spain and to
the milder temperate climate of the Atlantic
coast (Blanco et al. 1997). Population genetics studies have identified three main refugia across its range: the Atlantic coast of
Portugal, southwestern Iberia, and Pantelleria and Sardinia in Italy (Ribeiro et al. 2001).

P. pinaster has been traditionally used for
timber and turpentine production (Devesa
1997), but other main uses of the species are
related to recreation and soil protection. In
sand dune areas, P. pinaster plays a very important ecological role in protecting habitats
from salty winds and marine aerosol.
This species is ecologically versatile and
grows on a variety of substrates and under
several Mediterranean climate regimes, ranging from semi-arid to humid (Carrión et al.
2000). However, the prevailing climatic conditions in its current range are characterized
by summer droughts (Correia et al. 2008).
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Indeed, drought-adapted provenances have
been reported to better survive severe summer drought, though displaying lower vigor
than mesic Atlantic provenances under favorable conditions (Alía et al. 1997).
Water stress is one of the main factors limiting the growth of this species. Moreover,
predicted climatic scenarios include summer
droughts of increasing severity in Mediterranean basin. Therefore, the detection of differences in drought tolerance and growth
among populations on a geographical scale
may allow selection of provenances better
adapted to dry environments. Silvicultural
treatments can ensure a greater flow of under-canopy water and reduce competition for
water, light and nutrients, enhancing the
growth of remnant trees (Stogsdill et al.
1989, Simonin et al. 2007). Stand density reductions by thinning have been used extensively to increase soil water availability, by
reducing stand transpiration and canopy interception of precipitation, thus improving
stand growth rates (Aussenac & Granier
1988, Llorens & Domingo 2007, Mazza et
al. 2011).
Tree ring analysis is a powerful technique
for detecting tree growth patterns and interannual growth variations related to climate
(Fritts 1976). The intra-annual growth responses of conifers to local climatic variation have been successfully assessed using
information on total ring width, earlywood
and latewood widths (Campelo et al. 2006,
2013, Vieira et al. 2009, Rozas et al. 2011a,
Rozas et al. 2011b). Indeed, the distinction
between earlywood and latewood can lead
to a higher temporal resolution of climategrowth relationships and thus provide a better understanding of the intra-annual growth
responses to different climate conditions
(Lebourgeois 2000, Zweifel et al. 2006,
Rozas et al. 2011a).
Dendrochronological studies focused on
growth responses to climate in stand with
different structural characteristics have
shown that growth-related climatic signals
are likely to be age/size dependent (Carrer &
Urbinati 2004, De Luis et al. 2009, Vieira et
al. 2009, Olivar et al. 2012, Campelo et al.
2013). Few studies have examined whether
growth responses to climate variables are
stable across a range of stand densities (Moreno-Gutiérrez et al. 2012, Primicia et al.
2013).
The aim of this study was to assess (i) the
intra-annual variability in growth patterns
and (ii) growth responses to climate in two
P. pinaster stands growing at different tree
densities at low elevation in northern Sardinia. Pine forest in the studied area has a
great ecological importance for conservation
purposes, as well as for the protection of soil
from erosion; it has also a positive effects on
tourism. A better understanding of how dif-
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Fig. 1 - Range map of Maritime pine (Pinus pinaster Ait. - left panel). Location and Walter & Lieth climatic diagram of the study site (right
panel). The average annual temperature (°C) and the total annual rainfall (mm) are reported on top, while the mean maximum temperature of
the warmest month and the mean minimum temperature of the coldest month are beside the left y-axis. The dotted area indicates seasonal
water deficit.
ferences in stand density affect the drought
tolerance of trees is relevant for future management and conservation strategies of such
isolated P. pinaster forests over the whole
Mediterranean region.

Materials and Methods
Study site
The study site is located within the forest
area of Monte Pino, norther Sardinia (40°
56′ N, 09° 22′ E) at 740 m a.s.l. (Fig. 1). Forest covers approximately 1106 ha, of which
611 ha are covered by native P. pinaster bio-

coenoses, while Mediterranean shrubs and
Quercus ilex L. coppices cover approximately 414 ha and 63 ha, respectively. Maritime
pine stands lie on shallow soil derived from
intrusive igneous rocks, partially metamorphic rocks, and limestone. The soil moisture
regime is xeric, dry xeric, and locally udic
(Costantini et al. 2014).
The climate is typically Mediterranean,
with a dry summer (June, July and August
are the driest months), while most rainy
months are October and November (Fig. 1).
The total annual rainfall is 630 mm and the
temperature regime is thermic, and locally

Tab. 1 - Main characteristics of the pine stands studied. Mean diameter at breast height
(DBH), mean height (H), range of the dominant/co-dominant trees cored (D), total ring
(RW) width, earlywood (EW), latewood (LW), mean width (MW), standard deviation (SD)
and mean sensitivity (MS), computed for the raw tree ring series; first-order serial autocorrelation (AC1), mean sensitivity (MSstd), mean interseries correlation between all series from
different trees (rbar.bt) and expressed population signal (EPS), computed for the indexed
tree-ring series.
Parameter
Characte- Time span (No. years)
ristics
Tree density (n ha-1)
Basal area (m2 ha-1)
Mean DBH (cm)
Mean H (m)
No. cores/ No. trees
D range (cm)
Chronology Code
Raw data
MW (mm)
SD (mm)
MS
Indexed
AC1
data
MSstd
rbar.bt
EPS
iForest 8: 456-463

A
1963-2008 (46)
637
50.1
31.7
16.1
26/23
21.3 - 43.6
RW
EW
LW
2.71
1.80
0.95
1.45
1.04
0.57
0.264 0.290 0.401
0.09
0.06
0.03
0.174 0.167 0.271
0.50
0.34
0.49
0.94
0.89
0.94

B
1960-2008 (49)
318
35.6
37.7
16.3
28/24
20.7 - 48.1
RW
EW
LW
2.75
1.86
0.93
1.32
0.98
0.56
0.263 0.314 0.398
0.02
0.05
0.01
0.154 0.199 0.234
0.47
0.36
0.49
0.93
0.90
0.94
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mesic, with an average annual temperature
of 14.3 °C.
Sampling sites were chosen to reflect significant differences in tree density (Tab. 1).
Two even-aged pine stands planted at different spacing using native local provenances
were selected. Light low thinnings, based on
removal of suppressed and intermediate
trees, have been occasionally carried out in
both stands as well as across the whole
pinewood. Both stands are characterized by
a dominant and monospecific canopy layer
of P. pinaster, with a widespread understory
of Quercus ilex L., Q. suber L., Fraxinus ornus L., and other typical broadleaf maquis
shrubs (Phillirea spp., Arbutus unedo L.,
Pistacia lentiscus L., Myrtus communis L.).

Sampling and tree-ring data
In each stand, two cores per tree were extracted at breast height from dominant trees
using a 5-mm-diameter increment borer
(Tab. 1). Extracted cores were mounted on
wooden supports, air dried, and sanded with
progressively finer sandpaper (200P and
600P) to make tree ring boundaries clearly
visible under magnification. Earlywood
(EW) and latewood (LW) widths were measured at a precision of 0.01 mm by a computer-linked mechanical platform under a
stereoscope, and total ring (RW) widths
were calculated as the sum of the two measurements for each ring. The earlywood/latewood transition was visually identified by a
detectable changing in cell wall thickness,
resulting in a band of darker cells.
Each ring width series was first visually
checked and then statistically verified for
cross-dating and measurement errors using
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the dendrochronology program library
“dplR” developed for the R® package by
Bunn (2010). Mean chronologies were truncated at a minimum sample size of < 5 series.

Chronology computation and data
analysis
To remove age-related growth trends and
competition effects, a one-step detrending
was applied to each individual series, using
the packages dplR (Bunn 2008). A smoothing cubic spline curve with a 50 % frequency cut-off and response period of 30
years was fitted to each individual ringwidth series. The indexes were calculated as
ratios between the actual and fitted values.
The index values were then pre-whitened
using an autoregressive model selected on
the basis of the minimum Akaike Information Criterion (AIC) and combined across all
series using a bi-weight robust estimation of
the mean to exclude the influence of the outliers (Cook et al. 1990). The first-order serial
autocorrelation (AC1) was used to detect the
persistence retained after the standardization.
The signal strength of the tree-ring series
was assessed using both the mean interseries
correlation between all series from different
trees (rbar.bt) and the expressed population
signal (EPS), which is commonly adopted as
a criterion for assessing the reliability of
chronologies (Wigley et al. 1984).
To explore common growth patterns between stand types we expressed the characteristics of our time series in the frequency
domain. In this case, the spectral density was
estimated by a smoothed periodogram using
a fast Fourier transform (Ghil et al. 2002),
which yielded an estimate of the common
variance associated with cycles at each frequency.

Climate-growth relationships
Due to the lack of representative meteorological data for the whole period covered by
our chronologies, datasets from the Climate
Research Unit (CRU, University of East Anglia, UK) were used to obtain mean monthly
maximum temperatures and precipitation for
the period 1951-2009 and the Palmer

drought severity index (PDSI) for the period
1951-2002 (CRU self-calibrating PDSI),
gridded on a 0.5 × 0.5 degree network. The
chosen climate data, corresponding to the
closest grid point to the geographical area in
which the pinewood is located, were taken
from the website of the Royal Netherlands
Meteorological Institute (http://climexp.knmi.nl/).
The PDSI uses air temperature, accumulated rainfall and field water-holding capacity to compute a standardized measure of
soil moisture ranging from -6 to 6, the limits
of which correspond to extremely dry and
extremely wet soil conditions, respectively
(Dai et al. 2004).
To assess the presence of climatic trends,
we applied the Mann-Kendall non-parametric test (Brunetti et al. 2006, Hamed 2008).
Years characterized by the lowest amount of
precipitation were identified using the Standardized Anomaly Index (SAI), calculated as
It = (Rt-μ)/σ, where Rt denotes the total annual precipitation, μ and σ are mean and
standard deviation of the long-term precipitation, respectively (Katz & Glantz 1986).
The influence of climate on tree-ring
growth on a monthly and seasonal scale was
investigated using a correlation function
(CF) analysis (Fritts 1976). We used 36 independent monthly climate variables sequenced from October of the year prior to
growth (t–1) to September of the year of
growth (t). Pearson’s correlation coefficients
were tested for significance using the 95%
percentile range method after a bootstrap
process with 1000 replications, using the
“bootRes” routine in the R® package (Zang
& Biondi 2013). Standardized coefficients
were obtained by dividing the mean correlations by their standard deviations after the
bootstrap replications (i.e., considering each
test as independent).
The effects of the previous year’s precipitation on tree growth were tested with the
Pearson’s correlations using the annual precipitation (from previous December to September of the current year) and precipitation
cumulated over the 1-4 years prior to the
year of tree ring formation (from October t-n
to September t, with n ranging from 1 to 4).

The Bonferroni method was used for multiple comparison correction of the significance
levels.
To assess the influence of the previous
year’s precipitation on tree growth over time,
a 10-year running linear correlation was applied. This analysis produced a sequential
correlation between standardized RW and
precipitation sums for 1-4 years, adding at
each step one new year and removing the
oldest one from the running window (Sarris
et al. 2007). The correlation coefficients
were placed at the center (5 th year) of each
10-year period.

Results
Tree-ring growth patterns
The two stands differed mainly in tree density, with the number of trees in stand A being double that in the stand B (Tab. 1). Synchronization between the mean chronologies
of the tree-ring widths was highly significant. The Gleichläufigkeit (GLK - Schweingruber 1988) values ranged from 0.74 to
0.76 between the RW and EW chronologies
of the two stands to 0.86 between the LW
chronologies. EW was wider than LW for
both stands (Fig. 2) and was characterized by
smaller relative changes between consecutive rings than LW, as indicated by the MS
values. No significant differences in the
main dendrochronological characteristics
were detected between the two stands, although mean RW and EW were slightly
higher in the stand with the lower tree density (B).
After detrending, LW exhibited a stronger
common growth signal than EW, as revealed
by the higher values of the rbar.bt and EPS
statistics.
The spectral density of the indexed chronologies displayed common growth patterns
in the frequency domain, and the LW
chronologies exhibited higher variance than
RW and EW for both high and low frequencies (Fig. 3).

Growth responses to climate
The EW, LW, and RW chronologies revealed a large amount of the year-to-year

Fig. 2 - Mean raw and standardized RW, EW and LW chronologies for each stand. (A): high-density stand; (B): low-density stand. The
shaded areas indicate the number of trees.
© SISEF http://www.sisef.it/iforest/
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Fig. 3 - Spectral density of mean standardized RW, EW and
LW stand chronologies.

growth variation shared by trees. Significant
differences in climate-growth relationships
appeared among EW, LW, and RW within
both stands and between the A and B stands,
especially with respect to the PDSI.
Late-spring and summer precipitation of
the current year exerted a positive influence
on P. pinaster growth at our study sites. In
stand A, the tree-ring width (RW) was positively correlated with precipitation in May
and August (Fig. 4); in particular, significant
correlation was found between EW and the
precipitation of May and between LW and
the precipitation of August. In addition, P.
pinaster in the stand B showed a positive

correlation with June and August rainfall.
Tree growth in both stands was negatively
affected by summer maximum temperatures
in the current year, although contrasting climate growth response for August temperature was found in earlywood and latewood
(Fig. 4).
Summer drought appeared to be the climatic factor limiting P. pinaster tree growth in
both stands (Fig. 4). On the other hand, the
effect of prolonged drought conditions until
September exhibited a contrasting influence
of stand density on climate-growth relationships. Indeed, a significant and positive correlation between both RW and LW and the

PDSI of September in the current year was
found only in stand A (Fig. 4).
The climate-growth analysis on a seasonal
scale highlighted the cumulative effect of climate variables on tree growth, revealing
even more remarkable differences in growth
responses to climate between the two stands
(Fig. 5). Indeed, distinct results were obtained for summer precipitation, winter maximum temperatures and summer-autumn
PDSI of the current year. The main contrasting climate-growth correlations were the
positive effect of summer (June-July-August) precipitation on EW formation in stand
B and summer-autumn (June to November)
PDSI on LW formation in stand A (Fig. 5).
Moreover, a positive effect of winter (December-January-February) maximum temperature on EW formation in stand A and a
negative effect of summer maximum temperature on RW formation in stand B were
found (Fig. 5).
On a yearly basis, correlations between
precipitation and tree growth were found to
be higher for lower stand density when the
precipitation accumulated over the previous
years was considered. Indeed, considering
the current year, significant correlation coefficients were found for stand B between RW
and EW and the precipitation accumulated
over 2-3 and 3-4 years, respectively (Fig. 5).
The Z scores of SAI exhibited a decrease in
precipitation amounts during the last decades
of the 20th century (Fig. 6). During this period, RW and EW chronologies showed sigFig. 4 - Bootstrapped correlation functions between
standardized RW, EW and
LW chronologies and
monthly climate variables
(total precipitation, maximum temperature, and PDSI)
from previous October to
current September. Horizontal dashed lines indicate the
significance level: values
above |1.96| are significant at
p<0.05. (A): high-density
stand; (B): low-density
stand.
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Fig. 5 - (a) Bootstrapped correlation functions on seasonal scale. (W): Winter;
(Sp): Spring; (Su): Summer;
(A): Autumn. Horizontal
dashed lines indicate the significance level: values
above |1.96| are significant at
p<0.05. (b): Correlation coefficients between standardized RW, EW and LW
chronologies and precipitation cumulated over the 1-4
years prior to the year (t) of
tree ring formation. (*):
p<0.05; (**): p<0.01 after
the Bonferroni correction for
multiple comparisons. (A):
high-density stand; (B=: lowdensity stand.

Fig. 6 - Correlation coefficients from 10-year running
linear correlations between
standardized RW (a) and EW
(b) chronologies and precipitation accumulated over the
1-3 years prior to the year of
tree ring formation (Sum1,
Sum2 and Sum3, respectively), from 1966 to 2003.
(A): high-density stand; (B):
low-density stand. The
shaded area indicates the
lowest rainy periods highlighted by decadal means of
the Standardized Anomaly
Index (SAI).
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nificant high correlation with the precipitation accumulated over the previous year. The
effect of stand density seems to be more evident considering the significance of the precipitation accumulated over 3 and 4 years on
EW in stand B (Fig. 6). The effect of stand
density became more evident when EW and
precipitation accumulated over 3 and 4 years
were considered, as shown by higher and
significant correlations found for stand B
(Fig. 6).

Discussion

Summer drought was found to be the primary climate constraint, triggering negative
effects on P. pinaster growth. High temperatures along with low amounts of rainfall in
August negatively influence RW growth and
limit LW formation due to the reduction in
water availability caused by the increase in
evapotranspiration and soil water evaporation (Campelo et al. 2006, Vieira et al.
2009). Several dendrochronological studies
have found tree-ring growth of Pinus sp. at
low elevations to be limited by water availability during summer (Andreu et al. 2007,
Bogino & Bravo 2008, Dorado Liñán et al.
2011). Indeed, the August PDSI had the
highest correlation coefficients for both
stands, affecting both EW and LW formation
(Fig. 4).
On the other hand, precipitations occurring
in late-spring and summer of the current year
appeared to be the crucial climatic driver
that foster the radial growth of Maritime
pine in the mountain population studied in
northern Sardinia. A positive influence of
late-spring and early-summer precipitation
(May-June) on tree growth was also observed for P. pinaster forests in central and
northwestern Spain (Bogino & Bravo 2008,
Rozas et al. 2011) and in the northwestern
coast of Portugal (Vieira et al. 2009), suggesting that the radial growth of P. pinaster
is limited by water deficit during the growing season. These results highlight the positive effects of spring and early-summer
precipitation, resulting in a common fingerprint for P. pinaster populations growing under typical Mediterranean climate. Indeed,
high correlations between May-June precipitations and EW formation (Fig. 4) suggest
that the maximum number of cambium cells
occurs in spring, according to the first increment peak of the bimodal pattern originated
from a double reactivation of cambial activity in spring and autumn (Vieira et al. 2014).
The influence of PDSI on LW growth during summer months was higher in the stand
with the highest tree density and remained
significant until September (Fig. 4), suggesting that LW formation in this stand is more
sensitive to drought conditions during latesummer period.
The contrasting growth response to climate
of the two stands were clearer on a seasonal
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scale. In the stand with the higher trees density the winter maximum temperature was
positively correlated both with RW and EW
widths, probably due to more favorable microclimatic conditions promoting photosynthesis during the winter (Fig. 5). On the
other hand, in this stand water deficit affected the radial growth of trees during LW
formation in summer and autumn, as revealed by the high and significant influence
of PDSI on LW widths (Fig. 5). Considering
that LW formation showed the highest intraannual variance in the frequency domain, as
shown by spectral density of the mean standardized chronologies, the August PDSI
and, more generally, a severe summer
drought may be the main factor affecting radial growth.
The significant influence of late-summer
and early-autumn PDSI also on EW formation could be related to a gradual earlywood/latewood transition due to the formation of bands of latewood-like tracheids with
darker cells within the late earlywood (De
Micco et al. 2007). They were probably produced as a consequence of drier summer
conditions following a wetter period (Cherubini et al. 2003), prior to the regular latewood formation. Moreover, EW in the stand
with the lower tree density was also positively and significantly correlated with summer precipitation. This result suggest that
trees are able to utilize a greater amount of
water reaching the soil during the summer
months, due to low interception loss because
of the presence of gaps within the canopy
cover (Mazza et al. 2011).
The inter-tree competition for water availability can make trees growing in high-density stands more vulnerable to drought conditions than trees growing in lower-density
stands. In a semiarid ecosystem in Murcia
(in southeastern Spain), Pinus halepensis
Mill. trees in closed stands were found to be
more prone to water shortage than pines in
open woodlands (Moreno-Gutiérrez et al.
2012). In a Pinus pinea L. pinewood in central Italy, the net under-canopy precipitation
was always found to be greater in a thinned
stand than in an unthinned stand, especially
for low precipitation amounts, because of the
greater interception by the tree canopy (Mazza et al. 2011). This pattern was observed especially for the dry summer months, when
the net under-canopy precipitation in the unthinned area decreased by nearly 23%.
Moreover, the effect on growth of several
years of drought was found more severe than
the sums of the effects of single years of
drought (Kramer et al. 2000), because consecutive years of drought reduce the water
content stored in the previous rainy years.
Thus, as precipitation decreases, trees become increasingly dependent on moisture
from deeper soil horizons, as found in P.
pinea (Mazza & Manetti 2013) and Pinus
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brutia Ten. (Sarris et al. 2007) growing in
Mediterranean climate. This can be due to
the extensive root system, which permits the
mature trees to exploit a larger soil volume,
or deeper water resources.
At our study site, after the early 1980s, as
precipitation decreased, the influence of previous rainy years on tree growth was highly
significant for the stand with the lower tree
density, especially for EW formation (Fig.
6). As the upper soil layers dry up faster in
open woodland than in dense forested stands
(Raz-Yaseef et al. 2010), pines in thin stands
during periods of low amounts of precipitation may be highly dependent on precipitation accumulated in deeper soil layers during
previous rainy years.

Conclusions

This study identified the main climatic
drivers affecting the radial growth of P.
pinaster in a northern Sardinian mountain
population, and highlighted the influence of
stand density on growth responses of trees to
drought conditions. In view of the projected
increases in frequency and duration of
drought periods in the Mediterranean basin,
our findings may help in the adoption of silvicultural practices aimed at the conservation and management of marginal P. pinaster populations in mountainous areas.
Stands growing at high tree densities may
experience more prolonged water shortages,
particularly during the driest months. On the
other hand, the influence of previous rainy
years on radial growth has been highly significant in the stand with the lowest tree density, suggesting that trees grown in low-density stands may explore deeper soil horizons,
thus reaching water resources stored in previous rainy years, especially during periods
of low precipitation.
The results of future studies on the influence of trees stand structure on climategrowth relationships should be taken into account in the design of mitigation and conservation strategies based on silvicultural management for the purpose of improving the resilience of forests under climate change scenarios projected for the Mediterranean basin.
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