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ABSTRACT

To assess if tree age may modulate the main climatic drivers of radial growth, two relict Pinus
nigra subsp. salzmannii populations (Maria, most xeric site; Magina, least xeric site) were sampled in
southern Spain near the limits of the species range. Tree-ring width residual chronologies for two age
groups (mature trees, age = 100 years (minimum 40 years); old trees, age > 100 years) were built to
evaluate their responses to climate by relating them to monthly precipitation and temperature and a
drought index (DRI) using correlation and response functions. We found that drought is the main
driver of growth of relict P. nigra populations, but differences between sites and age classes were also
observed. First, growth in the most xeric site depends on the drought severity during the previous
autumn and the spring of the year of tree-ring formation, whereas in the relatively more mesic site
growth is mainly enhanced by warm and wet conditions in spring. Second, growth of mature trees
responded more to drought severity than that of old trees. Our findings indicate that drought severity
will mainly affect growth of relict P. nigra populations dominated by mature trees in xeric sites. This

conclusion may also apply to similar mountain Mediterranean conifer relicts.

Keywords: Andalusia, climate change, correlation function, dendroclimatology, drought stress,
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INTRODUCTION

Climate effects on intrinsic tree traits such as
growth depend not only on regional climate but
they are also contingent on the tree sensitivity to
local factors such as site conditions or tree age
(Linares et al. 2013). The long-term growth
responses to climate of relict circum-Mediterra-
nean pine populations provide a valuable system
to investigate the role played by ongoing climatic
warming at the southern distribution limit of these
species where they usually face severe drought
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stress (Sanchez-Salguero et al. 2012a; Camarero
et al. 2013). Drought stress may selectively affect
trees as a function of their ages, often with older
trees being more sensitive to drought stress than
young ones (Knapp and Soule 2011; Linares et al.
2013). Such age-dependent control of growth has
been related to hydraulic limitations in old trees
affecting photosynthesis, water-use efficiency and
carbon allocation within the tree (Ryan et al
2006). Site characteristics for the pine stands at
the rear-edge (southernmost limit) of the species
distribution make them potentially sensitive to
drought stress because they are usually located in
sites with soils showing a poor water-holding
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capacity as happens in southern Spain (Sanchez-
Salguero et al. 2012b). In this area climatic trends
during the last half of the 20™ Century indicate a
notable reduction in annual precipitation at a
mean rate of —5 mm yr~ ! (de Luis er al 2009).
An improved retrospective understanding of the
growth responses of relict Mediterranean pine
populations subjected to contrasting local clima-
tic conditions and dominated by different age
classes may improve our predictions of the future
dynamics of these drought-prone forests (see also
Camarero et al. 2013).

The European black pine subspecies Pinus
nigra Arn. subsp. salzmannii (Dunal) (hereafter
abbreviated as P. nigra) is widely distributed in the
Western Mediterranean Basin, forming in eastern
Andalusia, southern Spain, the southernmost
European populations. P. nigra is a species widely
used in dendrochronology because of its sensitivity
in response to climate stress and its high longevity,
with some living individuals up to ca. 1000 years
old (Creus 1998). In Spain, little research has been
performed to quantify growth-climate relation-
ships in relict multi-age P. nigra populations where
xeric conditions usually prevail and living tree
individuals may achieve great age.

In this study, we assessed whether the
climatic responsiveness of growth at the individual
level in two P. nigra relict populations is modu-
lated by local climatic conditions and tree age. We
addressed the following specific objectives: (a) to
compare the growth responses to climate as
related to local climatic variability and tree age
by comparing two climatically contrasting sites
(more vs. less xeric site) and two age groups (old
vs. mature trees), and (b) to assess individually
and retrospectively the role played by climate as
a driver of growth in the two marginal sites
subjected to different drought severity.

MATERIAL AND METHODS
Study Area

We selected two study sites located in two
natural parks in southeastern Spain: Sierra de
Maria-Los Vélez (hereafter abbreviated as Maria)
(37°41'N, 2°14'W) and Sierra de Magina (hereaf-
ter abbreviated as Magina) (37°44'N, 3°28'W)

(Figure 1). These sites were selected because they
share similar physiographic and lithological char-
acteristics, and their structures allowed sampling
dominant trees belonging to a wide range of age
classes (Table 1). Climate in both sites is Medi-
terranean with wet spring and fall seasons and a
marked summer drought lasting from June to
September. However, climate in Maria (the most
xeric site) is semiarid, whereas in Magina (the least
xeric site) wetter and more temperate conditions
occur (Camarero et al 2013). The estimated
annual precipitation in Maria and Magina sites
for the period 1990-2008 were 354 mm and
494 mm, whereas mean annual temperatures were
12.8°C and 16.3°C, respectively. Soils have a
greater water-holding capacity in Magina than
in Maria, with the most abundant soil types:
leptosols, regosols and cambisols on limestone and
dolomites in Magina, and entisols and inceptisols
on limestones in Maria. In both study sites, slopes
are steep. The current structure of both studied
forests is characterized by dominant and isolated
trees.

Field Sampling and
Dendrochronological Methods

Because of the protection status of study
areas, it was not feasible to sample a large number
of trees and cores per site, as is recommended in
standard dendrochronological studies (Fritts 2001;
but see Woodall 2008). Therefore, single incre-
ment cores from 32 (Maria) and 44 (Magina) trees
per site were collected at 1.3 m using an increment
borer. At each site, care was taken to select trees
greater than 50 years old growing under similar
microsite and competition conditions and located
at least 20 m apart from each other across a
rectangular area of 5 ha. Two age groups were
finally established based on previous analyses and
considering mature (age = 100 years, minimum
40 years) and old individuals (age > 100 years).

In the laboratory, all wood samples were air
dried and carefully polished with successively finer
sandpapers until tree rings were clearly visible.
The tree-ring series were dated, and missing or
false rings were identified by crossdating with all
the cores of all the trees per site. Visual crossdating
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Figure 1. Location of the two study sites (A, B) in eastern Andalusia, southeastern Spain. Sampling points (solid triangles),
meteorological stations used (grey circles), limits of the Natural Parks surrounding each study site, and elevation isolines are
displayed in each detailed map. The two-letter codes for each station are the same as those displayed in the Supplementary Material.
The upper maps show the distribution of Pinus nigra and the location of the study area in Europe, Spain and Andalusia.

of samples was conducted before measuring the
samples to a resolution of 0.001 mm using a
LINTAB measuring device (Rinntech, Heidelberg,
Germany) (Stokes and Smiley 1996). Crossdating

was verified using COFECHA (Holmes 1983;
Grissino-Mayer 2001). Four annual tree-ring
width chronologies were built for the two site
and age groups. The mean tree-ring width

Table 1. Characteristics of the two studied relict Pinus nigra populations. The last two lines show mean values * standard errors.

Sites
Variables Maria Magina
Forest surface (ha) 700 1860
Elevation range (m a.s.l.) 1700-1900 1600-1900
Aspect w S-SE
Slope (%) 25 30
Maximum age at 1.3 m (years) 469 400
Mean age at 1.3 m of mature trees (years) 83 85
Mean age at 1.3 m of old trees (years) 260 235
Diameter measured at 1.3 m (cm) 60.25 = 4.25 63.69 = 5.84
Height (m) 9.10 = 0.62 9.91 = 0.76
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Table 2. Descriptive statistics (mean * SE) of the four chronologies built with two age groups (mature vs. old trees) in the two Pinus
nigra study sites (Maria, Magina) for the common interval A.D. 1917-2009.

Maria Magina

Mature Trees Old Trees Mature Trees Old Trees
No. trees 18 14 15 29
Timespan 1917-2009 1541-2009 18902009 1613-2009
Tree-ring width (mm)® 1.87 = 0.05% 1.03 = 0.62%¢ 2.36 = 0.12% 1.35 = 0.10*
SD 0.57 + 0.03% 0.17 + 0.06 0.85 + 0.07°¢ 0.14 + 0.01°¢
AR1 0.55 = 0.03 0.72 = 0.05" 0.79 + 0.03% 0.85 + 0.02%
MS 0.26 = 0.01 0.27 = 0.01 0.31 = 0.02 0.32 = 0.01
It 0.47 + 0.02* 0.54 = 0.01° 0.44 + 0.03* 0.55 = 0.01°
EPS 0.94 0.96 0.93 0.97
Period EPS > 0.85¢ 1900-2009 1732-2009 18902009 1718-2009
PCI (%) 42.16 45.89 46.77 49.58

# Different letters indicate significant (p < 0.05) differences between age groups (a,b) and within each site for age group (c,d) (Mann-

Whitney U test; Quinn and Keough 2002).

®Variables abbreviations: raw ring-width data: SD, standard deviation; AR1, first-order autocorrelation; residual chronologies:
MS, mean sensitivity; ry, mean correlation among trees; EPS, expressed population signal; PC1, variance in first eigenvector.
¢Chronology segments with EPS > 0.85 were considered as well replicated following Wigley et al. (1984).

chronologies were developed using the ARSTAN
program (Cook and Holmes 1984), which removes
the biological trends in radial growth as trees
thicken. Tree-ring widths were converted into
growth indices with stable mean and variance, by
dividing observed values by expected values,
estimated using a spline curve of 50 years to keep
50% of the variability (Cook and Peters 1981).
Autoregressive modeling was performed to re-
move temporal autocorrelation and to generate
residual indices at the individual tree level, which
were used in further analyses. Finally, a biweight
robust mean was used to compute mean residual
chronologies for each age group and study site.
Among the developed individual tree chronolo-
gies, we considered only those that covered the
common time period 1917-2009. As a first step in
the analysis, we used rotated principal compo-
nents analysis (PCA) to display the major sources
of variation in the tree-ring indices and to test for
groups of trees with similar age and year-to-year
variation in growth (see Supplementary Material).

The following dendrochronological statistics
(see Table 2) were also calculated for the common
interval 1917-2009 to compare growth features
between the two age groups in both study sites
(Fritts 2001): mean and standard deviation (SD)
of the raw tree-ring width data, first-order

autocorrelation of tree-ring width raw data
(AR1), the mean sensitivity (MS) of residual
series, the mean between-tree correlation (ry,) of
residual series, the expressed population signal
(EPS) of residual width series (chronology seg-
ments with EPS over 0.85 were considered reliable
and used in growth-climate analyses following
Wigley et al. 1984), and the percentage of variance
explained by the first principal component (PC1).

Climate Data

We used local climatic data taken from the
meteorological stations located nearest to the
study sites provided by the Spanish Meteorolog-
ical Service (AEMET 2011). These climatic data
were used to quantify trends and analyze annual
and monthly climatic variables (mean, maximum
and minimum temperatures, precipitation, and
drought severity) and to assess the climate-growth
relationships in each study site and for each age
group. We obtained two climatic datasets covering
the period 1948-2006 using data from 13 and 6
local meteorological stations for the Magina and
Maria study sites, respectively (Supplementary
Material). The mean distance between sampled
stands and meteorological stations was ca. 10 km
(Figure 1). Given the scarcity of local meteorological



Conditioning of Climate Response of P. nigra in Southern Spain 149

stations with long and robust climatic records in the
sampled areas, two regional series were created by
using linear regressions based on local interpola-
tions of the nearest stations (Fernandez Cancio and
Manrique Menéndez 1997). The stations of
Huelma (Magina, 1084 m) and Maria (Maria,
1190 m) were considered as reference stations
(Supplementary Material).

Finally, we calculated a local drought index
(DRI, in mm) using monthly mean temperatures
and precipitation for each site (Sanchez-Salguero
et al. 2012a). The DRI index was defined as the
difference between the cumulative precipitation
and the estimated potential evapotranspiration
(estimated as a function of monthly mean
temperatures and geographical latitude, following
the formulation of Thornthwaite) (Thornthwaite
and Mather 1957) from August of the previous
year until September of the year of tree-ring
formation, because water availability during this
14-month period determines radial growth of
the studied species (Richter et al. 1991). Lower
(higher) DRI values indicate dry (wet) conditions
(Bigler et al. 20006).

Climate-Growth Relationships

To quantify the growth responses to climate
we calculated correlation and bootstrapped re-
sponse functions using residual chronologies as
dependent variables and local monthly climatic
variables as independent ones. Growth indices
and monthly climatic series were correlated from
the previous May up to October of the year of
tree-ring formation following Richter er al
(1991). Growth-climate relationships were quanti-
fied using Pearson correlation coefficients and
bootstrapped response function coefficients (Fritts
2001). To assess the temporal stability of growth-
climate associations, moving correlations were also
obtained for the residual chronologies based on
only monthly selected mean maximum tempera-
tures and DRI. We calculated 25-year moving
correlations for the period 1901-2005 considering
climatic variables highly related to growth. Corre-
lation and response functions were calculated using
the program Dendroclim 2002 (Biondi and Waikul
2004).

RESULTS
Climatic Trends: Increased Aridity

We found significant increases (+1.6°C in
Magina and +1.72°C in Maria) in mean annual
maximum temperature in both study sites, and
a significant reduction of annual precipitation
(—135 mm in Magina and —44 mm in Maria), this
trend in aridity being particularly pronounced in
Magina (Figure 2A, B). No long-term trend was
detected in the drought index (DRI) but years with
negative DRI values (i.e. dry years) were more
frequent during the last half of the 20" Century as
compared with the first one (Figure 2C).

Growth Patterns: Higher Common Growth
Variability in Old than in Mature Trees

The longest series dated back to A.D. 1541 at
Maria and the longest one reached the year 1613
in Magina (Figure 3, Table 2). In both sites we
found EPS values higher than 0.92. We found
synchronous growth reductions in both study sites
in the 1770s, 1800s, late 1940s, 1960s, 1980s, 1990s
and 2000s, usually corresponding to droughts. The
20th Century presented a much higher frequency
of both very wide and narrow rings as compared
with the 19th Century (Figure 3).

In the two study sites the old trees showed
higher first-order autocorrelations and a relatively
higher common variance and mean correlation
among trees than mature trees (Table 2). Mean
sensitivity did not differ between age groups.

Age-Dependent Growth-Climate Associations

Low maximum temperatures and high pre-
cipitation levels in the previous September en-
hanced P. nigra growth in Maria, and higher
growth in Magina was linked to warm previous
December, particularly in the case of old trees
(Figure 4). Magina old trees showed a stronger
response to wet conditions in May of the year of
growth than mature trees. Regarding the temper-
ature effects on growth, old trees always exhibited
a greater response than mature trees excepting the
negative effect of the previous September maxi-
mum temperatures in the case of Maria. In this
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Figure 2. Climate trends in the two study sites (A, Magina; B, Maria) for the period 1950-2006 for total annual precipitation, mean
annual maximum temperature and drought severity (C) based on a drought index (DRI; positive and negative values correspond to
wet and dry conditions, respectively). Climatic data were based on the local meteorological stations from Spanish National
Meteorological Agency (see Supplementary Material). Correlation coefficients of the linear trends of each variable are also
displayed in graphs A and B (temperatures = black lines and letters = precipitation, grey lines and letters).
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Figure 3. Residual tree-ring width chronologies (old trees = black lines; mature trees = grey lines) of the Maria and Magina P. nigra
study sites and corresponding sample size (number of trees, right y—axis). A five-year mean moving average is displayed over the old-
tree chronology to illustrate low-frequency variability in growth. Abrupt and synchronous growth declines can be observed in both
chronologies and they are illustrated using vertical blue bars. The intervals when the chronologies were reliable for each age group

(EPS > 0.85) are also indicated.

site, tree growth responded positively and more
strongly to the previous autumn and current
spring drought severity than in Magina, irrespec-
tive of tree age (Table 3).

Temporal Instability in Growth-Climate
Relationships

The positive influence of the mean maximum
March temperature on growth declined in both
study sites during the second half of the 20"
Century, whereas the relevance of February
maximum temperature as a growth driver has
either remained stable in Magina or has increased
in Maria, particularly affecting the old trees
(Figure 5). The importance of water availability
during the previous autumn (Maria) or the current
spring (Magina) as a driver of growth has steadily
risen during the past half century, particularly in
the case of mature trees from Maria.

DISCUSSION

The wviability of relict southern drought-
stressed pine populations at the southern limit
of their geographical distribution is determined
primarily by regional precipitation, but this
response to water supply is also contingent on
local factors, such as site conditions, and tree age
(Camarero et al. 2013; Sanchez-Salguero et al.
2013). We detected an increasing sensitivity of
relict P. nigra trees to drought regardless their age
(Linares et al. 2013).
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Figure 4. Pearson correlation coefficients calculated between P.
nigra radial growth (ring-width indexes) and the monthly
climate variables (mean maximum and minimum temperatures,
total precipitation, drought index) for the 1950-2006 period in
Maria and Mégina study sites. Growth is related with climate
data from the previous (months abbreviated by lowercase
letters) and current (months abbreviated by uppercase letters)
years, the current year being that of tree-ring formation. The
significance levels (p < 0.05) of correlation coefficients are
indicated by dashed horizontal lines, whereas significant
bootstrapped regression coefficients are indicated by asterisks.
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Table 3. Comparisons of climate-growth relationships (r, Pearson correlation coefficients; levels of significance (ns = not
significant; *0.05 < p = 0.10; **0.01 < p = 0.05) between old and mature trees calculated for the two study sites. Individual
correlations (mean * SE are presented) were calculated between ring-width indices and annual climatic variables (T, = mean
maximum temperature; T.;, = mean minimum temperature; DRI = drought index). The individual correlations were then
compared between age groups within each site, and between sites irrespective of tree age, using one-way ANOVAs (F and p statistics
are reported). The last column indicates the comparisons between sites irrespective of tree age (F and p values are reported in the
same column).

Age Groups Sites
Climatic Variable Site Age Group r F p F p
Tmax Maria Mature trees 0.12 = 0.02* 0.82 0.04 5.21 0.03
Old trees 0.21 = 0.01*
Magina Mature trees —0.15 = 0.02* 5.10 0.03
Old trees —0.40 = 0.01**
Tmin Maria Mature trees 0.13 = 0.01* 4.19 0.04 7.20 0.02
Old trees 0.21 + 0.02*
Magina Mature trees 0.08 = 0.03™ 3.01 0.09
Old trees 0.12 = 0.01*
DRI Maria Mature trees 0.28 = 0.02%* 0.84 0.02 14.15 0.01
Old trees 0.20 + 0.03*
Magina Mature trees 0.18 = 0.03* 0.28 0.04
Old trees 0.09 = 0.02™

The dendroclimatic potential of P. nigra in
Spain has been illustrated before (e.g. Creus 1998;
Fernandez et al. 1996; Andreu et al. 2007). However,
the P. nigra chronologies presented in this study are
new for the area studied in southeastern Spain and
represent a new contribution helpful to the future

use of this species for dendroclimatological recon-
structions of drought in the Western Mediterranean
Basin. Our climate-growth analyses are consistent
with other Iberian P. nigra chronologies (Martin-
Benito et al. 2008). Further, most of the periods of
growth reduction described here correspond to

Maria, current year (t)

® Tmax February Magina, current year (t)
A Tmax March r

F 03
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Maria, previous year (t-1)
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Figure 5. Moving correlations (Pearson coefficients) calculated between residual tree-ring width indexes for mature (grey lines and
symbols) and old (black lines and symbols) trees of Maria and Magina P. nigra sites and selected monthly climate variables (T, =
mean maximum temperature, DRI = drought index) of the previous year (¢-1) and the year of tree-ring formation (7). The
coefficients were calculated for 25-year periods and the ticks in the horizontal axis show the last year of each period (e.g. the tick
placed in 1975 corresponds to the 1951-1975 period). The filled symbols correspond to significant (p < 0.05) correlation coefficients.
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droughts historically documented in southern Spain
by Rodrigo et al. (1999).

The water availability and temperature con-
ditions during the previous autumn and winter
and also during early spring of the year of tree-
ring formation were the main climatic drivers of
P. nigra radial growth, though these factors did
not have equal importance at the two sites and
were age-dependent. This observation is consistent
with other dendroclimatological studies of nearby
P. nigra populations showing response to prior
autumn and winter temperatures (Camarero et al.
2013; Sanchez-Salguero et al 2012a, 2013). This
suggests the importance of the ability of soils to
store water as a major driver of tree growth. This
was confirmed by climate—growth correlations
that were similar among sites (positive roles of
previous wet and cold autumn and warm late
winter) but changed slightly as a function of local
xericity (Pasho et al. 2011; Camarero et al. 2013).

This pattern is in agreement with similar
positive influences of spring temperature on growth
observed in southern Europe (Lebourgeois 2000;
Linares and Tiscar 2011). Conifers are able to
photosynthesize during winter, thus mild tempera-
tures in late winter may enhance availability of
carbohydrates synthesis that can be allocated for
cambial growth in spring (Gimeno et al. 2012).
Further, wet and mild conditions in spring may
stimulate cambial dynamics or induce an earlier
cambial reactivation, thereby resulting in increased
production of earlywood and enhanced hydraulic
conductivity (Camarero et al. 2010). This indicates
that the season when the maximum rainfall occurs
before the growing season starts (autumn vs.
winter) significantly influences growth responses
the following year (Ritcher ez al. 1991). Recharging
soil water before spring growth resumption is
critical for Mediterranean conifer species inhabit-
ing drought-prone areas with short springs and
apparently shallow soils such as the study sites
(Camarero et al. 2013).

In autumn, growth in the most xeric Maria
site may be favored by the combination of wet
(late summer storms) and warmer conditions
through an extended growing season. The annual
precipitation in this site is far below (354 mm) the
amount of precipitation in the Spain distribution

core of P. nigra (ca. 550 mm), and it may represent
the lowermost limit of drought tolerance for the
species in the Iberian Peninsula (Martin-Benito
et al. 2010; Sanchez-Salguero et al 2012a). The
fact that our dendroclimatic analyses did not
reveal a strong radial growth response to summer
precipitation may be explained by the very scarce
or even absent summer precipitation at those
locations. However, hot and dry summers may
also increase drought stress indirectly in autumn
and constrain radial growth (Figure 4).

The unstable relationships observed between
growth and February-March temperatures indi-
cate divergent responses, particularly during the
late 20'™ Century. These trends reflect the observed
climatic differences between the least xeric site
(Magina) and the driest one (Maria). In the
Vienna Basin, Leal et al (2008) also observed
that P. nigra decreased its responsiveness to spring
conditions. In short, our study suggests that
current-year winter and spring temperatures and
precipitation, as well as drought severity, were
particularly important factors for determining
radial growth of relict black pine populations in
southern Spain (Camarero et al. 2013).

The radial growth of mature P. nigra trees was
more sensitive to precipitation and drought stress
(DRI) during the previous autumn and current
spring than that of old trees, showing that growth-
climate associations were age-dependent in these
relict stands, and not size-dependent as suggested
by other studies (Mérian and Lebourgeois 2011),
but in contrast to Linares et al. (2013). The effect of
age per se on growth has been previously discussed
(Mencuccini et al. 2005). Mature trees may have
less well-established root systems and more restrict-
ed access to the deeper mineral soil layers and water
reserves than old trees, making the former more
sensitive to drought stress than the latter (Rozas et
al. 2009). In addition, old trees may show more
water storage capacity in their stems than mature
trees, which may imply a lower vulnerability to
water shortage in old trees. These results are
consistent with the significant link between spring
climatic conditions and tree-ring growth rates
observed in P. nigra populations (Richter et al.
1991; Linares and Tiscar 2011), which may result in
a longer growing season providing a comparative
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advantage for old trees. Another potential age-
dependent growth difference in P. nigra was the
fewer significant correlations obtained between
temperatures and growth in the old trees compared
to the mature trees. Old trees may show a strong
positive response to temperature caused by an
earlier age-dependent response of growth to warm-
er spring conditions (Rossi et al. 2008).

Relict P. nigra populations in Southern Spain
are probably experiencing an increasing warming-
induced drought stress in recent decades, which
has proved to be forcing recent decline episodes
(Sanchez-Salguero et al. 2012b, 2013). One of the
potential physiological causes for age-related
growth decline in trees is associated with water
limitations caused by potential hydraulic restric-
tions. Our results show site- and age-related
differences in the growth responses of relict P.
nigra forests to regional climate, which locally may
modulate the persistence of these populations and
their responses to additional stressors.

CONCLUSIONS

Relict P. nigra populations dominated by
mature individuals (age = 100 years) and subject-
ed to dry conditions would likely respond nega-
tively to decreased precipitation, whereas those
dominated by old trees (age > 100 years) would
respond more to rising temperatures. We showed
that age is an important modulating factor of tree
growth responsiveness to climate and should be
included in models attempting to predict how
relict tree populations will react to climate
warming at local and regional scales. A way to
forecast drought-induced growth decline in P.
nigra would be to monitor relict populations
subjected to xeric conditions as compared with
others growing under mesic conditions in the core
of the distribution area. However, local contingent
factors such as site (e.g. topography, soil type) and
tree features (e.g. competition, stand structure)
may greatly modify these responses. To solve such
questions is particularly important for managing
the circum-Mediterranean mountain pine wood-
lands because they are expected to be more
vulnerable to rising temperatures and increasing
aridity than in temperate areas.

ACKNOWLEDGMENTS

This project was funded through DIVERBOS
(CGL2011-30285-C02-02) and INIA-RTA
(RTA2010-00065-00-00). R. Sanchez-Salguero ac-
knowledges a FPU (Formacion de Profesorado
Universitario) grant (AP2007-04747) (Ministerio
de Educacion, Spain). We also acknowledge the
financial support from University of Cordoba-
Campus de Excelencia CEIA; and AEMET
(Agencia Estatal de Meteorologia) for providing
meteorological data. We thank Francisca de la
Hoz and Angela Merino for their support during
field works, and R. Arias for his assistance in the
laboratory. J. J. Camarero thanks the support of
ARAID and Globimed.

REFERENCES

Andreu, L., E. Gutiérrez, M. Macias, M. Ribas, O. Bosch, and
J. J. Camarero, 2007. Climate increases regional tree-growth
variability in Iberian pine forests. Global Change Biology 13:
1-12.

Bigler, C., O. U. Briker, H. Bugmann, M. Dobbertin, and A.
Rigling, 2006. Drought as an inciting mortality factor in
Scots pine stands of the Valais, Switzerland. Ecosystems 9:
330-343.

Biondi, F. K., and J. Waikul, 2004. DENDROCLIM2002: A
C++ program for statistical calibration of climate signals in
tree-ring chronologies. Computer Geoscience 30:303-311.

Camarero, J. J., J. M. Olano, and A. Parras, 2010. Plastic
bimodal xylogenesis in conifers from continental Mediterra-
nean climates. New Phytologist 185:471-480.

Camarero, J. J., R. D. Manzanedo, R. Sanchez-Salguero, and
R. Navarro-Cerrillo, 2013. Growth response to climate and
drought change along an aridity gradient in the southern-
most Pinus nigra relict forests. Annals of Forest Science 70:
769-780.

Cook, E. R., and R. L. Holmes, 1984. Users Manual for
Program ARSTAN. Laboratory of Tree-Ring Research,
Tucson.

Cook, E. R., and K. Peters, 1981. The smoothing spline: A new
approach to standardizing forest interior tree-ring width
series for dendroclimatic studies. Tree-Ring Bulletin 41:45-53.

Creus, J., 1998. A proposito de los arboles mas viejos de la
Espafia peninsular: los Pinus nigra Arn. ssp. salzmannii
(Dunal) Franco de Puertollano-Cabanas, Sierra de Cazorla,
Jaén. Montes 54:68-76.

de Luis, M., J. C. Gonzalez-Hidalgo, L. A. Longares, and P.
Stepanek, 2009. Seasonal precipitation trends in the Medi-
terranean Iberian Peninsula in second half of 20th century.
International Journal of Climatology 29:1312-1323.

Fernandez Cancio, A., and E. Manrique Menéndez, 1997.
Nueva Metodologia para la Reconstruccion Dendroclima-
tica y Aplicaciones mas Importantes. Escuela Universitaria



Conditioning of Climate Response of P. nigra in Southern Spain 155

de Ingenieria Técnica Forestal-Instituto Nacional de Inves-
tigaciones Agrarias, Madrid; 127 pp.

Fernandez, A., M. Génova, J. Creus, and E. Gutiérrez, 1996.
Dendroclimatological investigation covering the last 300 years
in central Spain. In Tree Rings Environment and Humanity,
edited by J. S. Dean, D. M. Meko, and T. W. Swetnam,
pp. 181-190. Radiocarbon, University of Arizona, Tucson.

Fritts, H. C., 2001. Tree Rings and Climate. Blackburn Press,
Caldwell, New Jersey; 567 pp. (Originally published in 1976
by Academic Press, London).

Gimeno, T. E., J. J. Camarero, E. Granda, B. Pias, and F.
Valladares, 2012. Enhanced growth of Juniperus thurifera
under a warmer climate is explained by a positive carbon gain
under cold and drought. Tree Physiology 32:326-336.

Grissino-Mayer, H. D., 2001. Evaluating crossdating accuracy:
A manual and tutorial for the computer program COFE-
CHA. Tree-Ring Research 57(2):205-221.

Holmes, R. L., 1983. Computer-assisted quality control in tree-
ring dating and measurement. 7ree-Ring Bulletin 43:69-78.
Knapp, P. A., and P. T. Soulé, 2011. Increasing water-use
efficiency and age-specific growth responses of old-growth
ponderosa pine trees in the Northern Rockies. Global Change

Biology 17:631-641.

Leal, S., D. Eamus, M. Grabner, R. Wimmer, and P. Cherubini,
2008. Tree rings of Pinus nigra from the Vienna basin region
(Austria) show evidence of change in climatic sensitivity in
the late 20th century. Canadian Journal of Forestry Research
38:744-759.

Lebourgeois, F., 2000. Climatic signals in earlywood, latewood
and total ring width of Corsican pine from western France.
Annals of Forest Science 57:155-164.

Linares, J. C., and P. Tiscar, 2011. Buffered climate change
effects in a Mediterranean pine species: Range limit
implications from a tree-ring study. Oecologia 167:847-859.

Linares, J. C., L Taiqui, G. Sangiiesa-Barreda, J. I. Seco, and
J. J. Camarero, 2013. Age-related drought sensitivity of Atlas
cedar (Cedrus atlantica) in the Moroccan Middle Atlas
forests. Dendrochronologia 31:88-96.

Martin-Benito, D., P. Cherubini, M. del Rio, and I. Canellas,
2008. Growth response to climate and drought in Pinus nigra
Arn. trees of different crown classes. Trees-Structure and
Function 22:363-373.

Martin-Benito, D., M. del Rio, and I. Caiellas, 2010. Black
pine (Pinus nigra Arn.) growth divergence along a latitudinal
gradient in Western Mediterranean mountains. Annals of
Forest Science 67:401-401.

Martinez-Vilalta, J., B. C. Lopez, L. Loepfe, and F. Lloret,
2012. Stand- and tree-level determinants of the drought
response of scots pine radial growth. Oecologia 168:877-888.

Mencuccini, M., J. Martinez Vilalta, D. Vanderklein, H. A.
Hamid, E. Korakaki, S. Lee, and B. Michiels, 2005. Size
mediated ageing reduces vigor in trees. Ecology Letters §:
1183-1190.

Meérian, P., and F. Lebourgeois, 2011. Size-mediated climate—
growth relationships in temperate forests: a multi-species
analysis. Forest Ecology and Management 261(8):1382-1391.

Quinn, G. P., and M. J. Keough, 2002. Experimental Design and
Data Analysis for Biologists. University Press, Cambridge;
527 pp.

Richter, K., D. Eckstein, and R. L. Holmes, 1991. The
dendrochronological signal of pine trees (Pinus spp.) in
Spain. Tree-Ring Bulletin 51:1-13.

Rodrigo, F., M. Esteban-Parra, D. Pozo-Vazquez, and Y.
Castro-Diez, 1999. A 500-year precipitation record in
southern Spain. International Journal of Climatology 19:
1233-1253.

Rossi, S., A. Deslauriers, T. Anfodillo, and M. Carrer, 2008.
Age-dependent xylogenesis in timberline conifers. New
Phytologist 177:199-208.

Rozas, V., L. de Soto, and J. M. Olano, 2009. Sex-specific, age-
dependent sensitivity of tree-ring growth to climate in the
dioecious tree Juniperus thurifera. New Phytologist 182:
687-697.

Ryan, M. G., N. Phillips, and B. J. Bond, 2006. The hydraulic
limitation hypothesis revisited. Plant Cell and Environment
29:367-381.

Sanchez-Salguero, R., R. M. Navarro Cerrillo, J. J. Camarero,
and A. Fernandez, 2012a. Selective drought-induced decline
of pine species in southeastern Spain. Climatic Change 113:
767-785.

Sanchez-Salguero, R., R. M. Navarro-Cerrillo, T. W. Swetnam,
and M. A. Zavala, 2012b. Is drought the main decline
factor at the rear edge of Europe? The case of southern
Iberian pine plantations. Forest Ecology and Management
271:158-169.

Sanchez-Salguero, R., J. J. Camarero, M. Dobbertin, A.
Fernandez-Cancio, A. Vila-Cabrera, R. D. Manzanedo, M.
Zavala, and R. M. Navarro-Cerrillo, 2013. Contrasting
vulnerability and resilience to drought-induced decline of
densely planted vs. natural rear-edge Pinus nigra forests.
Forest Ecology and Management 310:956-967.

Stokes, M. A., and T. L. Smiley, 1996. An Introduction to Tree-
Ring Dating. University of Arizona Press, Tucson, Arizona;
73 pp. (Originally published in 1968 by University of Chicago
Press, Chicago).

Thornthwaite, C. W., and J. R. Mather, 1957. Instructions and
Tables for Computing Potential Evapotranspiration and the
Water Balance. Publications in Climatology Volume 10,
Number 3. Drexel Institute of Technology, Philadelphia.

Wigley, T. M., K. R. Briffa, and P. D. Jones, 1984. On the
average value of correlated time series, with applications in
dendroclimatology and hydrometeorology. Journal of Cli-
mate and Applied Meteorology 23:201-213.

Woodall, C. W., 2008. When is one core per tree sufficient to
characterize stand attributes? Results of a Pinus ponderosa
case study. Tree-Ring Research 64:55-60.

Received 2 April 2013, accepted 9 April 2014.

Supplementary Material is available at hztp://
www. treeringsociety.orgl TRBTRRITRBTRR. htm




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Settings for the Rampage workflow.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


