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Abstract The projected temperature rise, rainfall decrease and concentration of
rainfall in extreme events could induce growth decline and die-off on tree popu-
lations located at the geographical distribution limit of the species. Understanding
of adaptive capacity and regional vulnerability to climate change in Mediterranean
forests is not well developed and requires more focused research efforts. We studied
the relationships between spatiotemporal patterns of temperature and precipitation
along the southwestern edge of the Betic range (southern Spain) and measured basal
area increment (BAI) and carbon isotope (�) in tree ring series of Abies pinsapo and
Pinus halepensis, two Mediterranean conifer trees with contrasting drought adaptive
capacity. Climatic information was obtained from a network covering a wide range of
elevations and distances from the Atlantic and Mediterranean coasts. Temperature
trends were tested by the Mann–Kendall test, and precipitation was thoroughly
analyzed by quantile regression. Climatic data showed a warming trend, enhanced
since the 1970s, while quantile regressions revealed that drought events worsened
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during the course of the twentieth century. Long-term decrease of A. pinsapo BAI
was related to regional warming and changing precipitation patterns, suggesting
increasing drought stress on this species. Both temperature and precipitation in the
summer influenced wood � in P. halepensis, whereas negative correlation between
wood � and current autumn temperature was yielded for A. pinsapo. Increased
intrinsic water use efficiency was inferred from wood � in both species; however,
A. pinsapo showed sudden growth reductions under drier conditions, while pine
trees were able to maintain almost constant BAI values and lower water costs under
increasing long-term water stress.

1 Introduction

Climate observations prove the existence of a global warming trend which is expected
to modify the growth and distribution of tree species. Trees are particularly sensitive
to temperature changes (Adams et al. 2009); however forests vulnerability to climate
change still contains large uncertainties (Lindner et al. 2010). Regional climatic
models project both a warming and an extreme events enhancement over the
Mediterranean basin at the end of the twenty-first century (Trigo and Palutikof 2001;
Räisänen et al. 2004). The effects of these changes could be particularly severe in
water-limited ecosystems (Martínez-Vilalta et al. 2008). The temperature trends have
been widely verified. For instance, a warming of 0.042◦C/year has been reported for
Europe since the 1970s (Klein Tank et al. 2002). In the western Mediterranean basin,
the temperature trend shows an increase of about 0.053◦C/year for the same time
span (Brunetti et al. 2004; Giorgi 2002; Brunet et al. 2005).

Overall, the precipitation trends in the Mediterranean basin during the last
50 years seem to be characterized by an increase in both the frequency and intensity
of severe drought events (Piervitali et al. 1997; Türkes and Erlat 2003; Serra et al.
2005; García et al. 2007; Lana et al. 2008; Vicente-Serrano and Quadat-Prats 2007;
Vicente-Serrano et al. 2004; Brunetti et al. 2004; Xoplaki et al. 2004). However,
precipitation trend studies have shown uncertain results. Trends are generally not
significant or significant only during some months and in some localities, without a
clear spatial pattern (Norrant and Douguédroit 2006; Touchan et al. 2005; Chbouki
et al. 1995; González-Hidalgo et al. 2001; Goodess-and-Jones 2002; Sumner et al.
2001; Esteban-Parra et al. 1998; Maheras and Anagnostopoulou 2003). The inherent
rainfall variability observed in the Mediterranean region often prevents the detection
of long-term trends using standard regression procedures, as standard errors of
estimated parameters tend to be large and do not allow for the rejection of the null
hypothesis of an absence of trend. This confounding effect appears to be even more
important when long-term changes differ across the range of values taken by the
variable of interest, a common feature of climatic changes. Here, as a first issue of
the paper, we show how trends can be investigated in a specific range of the rainfall
distribution by using quantile regression (Koenker 2005). We thus obtain a detailed
picture of the patterns of climate change, when some of these patterns could have
gone undetected using more traditional statistical analyses.

Recent papers propose tree growth vulnerability to climate change could be
assessed as a function of the climate impacts and the trees’ growth sensitivity and
adaptive capacity (Lindner et al. 2010). Hence, climate effects on tree growth will
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depend on the specific climate changes at regional scale, the inherent trees’ species
sensitivity and their ability to cope with the impacts (Allen et al. 2010; McDowell
et al. 2010; Linares et al. 2010). While many studies have investigated potential
impacts of climate change, much less attention has been given to the related tree
growth sensitivity and adaptive capacity and few non theoretic researches have
been focused under this conceptual framework to assess inter-specific vulnerability
to climate change in the Mediterranean mountain conifer forests (but see Linares
et al. 2009a and 2010). Among the dominant conifer species in the Mediterranean
mountain forests, there are both drought-sensitive relict taxa and wide-spread
drought-adapted trees (Médail and Quézel 1999). Different responses to increasing
climate dryness could have important implications for the geographical range of
trees in these ecosystems (Brubaker 1986). Pinsapo fir (Abies pinsapo Boiss.) and
Aleppo pine (Pinus halepensis Mill.) are representative examples of both functional
types of conifers. Although the two species can be considered as drought-avoiding,
they show considerable differences in their ecophysiological response thresholds for
coping with drought. A. pinsapo drastically reduces water use by stomatal closure
in response to moderate drought conditions (Aussenac 2002), while P. halepensis is
better adapted to the scarcity of water resources (Borghetti et al. 1998).

Both species currently grow in mixed stands at the lower elevation limit of some
A. pinsapo forests, i.e., in the Yunquera forest (YF, Sierra de las Nieves Natural
Park, southern Spain). This forest represents one of the drier and warmer locations
of A. pinsapo habitats but is simultaneously one of the wetter localities in which
P. halepensis grows (Linares et al. 2009a). In the study area, Pinsapo fir stands are
usually found as dense monospecific stands at elevations above 1200 m, mainly on
north-facing, shady slopes and ravine bottoms. On the other hand, Aleppo pine
populations from YF grow naturally as open stands in shallow and stony soils on
south- and east-facing slopes. Historical forestations have traditionally benefited
the pine, and nowadays, its distribution reaches several peripheral margins of relict
A. pinsapo stands (see Supplementary material).

Dendroecological studies combined with carbon isotope discrimination (�) in tree
rings from these marginal stands could be valuable tools to assess the growth-climate
relationships at the limit of the species distribution range (Andreu et al. 2007),
where recent episodes of A. pinsapo decline related to climatic change have been
described (Linares et al. 2009a). We hypothesized that contrasting ecophysiological
thresholds in response to water deficits in A. pinsapo and P. halepensis would lead
to a differential sensitivity and adaptation capacity to changes in water availability
and that this could be tracked by means of radial growth and � analysis. To test
this hypothesis, we compared the responses of the two species in terms of basal
area increment (BAI) and wood �. We assumed that wood � would provide an
integrated record of the intrinsic water use efficiency (WUEi) during the growth
period, whereas BAI would indicate the effect of water shortage on the overall tree
functioning. The assessment of the ecological relevance of drought as a constraint
on water and carbon ecophysiology could provide helpful information to forecast
future responses of these species to climatic change (McDowell et al. 2010; Allen
et al. 2010).

Our aims were: (1) to quantify regional precipitation and temperature trends over
the twentieth century in the southwest of the Betic Range; (2) to simultaneously
describe the recent annual radial growth and wood δ13C patterns in A. pinsapo and
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Pinus halepensis; and (3) to quantify BAI, � and WUEi responses to climate and the
effects of different thresholds on drought sensitivity for two drought-avoiding conifer
species.

2 Materials and methods

2.1 Climatic data

Data sets from 25 nearby meteorological stations were explored in order to select
those with reliable data; then, 12 meteorological stations were selected based on
their longest and best-quality series (Table 1, see also Supplementary material).
For each station, missing data were estimated using the MET program from the
Dendrochronology Program Library (Holmes 1992). The annual rainfall in year t
was calculated as the sum of rainfall from September in year t − 1 to August in
year t. Monthly variables were transformed into normalized standard deviations to
give each station the same weight in calculating the average values for each month
and year. The annual water budget was obtained as the sum of monthly differences
between precipitation data and potential evapotranspiration estimates following a
modified version of the Thornthwaite method (Willmott et al. 1985).

2.2 Field sampling

Field sampling was carried out at Yunquera forest (YF, southern Spain:
36◦43′18.97′′ N, 4◦57′53.92′′ W, 1,180–1,230 m a.s.l.), which is home to natural un-
evenly aged stands that have not been managed within the last 50 years (Linares and
Carreira 2009). This location represents the lower elevation limit of Abies pinsapo
at the Sierra de las Nieves Natural Park. Pinsapo forests are typically found above
∼1,000 m a.s.l., below this, the vegetation is Mediterranean, dominated by Quercus
rotundifolia Lam. (holm oak), Quercus faginea Lam. (gall oak) and Pinus halepensis
Mill. (Alepo pine) forests. Upslope, A pinsapo forms pure stands to roughly 1,700 m,
where it grows with other relict trees, such as Quercus faginea subsp. alpestris
(Boiss.) Maire, Acer granatense Boiss., Sorbus aria (L.) Crantz. and Taxus baccata
L. The mean annual temperature is ∼11◦C, and the annual precipitation ranges from
1,100 mm to approximately 1,600 mm. As a whole, the rainfall patterns are distinctly
Mediterranean, with approximately 80% of all precipitation falling between October
and May, followed by a long summer drought. Since the studied stands have not been
disturbed within the last 50 years, few dominant trees need to be sampled to obtain a
reliable growth pattern related to the regional climatic signal (Fritts 1976). In winter
2006 we bored mature, dominant and healthy trees, sampling ten A. pinsapo and six
P. halepensis trees, cored to the pith at breast height perpendicularly to the slope.
Cores were 5 mm in diameter for both species. At least three cores per tree were
extracted, and pith was reached in at least one of each set.

2.3 Dendrochronological methods

Dendroecological analysis was conducted for all cores for age determination and
radial growth measurement. The cores were sanded until the tree rings were clearly
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visible under a binocular microscope. All samples were visually cross-dated. Tree
ring widths were measured to 0.01 mm using a LINTAB measuring device (Rinntech,
Germany), and the cross-dating quality was checked using COFECHA (Holmes
1983). The trend of decreasing ring width with increasing tree size was removed by
converting measurements of radial increment into tree BAI. Following the deter-
mination of BAI, a detrending and normalizing procedure was applied as follows.
First, we calculated moving average BAI curves using 5-year windows; we chose this
lag based on climatic and ecological research performed in the Mediterranean basin,
which found that a 5-year lag was a reliable window to use to smooth high-frequency
fluctuations and extreme events (Feidas et al. 2007; Sumner et al. 2001; Sarris et al.
2007). We subsequently calculated the BAI residuals, subtracting each value from the
moving average. Since analyzing residuals in a subsequent statistical procedure, as we
have done here, could result in misleadingly estimates of the significance, because the
residuals themselves are based on estimates and have some inherent dependencies,
we normalized the residuals to give each tree the same weight in calculating the
average values for each year and used a non-parametric test. These normalized
residuals enabled us to correlate deviations from the average growth (unrelated to
any age effect) with climate throughout the overall study period (Schweingruber
1988).

2.4 Wood samples and isotopic analyses

Isotopic analyses were performed on six A. pinsapo and three P. halepensis trees
selected from the entire sample. In order to minimize complications arising from
the juvenile effect, which results in more negative values of δ13C in wood produced
during the first few decades of growth as a consequence of assimilating respired CO2

depleted in 13C or reduced light levels (Heaton 1999), we excluded the first 15–20 tree
rings of each core. Then, annual tree rings were carefully separated with a razor
blade supported by a binocular microscope and they were then ground in a ball mill
(Retsch MM400, Germany). An aliquot of 0.5–0.7 mg of wood sample was weighed
and placed in a tin capsule for isotopic analysis. The isotope ratio 13C/12C was
determined on a Thermo Finnigan Delta plus XP mass spectrometer coupled to a
Thermo Finnigan Trace GC ultra gas chromatographer by a Thermo Finnigan GC
Combustión III interface. For every ten wood samples, we included two standards for
analysis: cellulose, with an isotopic signal of −24.72, and Ptalic acid, with an isotopic
signal of −30.63. The repeated analyses of these two internal standards yielded a
standard deviation of less than 0.1%. Cellulose was not extracted, as whole wood and
cellulose isotope time series show similar trends. The small tree ring size complicates
further manipulation (Taylor et al. 2008; McNulty and Swank 1995; Warren et al.
2001).

2.5 Temporal trends of carbon discrimination and intrinsic water use efficiency

The isotopic discrimination (�; Farquhar and Richards 1984) between carbon from
atmospheric CO2 and plant carbon from C3 plants, which occurs as a result of
preferential use of 12C over 13C during photosynthesis, is defined in Eq. 1:

� = (
δ13Catm−δ13Cwood

) / (
1 + δ13Cwood / 1000

)
, (1)
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where δ13Catm and δ13Cwood are the isotopic ratios of carbon (13C/12C) in atmospheric
CO2 and plant material, respectively, expressed in parts per thousand (‰) relative to
VPDB standard. � is linearly related to Ci/Ca, which is the ratio of intercellular (Ci)
to atmospheric (Ca) CO2 mole fractions, by Eq. 2 (Farquhar et al. 1982):

� = a + (b − a) Ci
/

Ca, (2)

where a is the fractionation during CO2 diffusion through the stomata (4.4‰;
O’Leary 1981), and b is the fractionation associated with reactions by Rubisco and
PEP carboxylase (27‰; Farquhar and Richards 1984). Ca and δ13Catm were obtained
from published data by McCarroll and Loader (2004).

The Ci/Ca ratio reflects the balance between net assimilation (A) and stomatal
conductance for CO2 (gc) according to Fick’s law: A = gc(Ca − Ci). Stomatal con-
ductances for CO2 and water vapor (gw) are related by a constant factor (gw = 1.6gc),
hence linking the leaf gas exchange of carbon and water. The linear relationship
between Ci/Ca and � (Eq. 2) is often used to calculate the intrinsic water use
efficiency, WUEi = A/gw:

WUEi = ca (b − �lin)
/

1.6 (b − a) . (3)

The intrinsic water use efficiency, defined as the ratio of net assimilation of stomatal
conductance to water vapor, was introduced to compare photosynthetic properties
independent of (or with a common) evaporative demand (Osmond et al. 1980) and
has been widely related to long-term trends in the internal regulation of carbon
uptake and water loss in plants.

2.6 Statistical analyses

Temporal trends in tree ring width, δ13Cwood, � and WUEi were tested by linear least
squares regression, while mean values from different time intervals were subjected
to analysis of variance (repeated measures ANOVA). We also applied a two-slope
comparison test following Zar (1999) in order to detect rate differences among
A. pinsapo and P. halepensis. Temporal trend of monthly mean temperature and
monthly total precipitation were estimated using the Mann–Kendall test (Mann 1945;
Kendall 1975).

Mann–Kendall tests (thereafter MK) are non-parametric tests for the detection of
trend in a time series. These tests are widely used in environmental science, because
they are simple, robust and can cope with missing values and values below a detection
limit.

For each time series element xi (1, 2,. . . ,n), the number ni of xj elements lower
than xi (xj < xi, where j < i) are counted. Then, the MK statistic for the time series
{Zk, k = 1,2,. . . ,n} is defined as:

T =
∑

j<i

sgn (Zi − Z j) (4)
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where:

sgn (x)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1, _i f _x > 0

0, _i f _x = 0

−1, _i f _x < 0

If no ties between the observations are present and no trend is present in the time
series, the test statistic is asymptotically normal distributed with mean E(t) = 0,
independent of the distribution function of the data. The statistic E(T) is defined as:

E (T) = T − 〈T〉√
Var (T)

(5)

where 〈T〉 and var(T) are computed as:

〈T〉 = n (n − 1)

4

var (T) = n (n − 1) (2n + 5)

18

The null hypothesis assumes that the trend is cero and it is rejected if E(T) is higher,
in absolute value, than 1.96, for a two tails test at 95% significance, or 2.58 at 99% of
significance. The E(T) sing indicates if the trend is positive or negative. The MK
test also allows to obtain a summarized trend of the data by the estimation of a
multivariate analyses of the monthly data, which was interpreted in this paper as
a summarized annual trend. When significant trends were obtained from MK tests,
the rates of change of the climatic variables were estimated by obtaining their slope
from simple linear regression (Libiseller and Grimvall 2002).

Quantile regressions were applied on the annual rainfall at each station, which
allowed us to estimate the rate of change of any part of the data distribution, i.e.,
of any selected quantile, with the ith one-sample quantile estimate defined as the
value having a proportion i of the sample observations less than or equal to the
estimate (e.g., the median is the 0.5 quantile, and 50% of the observations are
above its value and 50% are below its value). Therefore, quantile regression allows
one to simultaneously study changes in specific portions of the distribution of the
response variable, independent of the change and variability experienced by the rest
of the distribution. In particular, its ability to detect opposing trends in statistical
extremes (upper and lower) hidden in non-significant mean effects as well as changes
in median conditions even in extreme stochastic environments makes it perfectly
designed for climate analysis, although it has rarely been used in such a context
(Koenker 2005; Cade and Noon 2003).

Correlations between monthly climate, BAI and � were tested by the non-
parametric Spearman correlation r. As a first step, we investigated the correlations
between the mean monthly temperature and precipitation of the three closest
stations to the sampling area (Q, B and AZ, see Table 1) and BAI and � data. As a
second step, regional climate relationships were investigated using the mean monthly
temperature and precipitation of the remaining nine stations from Table 1; the initial
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three stations were excluded to avoid autocorrelation with the initial correlation
analysis (Table 1).

The significance level used in all tests was P = 0.05. Quantile regression analyses
were conducted using the R quantreg package (R Development Core Team 2010).
Mann–Kendall tests were performed using a free application download from http://
www.etsm.slu.se/ShowPage.cfm?OrgenhetSida_ID=8144.

3 Results

3.1 Climatic trends

The studied climate data set allows us to recognize the influence of elevation
and longitude (distance to the Atlantic Ocean) on temperature and precipitation
(Table 1). The mean annual temperature decreased by an average of 0.72◦C for
every 100 m of elevation (the slope for linear regression ± standard deviation was:
−0.67 ± 0.11; R2 adj. 0.87, p < 0.001), but was not correlated to either longitude
or distance to the coast. The annual rainfall decreased towards the east by an
average of 173 mm for every 10 km (172.50 ± 52.26; R2 adj. 0.42, p = 0.005) and
increased by an average of 81 mm for every 100 m of elevation (81.06 ± 20.95; R2

adj. 0.50, p = 0.002). The distance to the coast did not show a significant correlation
with annual rainfall. Temperature time series showed strong inter-site relationships,
while the precipitation data were more locally variable. All studied localities showed
a significant increase in temperature during some months, with March being the
month with the most significant regional increase, followed by April, May and
June (data not shown). The resulting regional monthly average temperature can
be considered as highly representative of the regional trends; however averaged
regional precipitation results must be carefully evaluated. Annual and seasonal
analyses of mean temperature (Fig. 1, left column) show a warming of about 0.42◦C
since 1970 for the study area. All seasons except autumn and all months except
September and October showed a significant temperature increase. This warming
was markedly enhanced during February, March, June and July, with an increase of
more than 0.56◦C since 1970.

Annual P-ETP decreased significantly, with a reduction of −134 mm since 1970.
Seasonal analyses did not show significant trends, and only the months of March and
June showed a marginally significant decrease (Fig. 1, right column). However, the
variability of rainfall data suggests that further analyses should be applied across the
geographical area to obtain a reliable spatiotemporal precipitation pattern. There
was no significant long-term trend in the mean (median) annual rainfall at ten of the
12 stations (the 0.5 quantile was only significant at GR and marginally at R, Fig. 2).
However, such results mask important patterns in the rainfall changes. The quantile
regression analyses revealed that the lowest part of the rainfall distribution, i.e., the
driest years, experienced negative trends over the study period at eight of the 12
stations (Fig. 2). Furthermore, this rainfall decrease in the 0.1 quantile was spatially
related to the distance to the coast (Table 1; see also Supplementary material). Thus,
the localities nearest to the coast showed steady trends (PR, GA and C) that were
independent of either the elevation (PR is at high, GA at middle and C at low

http://www.etsm.slu.se/ShowPage.cfm?OrgenhetSida_ID=8144
http://www.etsm.slu.se/ShowPage.cfm?OrgenhetSida_ID=8144
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Fig. 1 Deviations from the available data mean in annual and seasonal mean temperature (left
column) and precipitation minus evapotranspiration (right column). Months with significant trends
and the average slope per decade are noted; significance denoted by two asterisks (p < 0.01), one
asterisk (p < 0.05) and m (p < 0.10)

elevation) or the latitude (PR and GA are in the west, and C is in the east; see
Table 1). In contrast, the stations most remote from the coast (i.e. FP, TB, GH, B
and GR) showed more strongly decreasing rates in the lower quantile regression
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Fig. 2 (continued)

(Fig. 2). During the study period, there was no evidence of changes in higher parts of
the rainfall distribution (except for GR).

3.2 Radial growth and carbon isotope discrimination

The mean age (at dbh) of the studied trees was 60 ± 5 years (mean ± standard error)
and 54 ± 5 years for firs and pines, respectively. The BAI of A. pinsapo increased
toward the end of the 1960s and remained at about 6.7 cm2 until the onset of the
1990s, after which time it began decreasing (Fig. 3a). From 1970 onwards, minimum
values were recorded in 1995, 1998, 1999 and 2005. BAI values for P. halepensis also
markedly increased toward the end of the 1960s but remained at about 18.3 cm2 until
2005. The mean value during the 1990–2005 period was 4.5 cm2 for A. pinsapo and
22.2 cm2 for P. halepensis (Fig. 3). As for A. pinsapo, 1995, 1999 and 2005 showed
below-average BAI values for P. halepensis (Fig. 3b, bottom), but the lowest values
for this species were recorded in 1971 and 1982.

δ13C was higher for P. halepensis (mean of −24.91‰ versus −26.17‰ for A.
pinsapo, Fig. 4a), and it did not show significant trends over the second half of
the twentieth century (Table 2). In contrast, A. pinsapo δ13C decreased about
−0.15‰ per decade over the same period. � decreased by about −0.23‰ per decade
for P. halepensis but only decreased by −0.10‰ per decade for A. pinsapo. Both
decreasing slopes were significantly different under the two-slope comparison test
(Table 2). The mean � values for 1990–2005 were significantly lower (17.5‰ versus
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Fig. 3 Variations in basal area increment (BAI) for Abies pinsapo (a) and Pinus halepensis (b).
Points represent the mean values, error bars represent the standard error, the gray line represents the
moving average BAI using a 5-year window, and the bottom bars represent the normalized residuals
between the values and the moving average differences

18.7‰, from repeated measures ANOVA) for pine trees. We also found significant
differences between both the mean values and the slopes of WUEi of the two species
over the study period (Fig. 4c). For the last 10 years (1995–2005), the mean value
was 85.48 ± 0.97 μmol mol−1 for A. pinsapo, while P. halepensis showed significantly
higher values (96.89 ± 1.06 μmol mol−1). Although the mean values between 1950
and 1960 were about 70 μmol mol−1 for both species, after 1970, the mean WUEi
increased by 0.43 μmol mol−1 per year for A. pinsapo and 0.51 μmol mol−1 per year
for P. halepensis (Fig. 4c; Table 2).
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Table 2 Trends in wood 13C, � and WUEi for A. pinsapo and P. halepensis spanning the second
half of the twentieth century (1950–2006)

Parameter α β Residual SD R2 (adj)

Abies pinsapo δ13Cwood 4.12 (5.67) −0.015 (0.0029)a 0.35 0.34∗∗
Pinus halepensis −18.80 −0.003 (0.0033)b 0.40 0.02 ns
Abies pinsapo � 39.04 (5.73) −0.010(0.0029)a 0.35 0.19∗∗
Pinus halepensis 62.99 (6.75) −0.023 (0.0034)b 0.41 0.44∗∗
Abies pinsapo WUEi −658.66 0.37 (0.027)a 3.30 0.77∗∗
Pinus halepensis −943.10 0.52 (0.031)b 3.80 0.83∗∗

Standard deviation is shown in brackets. Different letters denote significant differences between
slopes (two-slope comparison test, n = 56)
α the intercept, β the slope, ns not significant
∗∗ p < 0.01

3.3 Climate relationships

Correlations between BAI and �, and the local average climate (obtained by mean
monthly temperature and precipitation from Q, B and AZ stations, see Table 1)
appear in the Table 3. For P. halepensis, values of standardized BAI were positively
correlated with January, March and current September temperatures and previous
autumn to winter precipitations, while previous November and May temperatures
yielded a negative correlation. A. pinsapo standardized BAI was positively related
to previous late autumn to early winter temperatures, and May and September
precipitations; July precipitation yielded a negative effect likely because it was
inversely correlated to June and July temperatures (−0.36 and −0.27 respectively).
We found a negative correlation between P. halepensis wood � and March and June
temperatures, while September temperature correlation was positive. February and
June precipitation were positively correlated but March and August precipitation
were negatively correlated to P. halepensis wood � (Table 3). A. pinsapo wood �

was negatively correlated to October and November temperatures. Previous autumn
to early spring, June and October precipitations were positively correlated but July
and august precipitations were negatively correlated with A. pinsapo wood �.

Correlations patterns obtained from the regional average climate appear in the
Table 4. For P. halepensis, the negative correlation between standardized BAI and
May temperature disappeared but previous October and August yielded now sig-
nificant correlations. A. pinsapo standardized BAI was only positively correlated to
previous December temperature, while May and June temperature yielded now sig-
nificant negative correlations. Correlations patterns between standardized BAI and
precipitation were quite similar to these showed for the local scale analysis, however
only four of the nine significant correlations found between A. pinsapo wood � and
precipitations, using the local climate series, were retained for the regional one.

The WUEi values for both species were strongly correlated with global at-
mospheric CO2 (Spearman r = 0.89; p < 0.001 for A. pinsapo and r=0.92; p<0.001
for P. halepensis). The mean increase in WUEi for A. pinsapo was about 0.298 μmol
mol−1 ppmv−1 of atmospheric CO2 increase. For P. halepensis, this change was about
0.417 μmol mol−1 ppmv−1. Finally, the BAI was positively correlated with � for A.
pinsapo (Spearman r = 0.27; p = 0.04), but not for P. halepensis (Spearman r = 0.02;
p = 0.91).
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4 Discussion

In recent decades, the global climate has tended towards warmer conditions (IPCC
2007), strongly affecting plant performance (Peñuelas and Filella 2001). In the
study area, the mean temperature increased by an average of 1.04◦C between 1920
and 2004 (0.12◦C per decade), with major enhancements since 1970 (0.33◦C per
decade). Across Europe, the observed temperature has increased by about 0.8◦C
during the twentieth century (IPCC 2001). Trends in annual precipitation reflect
more spatial variability (Fig. 2), although overall drying trends have prevailed. This
observation agrees, for instance, with a reported decrease in the number of days
with precipitation over the Spanish southern coast in 1964–1993 (Romero and Ramis
1999; Sumner et al. 2003). The P-ETP values show strong decadal-scale variability
in drought frequency; the mid-1940s, mid-1970s, early 1980s and early 1990s ex-
perienced widespread and severe droughts (Fig. 1). Recently, dry conditions were
again observed in 2005, suggesting an increase over the twentieth century in drought
extremes.

Quantile regression analyses allow us to conclude that the lowest part of the
rainfall distribution (i.e., the driest years) experienced overall negative trends. Our
results indicate that, although no changes in mean rainfall were statistically de-
tectable at most of the studied stations, the dry years became even drier during the
study period (Fig. 2). Consistent with the quantile regression results, seven of the
ten lowest values observed since 1920 occurred in the last 30 years, according to
the annual P-ETP record. From a spatial point of view, orography and atmospheric
circulation patterns lead to high mean precipitation values at the southwestern edge
of the Betic range, as compared to the Iberian average. On the western side of the
study Region the precipitation is mostly dominated by Atlantic fronts, while the
eastern side of its domain is more under Mediterranean influence and summer storms
and Mediterranean cyclogenesis are the dominant factors influencing precipitation.
Most of the annual rainfall, carried by low pressure systems coming from Atlantic
depressions, falls on the western part of the study area and decreases toward the
eastern part (Table 1). In addition, temporal climatic trends also reveal a higher
dryness at locations far from the Mediterranean coast, as has been demonstrated
by Millán et al. (2005) for eastern Spain. This complex sub-regional pattern has
been related to changes in the summer storm regime. Land-use perturbations that
have accumulated over time and greatly accelerated over the last 30 years may
have induced changes from frequent summer storms over the mountains inland to
a regime dominated by closed vertical recirculation in which feedback mechanisms
favor the loss of storms over the coastal mountains during the summer (Millán
et al. 2005). In addition to the above discussed summer storms decrease, Atlantic
frontal precipitation could be also decreasing in the region, while Mediterranean
cyclogenesis is not only increasing, but becoming more torrential in nature. As a
consequence of this, the period of water availability for the trees in the area would
be changing, with less precipitation in spring and summer and more precipitation of
a more torrential nature in autumn (Millán et al. 2005).

BAI and wood � were positively related to precipitation in A. pinsapo and
P. halepensis, reflecting the effect of water availability on biomass gain and the water-
carbon balance of both species. Previous autumn, winter and June precipitations
were positively correlated to P. halepensis BAI, while previous December to May
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did for A. pinsapo. Several authors have mainly reported relationships between
indicators of water availability and wood � in conifers (Korol et al. 1999; Warren
et al. 2001); however, � was also significantly related to temperature, as in pre-
vious studies that placed temperature among the factors best correlated with �

(Anderson et al. 1998; Brooks et al. 1998). Negative correlations for March and June
temperature reflect water use efficiency increase, likely interacting with common
reduced water availability on this period. By opposite, P. halepensis � and BAI
showed positive correlations with September temperature, which could be reflecting
growth enhancement during the autumn latewood formation, when water stress
again diminishes.

The weak relationships between � and temperature conditions for A. pinsapo
may indicate carbon uptake and secondary growth occurs in the fir mainly as a
function of water availability. In this sense, precipitation was widely related to � and
BAI for A. pinsapo throughout the year (Tables 3 and 4). This result suggests that
A. pinsapo relies primarily on precipitation amounts at the onset or throughout the
growing period and, to a lesser extent, on groundwater, which agrees with other
dendroecological studies of this species (Linares et al. 2009b). Furthermore, July
and August precipitation showed negative correlation with �, which could be likely
related to a moisture-induced growth enhancement during the warmer period; the
same relationship was yielded for P. halepensis wood � and August precipitation.

Despite global increases in atmospheric CO2 since the 1980s, the rate of WUEi
increase in A. pinsapo has been halted, no longer following the CO2 trend (Linares
et al. 2009c). Although the reason for this decoupling is not well understood, our
data support an agreement between the starting points of the WUEi slope decrease
(∼1980; Fig. 3c) and the regional dryness, which also suggests a water limitation-
induced prevention of WUEi increase, as reported by Peñuelas et al. (2008). The
recent reduction in the WUEi response to increasing CO2 in water-limited trees may
be related to a loss in adaptation capacity derived from a low drought avoidance
threshold (Linares et al. 2009c). This may have resulted in reduced transpiration and
decreasing biomass gains, as reflected in the low BAI for A. pinsapo throughout the
second half of the XX century (Linares et al. 2009a).

The growth for P. halepensis trees was strongly related to temperature (Table 3),
which could be explained by the fact that, at the study site, the annual precipitation
is higher and the mean temperature is lower than the average for the Aleppo pine
range. The lack of a relationship between spring precipitation and radial growth
for P. halepensis has also been observed in other conifers (Lebourgeois 2000) and
can be explained by spring radial growth being partly supported by previous-year
photosynthates and moisture reserves supplied by precipitation prior to growth
(Table 3). In addition, recent findings showed that P. halepensis growth can be
sustained by deeper moisture reserves supplied by precipitation delivered even
several months prior to growth (Sarris et al. 2007). On the other hand, the wood � of
P. halepensis was related to the summer rainfall, which contrasts with the previously
reported nearly constant relationship between � and precipitation throughout the
year, as we obtained for A. pinsapo wood �, in agreement with the short-term
rainfall dependence of Mediterranean conifers (Nicault et al. 2001; Ferrio and Voltas
2005). This discrepancy can be explained by the fact that the studied P. halepensis
population is located at one of the moister locations for this species (1,100 mm year−1

on average), and therefore, precipitation only exert an important control on � during
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the summer, when water availability is the main limiting factor for photosynthesis
(Ferrio et al. 2003).

The observed increase in mean temperature and decrease in water budget (Fig. 1)
may reflect a depletion of water resources in the early spring at the onset of the
growing season, resulting in the reduced secondary growth of A. pinsapo (Linares
et al. 2009b). Conversely, P. halepensis is considered to be a very flexible species,
showing two periods of climate-driven cambial activity: one defined by the summer
drought and the other by low winter temperatures (Liphschitz and Lev-Yadun 1986).
In this sense, the positive association between January temperature and BAI suggests
that pine growth is also limited to some extent by cold temperatures in the winter
(Tables 3 and 4). Vila et al. (2008) also studied growth trends at P. halepensis
upper altitudinal/northern latitudinal range (south-eastern Mediterranean France,
Sainte-Baume Mountain area) and reported constantly increasing wood productivity
towards the end of the twentieth century. The growth improvement in P. halepensis
was mainly attributed to the recorded increase in minimum temperatures similar
to the findings reported here. Vennetier and Hervé (1999) also evidenced a recent
increase in height growth for the species in south-eastern France. Therefore, an
increase in the length of the growing season, during which milder temperatures occur,
might cause increased secondary growth in Aleppo pine trees, while further decline
and replacement of A. pinsapo would be expected due to more prevalent drought
conditions (Linares et al. 2009c).

Our results support the hypothesis that species with higher drought sensitivity
would show more sudden reductions in growth under drier conditions, as compared
to better drought-adapted species, even with shared drought-avoiding strategies
(Martínez-Vilalta and Piñol 2002). The ecophysiology of A. pinsapo is currently
poorly understood (but see Aussenac 2002). This endangered tree drastically reduces
water loss in response to moderate drought conditions and shows a pre-formed
growth pattern (Linares et al. 2009b). Decline symptoms based on growth trends
similar to those of A. pinsapo have already been identified near the southern edge of
the distribution of A. alba, in agreement with the decreasing numbers of days with
precipitation over the Pyrenees (Romero and Ramis 1999; Macias et al. 2006).

If, as climate change models predict, the frequency of drought events in the
Mediterranean basin increases as a result of rising temperatures and decreasing
spring precipitation (Sumner et al. 2001), we may witness further declines in tree
growth, since spring precipitation was found to be critical for A. pinsapo growth
(Tables 3 and 4). Long-term decreases in A. pinsapo secondary growth caused
by regional warming and water shortages suggest that warming temperatures and
changing precipitation patterns increase drought stress on this species. Moreover, A.
pinsapo will likely display lower radial growths in climates with predicted increased
seasonal variability, regardless of the total amount of precipitation, since this relict fir
still preserves several physiological features from its Arcto-Tertiary origin that are,
to some extent, out of phase with the requirements of a spring-to-summer drought-
increasing habitat (Aussenac 2002). In contrast, P. halepensis is well adapted to the
scarcity of water resources (Borghetti et al. 1998), and the sustained free growth
pattern of this species allows it to cease growth during drought events and to recover
it rapidly when water becomes available (Rathgeber et al. 2005; Nicault et al. 2001).
Finally, increased water-use efficiency does not prevent the warming-induced growth
decline of A. pinsapo. P. halepensis, on the other hand, showed slight increases in



Climatic Change (2011) 105:67–90 87

BAI and WUEi over the last 30 years, indicating that pine trees are able to maintain
constant secondary growth and lower water costs under increasing water stress.

5 Conclusions

We report changing climatic conditions, drought-induced limitations of radial growth
and a decreasing improvement of WUEi for A. pinsapo. Our results allow us to
conclude that both A. pinsapo and P. halepensis respond to a decrease in water
availability by increasing their WUEi, as inferred from wood �. However, A. pinsapo
growth is more sensitive to spring water availability, showing a steeper decline in BAI
with increasing dryness. This is in agreement with the hypothesis that species with
higher drought sensitivity would show smaller increases in WUEi and sudden growth
reductions under drier conditions than species with better adaptations to drought,
even if they share drought-avoiding strategies.
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