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Climate change impacts and vulnerability of the southern populations
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Summary The understanding of regional vulnerability to
climate change in Mediterranean mountain forests is not well
developed. Climate change impacts on tree growth should be
strongly related to the steep environmental gradients of
mountainous areas, where a temperature-induced upward
shift of the lower elevation limit is expected, particularly
amongst drought-sensitive species. Trees will adapt not only
to changes in mean climate variables but also to increased
extreme events such as prolonged drought. In this paper,
we investigate the sub-regional temperature and precipitation
trends and measure the basal area increment (BAI) in Pinus
nigra subsp. salzmannii (Dunal) Franco. Signiﬁcant diﬀerences related to altitudinal and latitudinal gradients and
stand-age structure were found in response to long-term
trends in climate dryness. Old trees growing at higher elevations showed similar extreme drought sensitivity but maintained almost steady BAI. Declining BAI found in trees at
lower elevations and drier sites may imply a higher vulnerability to temperature-induced drought stress, suggesting an
impending growth decline and an enhanced die-oﬀ risk.
Our results illustrate how the eﬀects of long-term warming
and short-term drought on tree BAI are inﬂuenced by both
site conditions and mean stand age in a drought-sensitive
Mediterranean pine.
Keywords: basal area increment, drought, linear mixed
models, mediterranean forests.

Introduction
Global climate observations show the existence of a warming trend (IPCC 2007) that is expected to modify the
growth and distribution of tree species. Trees are known
to be sensitive to temperature increases (Adams et al.
2009), but uncertainties still remain about forest vulnerability to climate change (Lindner et al. 2009). Recent papers
propose that tree growth vulnerability to climate change
could be assessed as a function of the climate impacts

and tree growth sensitivity and adaptive capacity (Lindner
et al. 2009). Hence, climate eﬀects on tree growth will depend on the speciﬁc climate changes at the regional scale,
tree species' inherent sensitivity and their ability to cope
with the impacts (Linares et al. 2010). Although many studies have investigated tree growth patterns in relation to
long-term climate trends, much less attention has been given
to comparisons of tree vulnerability across sites within a
given system (but see Schröter et al. 2005).
Diﬀerent researchers have found either enhancement or
decline responses in radial growth to increasing temperatures (Boisvenue and Running 2006, Andreu et al. 2007).
Many studies have focused on tree growth responses to
gradual changes; however, the eﬀects of climate variability
and extreme events are expected to be much more critical to
tree growth (Loustau et al. 2005). An increase in temperature
alone would be beneﬁcial for some populations, but an interaction with other climate- or site-related factors could alter
the response (Keeling et al. 1996). Higher temperatures
extend the growing season and may increase photosynthesis, particularly at higher elevations (Wullschleger et al.
2002). For instance, warming has been linked to an extension of the growing period during the 20th century in temperate European forests (Peñuelas and Filella 2001). However,
where water availability restricts productivity, droughtinduced growth decline is more likely, especially if precipitation does not increase or rainfall decreases during the
growing period (Loustau et al. 2005, Martínez-Vilalta et
al. 2008).
The study of how water stress interacts with local site conditions to aﬀect conifer tree growth could be essential to understanding the response of many key forest ecosystems to
climate change (Camarero et al. 1998, Deslauriers and Morin
2005, Vaganov et al. 2006). Assessment of radial growth
variability under contrasting climatic conditions may serve
to gauge tree vulnerability in the face of increasing climatic
variability. However, conifer climate–growth relationships
have mainly been investigated in temperate, boreal and
high-altitude species (Antonova et al. 1995, Camarero et al.
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(i) to describe the spatial and temporal patterns of temperature
and precipitation in the southernmost distribution area of
P. nigra; (ii) to quantify the climate–growth relationship
of P. nigra in its southernmost distribution range; and
(iii) to quantify the drought sensitivity and basal area increment (BAI) trends of P. nigra's radial growth. We
hypothesize that across-site conditions may greatly modulate tree vulnerability to climate change.
Materials and methods
Field sampling and dendrochronological methods
This study was carried out in the Sierra de Cazorla, Segura
y las Villas Natural Park during the summer of 2005. The
main soil types in the region are based on a dolomite and
calcareous bedrock. These substrates and the Mediterranean
climate that consists of distinct wet and dry seasons, create
leptosols (rendzinas) on higher slopes and luvisols on ﬂat
terrain with alluvial and colluvial deposits (Alejano and
Martínez 1996).
We selected 10 study sites on a map that covered the altitudinal and latitudinal gradients of P. nigra natural stands
present in the Natural Park. The diﬀerence in altitude between the highest and lowest sites was 803 m, and the most
distant sites were 67.5 km apart (see Table 1).
At each site, we roughly marked a plot (ca. 2–4 ha, depending on the geomorphology and stand structure) and selected the 10 apparently largest diameter and most dominant
trees (Figure 1). We sampled dominant trees, avoiding those
with asymmetrical growth and non-circular bole. Each tree
was measured for stem circumference to obtain the diameter
at breast height (1.3 m from the base, d.b.h.). Then, one core
per tree at d.b.h. was extracted perpendicular to the terrain
slope. Given that the studied stands have not been strongly
disturbed by logging or ﬁres within the last century, few
dominant trees need to be sampled to obtain a reliable growth
pattern related to the regional climatic signal. In addition,
since special care and considerable time–eﬀort were applied
to meet the above criteria, a single core per tree was considered representative of that tree for dendrochronological analyses (Fritts et al. 1991). Moreover, just after collection, each
sample was visually examined in the ﬁeld for scars, wood rot
and other anomalies, in which case it was discarded and the
tree re-sampled or excluded. Two trees from plot PP and one
tree from plot NC were excluded, and four trees from three
diﬀerent plots (VA, VT and PT) were re-sampled. Using a 40cm increment borer, we were able to reach the heartwood
centre in 84% of the sampled trees (BT 10/10, YE 8/10,
PA 9/10, CI 10/10, NC 8/10, CM 7/10, VA 10/10, PT 8/10,
BG 6/10, PP 8/10).
Cores were sanded and visually cross-dated, and their ringwidth series were measured to the nearest 0.001 mm with the
help of a stereomicroscope mounted above a Velmex ‘TA’
System device linked to a computer. Cross-dating quality
was checked using COFECHA (Holmes 1983). Tree-ring
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1998, Deslauriers et al. 2003, Rossi et al. 2006b, Ko Heinrichs
et al. 2007). In contrast, little is known about secondary
growth in Mediterranean mountain conifers, which are subjected to very unpredictable climatic and water stress constraints as well as low winter temperatures (but see Andreu
et al. 2007, De Luis et al. 2007, Linares et al. 2009a).
In addition to temperature increase, changes in amounts
and patterns of precipitation are likely subject to high uncertainty at local and regional scales (Lindner et al. 2009). Regional climate simulations predict a decrease in annual
mean precipitation for the Mediterranean Basin (Sumner
et al. 2003, IPCC 2007). Precipitation variability could be
particularly important because extreme events, such as
extended droughts, could have much more drastic consequences on tree growth and survival than gradual changes
in the average climate conditions (Loustau et al. 2005,
Granier et al. 2007). Thus, if the frequency of extreme
droughts in Mediterranean areas increases in the future, it
could lead to a reduction in forest productivity and changes
in species composition (Martínez-Vilalta et al. 2008, Allen
et al. 2009). Nonetheless, tree growth responses to longterm temperature trends and extreme drought events are currently poorly understood (but see Orwig and Abrams 1997,
He et al. 2005, Pichler and Oberhuber 2007, Adams et al.
2009).
A positive eﬀect of temperature increase is not expected in
Mediterranean forests because warming eﬀects on evapotranspiration can result in soil water deﬁcits (Pereira and
Chaves 2001, Sabaté et al. 2002, Linares et al. 2009a). Indeed, mountainous areas of the Mediterranean Basin may experience somewhat higher increases in temperature compared
with the surrounding regions (IPCC 2007), which could increase the vulnerability of the Mediterranean mountain forests to climate change. A quantiﬁcation of radial growth
responses to climatic constraints, site conditions and standage structure will allow the growth and persistence of Mediterranean mountain conifers under current climatic scenarios
to be evaluated.
The degree to which trees were aﬀected by climate change,
either adversely or beneﬁcially, was assessed using climate–
growth relationships derived from long- and short-term
temperature and precipitation trends at a sub-regional scale.
The degree to which trees were susceptible to adverse eﬀects
of climate change (i.e., vulnerability) was summarized as a
function of the most critical climatic trends and drought sensitivity. We investigated sub-regional temperature and precipitation trends and radial growth patterns of Pinus nigra
subsp. salzmannii (Dunal) Franco (P. nigra, hereafter) in
the wider southernmost distribution area of this Mediterranean pine (i.e., Sierra de Cazorla, Segura y las Villas Natural
Park; Tíscar 2007). P. nigra has been found to be a droughtsensitive species (e.g., Richter et al. 1991, Férnandez et al.
1996, Martín-Benito et al. 2007), which makes it susceptible
to the increase in temperature and decrease in precipitation
already observed in southeast Spain and predicted by climate
change models (Sumner et al. 2003). Our speciﬁc aims were:

The stem basal area by the end of the following year (the
year of formation of the oldest tree ring in the core) can be
calculated as:
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widths were converted to BAI because it is more closely related to biomass increment. When a wood core did not reach
the pit, we calculated BAI values as follows. First, we calculated the tree stem radius (R) from its stem circumference (C)
measured at 1.3 m from the base, as R = C/2π. Then, we obtained the radius inside bark (RIB) as the diﬀerence between
R and the bark thickness measured on the core. The diﬀerence
between RIB and the core length (L) gives the radius of the
stem just prior to the formation of the ﬁrst tree ring captured
by the core. Thus, the stem basal area at that time (BA0) can be
estimated as:

where TRW1 is the measured width of the oldest ring in the
core. Therefore, the ﬁrst BAI value in our time series is:
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BAI1 ¼ BA1 −BA0 = π*ðRIB−LþTRW1 Þ2 −π*ðRIB−LÞ2

BAI2 ¼ BA2 −BAI1 = π*ðRIB−LþTRW1 þTRW2 Þ2
−π*ðRIB−LþTRW1 Þ2
and so on.
Drought sensitivity was deﬁned as the degree to which tree
growth is aﬀected by an extreme drought event. Based on
climatic results, we selected three extreme drought events
(years with total precipitation at least two standard deviations
below the mean) in the 20th century, separated by at least 10
years. Then, drought sensitivity (DS) was estimated for each
tree as the mean BAI during the drought event, plus the year
after the drought occurred, divided by the mean BAI during
the 10 years prior to the drought:
DS =

meanðBAID + BAID + 1 Þ
meanðBAID−10 Þ

ð3Þ

where BAID is the BAI in the year the drought occurred,
BAID+1 is the BAI in the year after the drought occurred,
and BAID−10 is the BAI of the 10 years prior to the drought.
Thereafter, the degree to which trees are susceptible to adverse eﬀects of climate change (i.e., vulnerability) was discussed as a function of key climate trends and drought
sensitivity.
Climatic data
To estimate robust and long-term regional climatic records,
local data from 39 meteorological stations available inside
the Natural Park were combined into a regional mean for
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Table 1. Mean characteristics of the Pinus nigra subsp. salzmannii populations studied in the Sierra de Cazorla, Segura y las Villas Natural Park. Minimum/mean/maximum d.b.h. and age are
represented in the last two rows. Values are means ± SE.
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T = ∑ sgnðZi−ZjÞ
j<i

ð4Þ

where
the period of 1920–2004 (see Appendix, Table A1, available as Supplementary Data at Tree Physiology Online). For
each station, monthly variables (mean temperature, total
precipitation) were transformed into normalized standard de-

8
< 1; if x > 0
sgnðxÞ 0; if x = 0
:
−1; if x < 0

Figure 2. Regional mean temperature, precipitation and drought index (precipitation minus evapotranspiration) for 1920–2004. Asterisk
indicates extreme drought events selected (1943, 1982 and 1994) to quantify drought sensitivity. This ﬁgure appears in color in the
online version of Tree Physiology.
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Figure 1. Old Pinus nigra subsp. salzmannii growing at 1870 m in
the Sierra de Cazorla, Segura y las Villas Natural Park. This ﬁgure
appears in color in the online version of Tree Physiology.

viations to give each station the same weight in calculating
the average values for each month and year. To combine the
data from each station, we used the MET routine from the
Dendrochronology Program Library (Holmes 1992). Regional means were used instead of those available from individual weather stations because of the lack of stations or
long-term data set for several sites and the limited representation of local stations in this mountain area. The annual
water budget was obtained from the sum of the monthly
diﬀerences between the precipitation data and the potential
evapotranspiration estimated by a modiﬁed version of the
Thornthwaite method (Willmott et al. 1985). Annual means
were based on data from September of the previous year to
August of the current year.
Temporal trends of monthly mean temperature and monthly total precipitation were estimated using the Mann–Kendall
test (Mann 1945, Kendall 1975). Mann–Kendall tests (hereafter MK) are non-parametric tests for the detection of trends
in a time series. These tests are widely used in environmental
science because they are simple and robust and can cope with
missing values and values below the detection limit. For each
time series element xi (1, 2,…,n), the number (ni) of xj elements lower than xi (xj < xi) and previous in time (j < i)
are counted. Then, the MK statistic for the time series {Zk,
k = 1,2,,…,n} is deﬁned as

DROUGHT-INDUCED GROWTH DECLINE IN PINUS NIGRA SUBSP. SALZMANNII

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

ð5Þ

where < T > and var(T) are computed as
nðn−1Þ
4

varðT Þ =

nðn−1Þð2n + 5Þ
18

and

The null hypothesis assumes that the trend is zero, and it
is rejected if E(T) is higher in absolute value than 1.96 for a
two-tailed test at 95% signiﬁcance or 2.58 at 99% signiﬁcance. The E(T) sign indicates whether the trend is positive
or negative. The MK test also allows the ascertainment of
a summarized trend of the data by estimation of a multivariate analysis of the monthly data, which was interpreted
in this paper as a summarized annual trend (Libiseller
and Grimvall 2002). The analyses were performed using
a free application downloaded from http://www.etsm.slu.
se/ShowPage.cfm?OrgenhetSida_ID = 8144.
When signiﬁcant trends were obtained from MK, the rates
of change of the climatic variables were estimated by obtaining their slopes from simple linear regression.
Data analyses and modelling: linear mixed-effects model
Based on previous dendroecological studies focused on P.
nigra in Spain (e.g., Richter et al. 1991, Férnandez et al.
1996, Martín-Benito et al. 2007) and preliminary correlation analyses, signiﬁcant monthly temperature and precipitation (P < 0.05 from the revised response function and
correlation analyses) were used as potential long-term explanatory variables of the BAI in each plot. To model
BAI as a function of temperature and precipitation, we ﬁtted linear mixed-eﬀects models (LMEM) using the nlme
package in R software (R Development Core Team
2010). Monthly temperature and precipitation from the previous September to the current December were included as
ﬁxed eﬀects, and each tree was included as a random effect. The covariance parameters were estimated using the
restricted maximum likelihood method, which obtains estimates of parameters by minimizing the likelihood of residuals from ﬁtting the ﬁxed eﬀects portion of the model
(Zuur et al. 2009). Several signiﬁcant variables were correlated (for instance, March, April and May temperatures;
June and July temperatures; May and June precipitation);
in those cases, we selected the one with higher explained
variance (R2).

Statistical analyses
The BAI values were tested for autocorrelation and normality
prior to LMEM analyses. The drought sensitivity values were
tested for homogeneity of variance and for the assumption of
compound symmetry of the variance–covariance matrix
using the Bartlett–Box F-test and the Mauchly criterion,
respectively. The drought sensitivity data were then logtransformed to follow homoscedasticity. A repeated-measures
multivariate analysis of variance (MANOVA) was used to
compare BAI (‘manova’ and ‘summary.manova’ R codes;
von Ende 2001). Because our main interest was to test
the site eﬀect and its interaction with stand structure,
the between-subject factor was each plot, whereas tree
age (at d.b.h.) and tree size (d.b.h.) were considered as
covariates. For drought sensitivity analysis, the diﬀerent
drought years were regarded as the within-subject factor.
We used the Greenhouse–Geisser statistic to adjust F-tests.
Paired comparisons were corrected using Bonferroni adjustment. The MANOVA was calculated using R software (R
Development Core Team 2010).

Results
The altitudinal gradient for mean annual temperature (the adiabatic lapse rate) decreased linearly by 0.64 °C for every 100 m
of elevation (y = −0.0064x + 19.46; R2 = 0.71, P < 0.0001; n =
25, range 577–1474 m a.s.l.; see Appendix). The estimated
mean annual temperatures ranged from 8.95 to 12.64 °C in
the study sites (Table 1). The annual precipitation in the study
area decreased northward by ∼90 mm for every 10 km (y =
−0.009x + 38,973, expressed in UTM units; R2 = 0.35, P <
0.01; n = 36, range 37°50′–38°23′ N latitude; see Appendix).
The variance that was unexplained by the latitudinal gradient
was signiﬁcantly correlated with elevation, which yielded an
upward increase in annual precipitation by ∼84 mm for every
100 m of elevation (y = 0.8404x −846.72, in mm, detrending
the latitude eﬀect; R2 = 0.76, P < 0.001; n = 36, range 540–
1680 m elevation; see Appendix). The estimated annual precipitation ranged from 1393 to 939 mm in the study sites
(Table 1).
The regional mean temperature, precipitation and drought
index (precipitation minus evapotranspiration) for 1920–
2004 are shown in Figure 2. Drought events registered in
1943, 1982 and 1994 were selected to test tree drought sensitivity. The MK test showed a signiﬁcant increase in mean
annual temperature, enhanced since 1970 (+0.41 °C since
1970, Table 2, see Appendix); the months of March to June
yielded the higher temperature increases for the period spanning 1970–2004, whereas some autumn months showed
cooling trends but were not statistically signiﬁcant. The precipitation trend showed a more complex pattern, with both
signiﬁcant negative (January, March and June) and positive
(September) trends (see Table 2 and Appendix). On average,
the total annual precipitation decreased by about 77 mm over
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Table 2. Temporal trend of monthly mean temperature and monthly total precipitation estimated by the Mann–Kendal test. Signiﬁcance is noted
as ***P < 0.001; **P < 0.01; *P < 0.05; and m, P < 0.10. The trends (slopes) of the signiﬁcant months were estimated by linear least squares
regression.
Temperature
Time span
Month

MK-Stat
−0.49
1.71
2.89
1.40
1.74
2.36
0.97
−1.21
−0.61
−0.76
0.39
0.45
1.74

1970–2004
MK-Stat

m
***
m
**

m

−0.38
1.53
4.47
2.94
2.51
3.28
0.80
1.29
−1.26
0.61
−0.18
0.67
2.89

1920–2004

Slope (°c/decade)

***
***
**
***

***

1.27
0.81
0.75
0.92

0.41

the 1970–2004 period, which represents an approximate 9%
reduction in the annual total precipitation.
All sampled trees were of similar size (∼70 cm d.b.h.);
however, tree age and radial growth showed signiﬁcant differences (Table 1). The time span of the chronologies varied
from ∼100 to 400 years (data not shown); the mean stand age
signiﬁcantly correlated with elevation, with the older stands
located above 1500 m. The BAI characteristics of the study
plots are shown in Table 3. On average, the mean BAI during
the second half of the 20th century was positively correlated
with elevation, except for the higher elevation plot PP. The
mean BAI was below 17 cm 2 year −1 for stands growing
below 1300 m for the 1995–2004 span, while it was near
19 cm2 year−1 for stands above 1400 m (except for PP and
YE stands). Within stands, the mean inter-series correlation
was higher at high elevations (ranging from 0.4–0.5 below
1500 m to 0.6–0.7 above 1700 m; Table 3). At tree level,
the most signiﬁcant relationship was a lower mean growth
as tree age increased (mean BAI = 35.34 exp(−0.0038 *
age); R2 = 0.38; P < 0.001; n = 100).
Mean BAI showed signiﬁcant positive autocorrelation
among consecutive years (lag = 1); however, monthly
temperature showed a similar autocorrelation pattern, which
could explain BAI autocorrelation; therefore, we retained raw
BAI data (see Appendix). Monthly variables selected for the
climate–growth model appear in Table 4, as does their relative weight based on the regression coeﬃcients from LMEM
(as raw climate data were transformed into normalized standard deviations, the correlation coeﬃcients are directly comparable). The climate–growth model explained, on average,
38% of the BAI variance (15–56%), but the integrity of the
ﬁtting was unrelated to elevation, land use or stand age
(Figure 3). Temperature had a negative eﬀect on BAI, with
the exception of February, in which positive eﬀects were seen

1970–2004

MK-Stat

MK-Stat

−0.83
−1.64
−2.52
0.36
0.43
−0.79
0.47
0.44
0.52
0.82
−1.03
−0.35

−1.63
−1.37
−1.85
0.21
0.11
−2.09
−1.03
−0.94
2.07
1.20
0.71
−0.50

−0.93

*

Slope (mm/decade)
m

−15.44

*

−14.32

*

−6.41

*

10.57

−1.13

on ﬁve stands (Table 4). May temperature was the most
strongly correlated variable, followed by July temperature;
on average, the eﬀect of the temperature in October was
stronger in the previous year than in the growing year.
Precipitation (January and May) explained less variance
than temperature for all sites.
Drought sensitivity was similar at both tree and stand levels (Figure 4); on average, the BAI during extreme drought
events dropped by about 40% (between 20 and 60%). The
studied trees showed a declining growth trend for 7 of the
10 stands (Figure 5). PP and BG showed steady mean
growth, while only NC had increased BAI in the 20th century. The mean stand age was strongly correlated with BAI
trends (Figure 6). Older stands showed lower BAI declines
during the 20th century (R2 = 0.67; P = 0.004; n = 10). However, within stands, tree-level, age and BAI trends did not
show signiﬁcant patterns. Although the mean stand age rose
following the altitudinal gradient (Table 1), BAI trends did not
signiﬁcantly correlate with the elevation (R2 = 0.30; P = 0.10;
n = 10), mean temperature (R2 = 0.32; P = 0.08; n = 10) or
mean precipitation (R2 = 0.23; P = 0.16; n = 10).
Discussion
The latest climate change scenario projections for Europe
predict that by 2100, the annual mean temperatures will increase by 3–4 °C (4–5 °C in summer and 2–3 °C in winter)
in parts of the Mediterranean region. Yearly rainfall is expected to drop by up to 20% of current annual precipitation
(up to 50% less in summer), whereas winter precipitation is
expected to increase (IPCC 2007). Our results support a 20th
century warming trend in the study area, mainly between the
months of February and June. After 1970, the temperature
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January
February
March
April
May
June
July
August
September
October
November
December
Combined test
Year

1920–2004

Precipitation

0.73 ± 0.05
0.60 ± 0.04
0.59 ± 0.04
0.52 ± 0.08

0.43 ± 0.06

0.79 ± 0.04

0.67 ± 0.05

0.63 ± 0.12

0.62 ± 0.08

0.47 ± 0.07

0.59 ± 0.03
0.51 ± 0.06
0.42 ± 0.05
0.60 ± 0.04

0.46 ± 0.06

0.66 ± 0.02

0.45 ± 0.03

0.65 ± 0.06

0.51 ± 0.06

0.52 ± 0.06

14.84 ± 0.57
14.03 ± 1.46
15.18 ± 1.75
19.45 ± 1.96
21.56 ± 3.16
14.83 ± 0.92
20.68 ± 1.90
16.99 ± 1.99
12.27 ± 1.78

19.05 ± 2.49

17.61 ± 1.00
17.27 ± 2.35
17.80 ± 2.09
18.13 ± 1.60
23.78 ± 3.55
16.10 ± 1.11
22.23 ± 1.88
17.03 ± 1.22
11.92 ± 1.11

18.91 ± 2.07

−0.66 ± 0.37
−0.41 ± 0.17
−1.75 ± 0.47
−0.80 ± 0.38
−0.56 ± 0.91
−1.08 ± 0.28
0.05 ± 0.29
−1.06 ± 0.31
−0.10 ± 0.24

BAI trend
1920–2004
(cm2 10 year−1)
1950–2004
BAI (cm2)
1995–2004
BAI (cm2)
1950–2004
BAI correlation
(r Pearson)
1995–2004
BAI correlation
(r Pearson)

0.51 ± 0.29

BT
YE
PA
PT
CM
VA
BG
NC
CI
PP
Plot
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increase pattern was very consistent for the months between
March and June, yielding an annual mean temperature increase of 1.23 °C (3.81 °C for March and 2.76 °C for June)
between 1970 and 2000. Extrapolation of this rate yields a
predicted warming of about 4 °C in the next century. The precipitation trend showed a more complex pattern, with both
signiﬁcant negative (January, March and June) and positive
(September) trends (Table 2). On average, the total annual
precipitation decreased by about 77 mm between 1970 and
2000, which represents a reduction in total annual precipitation of approximately 9%. Extrapolation of this rate yields a
predicted reduction of approximately 28% in the total annual
precipitation for the next century.
Sites currently limited by temperature (i.e., forests at higher
elevations) could generally expect growth increases as a
result of warming (Tardif et al. 2003, Büntgen et al. 2007).
However, the productivity of Mediterranean mountain tree
species might be limited by both short growing periods and
summer droughts (Férnandez et al. 1996, Lebourgeois 2000,
Martínez-Vilalta et al. 2008). Increasing temperature (Figure 2)
could extend the available growing period (Wullschleger et al.
2002, Boisvenue and Running 2006); however, simultaneous
increase in drought events may reduce the amount of time the
trees are able to keep their stomata open, therefore reducing
carbon uptake and shortening the time span for tree growth
(McDowell et al. 2009). Our results support a positive eﬀect
of winter temperature on some high-elevation stands, which
yielded steady BAI rates over the study period (PP and BG;
Table 3, Figure 5). Only one stand showed a signiﬁcantly
positive BAI trend (NC), which was also strongly related to
February temperatures (49.01% of relative weight in the
climate–growth model, Table 4). Notably, these three stands
showing steady or positive BAI trends have a mean annual
precipitation above 1200 mm (Table 1). Moreover, drier
high-elevation stands from the northern half of the study area
(such as PT and YE, see Table 1), did not show a temperaturerelated BAI increase, which suggests that the positive winter
temperature eﬀect is restricted to wetter sites. Lagged negative
response to previous year October temperatures was found in
four plots (BG, VA, PT and BT; see Table 4). Lower BAI after
warm Octobers suggests temperature-induced drought stress,
which could reduce carbohydrate accumulation and the
size of the dormant cambial zone formed during the previous autumn (Richter et al. 1991, Férnandez et al. 1996,
Martín-Benito et al. 2007).
Stand management might also interact with climate–
growth responses, as high-elevation stands showing BAI declines (i.e., PT, CM and YE) also showed a common pattern
of sudden BAI releases and suppressions (Figure 3), which
could be related to past logging and pruning. Nevertheless,
the percentage of BAI variance explained by the climate–
growth function was high for the stands CM and YE (Table 4),
likely because they were exposed to sunnier conditions, like
stand PT. However, trees sampled in PT had been pruned
for tar making in the past, which could account for its
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Table 3. Radial growth characteristics of the study plots. Values are the means ± SE from 10 trees per location; one core per tree was studied. Trends are expressed as the slopes of simple linear
regressions. The mean radial growth expressed as tree-ring width and basal area increment (BAI) are shown for the 1950–2004 and 1995–2004 periods. Whiting plot correlations (r Pearson) are also
shown for these two periods.
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Table 4. Relative contribution to the climate–growth model of the seven climatic variables included as predictors for the period 1920–2004.
Signiﬁcant variables are presented in bold. T Oct-1, Temperature of the prior October; T Feb, temperature of current February; T May,
temperature of current May; T Jul, temperature of current July; T Oct, temperature of current October; P Jan, precipitation of currenr January;
P May, precipitation of current May. (+)/(−) symbols indicate a positive/negative relationships between the month and the BAI. The relative
importance is expressed as the percentage. The variance explained (%) by LMEM is also noted.
Relative contribution to climate–growth model (%)
T Oct-1(−)

T Feb(+)

T May(−)

T Jul(−)

T Oct(−)

P Jan(+)

P May(+)

PP
CI
NC
BG
VA
CM
PT
PA
YE
BT

3.14
0.02
0.02
27.46
27.46
1.76
34.80
0.81
0.04
14.43

5.08
1.67
49.01
28.15
28.15
0.19
0.38
0.32
0.88
3.98

27.84
58.82
17.78
3.30
3.30
48.67
1.31
47.14
63.13
47.98

56.71
29.20
4.74
23.41
23.41
0.06
51.84
35.38
19.00
24.16

5.15
0.83
3.89
3.46
3.46
2.67
7.69
1.90
2.10
0.88

1.48
2.84
0.69
14.22
14.22
44.02
0.57
13.84
1.10
0.23

0.60
6.62
23.89
0.00
0.00
2.63
3.42
0.60
13.74
8.35

15.04
30.93
47.82
43.44
29.88
48.54
30.88
46.25
56.11
27.43

low percentage of explained variance compared with stands
CM and YE.
In lower elevation stands, rising spring temperatures and
decreasing rainfall from December to March and from June
to August will magnify P. nigra drought stress (Férnandez et
al. 1996, Lebourgeois 2000) and growth decline. This hypothesis is supported by our results (Figures 2, 3 and 5)
and also by short- and long-term studies on other temperate
mountain conifers. Signiﬁcant radial growth reductions in
response to severe droughts have been previously observed
by Eilmann et al. 2006 in Pinus sylvestris. The stem growth
of this pine has increased during the 20th century in Catalonia
(NW Spain), but increasing temperatures have already had
negative impacts on drier sites (Martínez-Vilalta et al. 2008).
Climate warming and increasing water stress seem to be the
main causes of growth decline in Abies alba forests near the
southern limit of the species distribution (Macias et al. 2006)
and should also lead to a severe BAI reduction in Abies pinsapo according to dendrochronological studies (Linares et
al. 2009b).
Radial growth is the result of cambium activity, which
mainly depends on the whole plant's water and carbon balance and the external climatic conditions. Severe water stress
aﬀects processes related to stem growth dynamics in conifers,
including carbon sink–source trade-oﬀs within the tree
(Vaganov et al. 2006, McDowell et al. 2009). Temperatureinduced drought stress may alter the partitioning of newly
ﬁxed carbon in such a way that less carbon is diverted
for secondary growth (Tognetti et al. 2000, Pichler and
Oberhuber 2007, Linares et al. 2010), or more ﬁxed carbon
is lost through respiration (Laureano et al. 2008). P. nigra
trees became increasingly vulnerable to drought, as reﬂected
in the low BAI values during drier periods (Figures 4 and 5).
Long-term drought stress could impose further challenges to
overcoming drought events (Tíscar 2007), such as a requirement for superior carbon balance when faced with the need to

recover from drought or the loss of needles induced by insect
herbivores (Franklin et al. 1987). Increasing temperature raises
the vapour pressure deﬁcit and evaporation to the atmosphere. Drier conditions induce stomatal closure to reduce
water loss through transpiration. Since photosynthetic rate
is reduced by stomatal closure, carbon uptake will also be
reduced by drought (McDowell et al. 2009). However,
carbohydrate consumption required to maintain cellular metabolism (respiration) will increase due to rising temperatures (Adams et al. 2009; Allen et al. 2009; McDowell et
al. 2009), potentially increasing negative eﬀects of drought.
Trees subjected to higher mean temperature showed mean
BAI values similar to those of trees growing at milder sites,
but long-term BAI declines were stronger in the former. This
ﬁnding could be interpreted as a sign of temperature-induced
drought stress and higher vulnerability to further climate
warming. In the 1994 drought event, lower elevation stands
showed less drought sensitivity compared with higher elevation trees (Figures 4 and 5). The mean BAI in trees subjected
to higher drought stress could reach the minimum survival
threshold in the next few years (Bigler and Bugmann
2004). Therefore, the negative BAI trend and lower sensitivity to extreme drought events suggest a higher vulnerability to
increasing water deﬁcit (Linares et al. 2009b, 2010). To
summarize, the average drought-induced growth limitation
remains fairly constant at lower altitude through time
(Tíscar 2007), and thus BAI is constrained in the long term
(Loustau et al. 2005; Granier et al. 2007). In contrast, in
climatically favourable years, trees from moister sites may
show higher growth recovery values, as with the detected
almost steady or positive BAI trends in the NC, BG, PP,
YE and CM stands (see Figures 3 and 5).
In addition to drought, stand age could also play an important role in explaining among-site variance in drought sensitivity and BAI trends (Tíscar 2002, 2007). The BAI trend in
old stands seems to be steady (Figure 6), perhaps indicating
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an adaptive capacity that permits old trees to adjust better to
new environmental conditions. Older trees have been exposed to long- and short-term environmental changes during
their life history and have shown a capability to respond and
adapt to (or at least to survive) these changes. In our case,
long-term temperature increase represents a gradual directional environmental shift that is interacting with short-term
extreme drought events. Both stressors could evolve diﬀerent
adaptation mechanisms, such as acclimation and epigenetic
responses (Tognetti et al. 2000, Parmesan 2006). However,
the mechanisms underlying these adaptive processes are not
yet well understood. The acclimation response over the lifetime of a tree has been observed, for instance, for the gradual

decrease in leaf stomatal density (Wagner et al. 1996). Rapid
climate change challenges this process by imposing stronger
selection and by distancing populations from environments to
which they are adapted. In contrast, local adaptation underlies
natural selection, which drives populations towards higher
ﬁtness to meet environmental change. In this respect, it is
likely that low-altitude populations of P. nigra constitute a
valuable genetic resource in an environment that is changing
towards warmer conditions (Hampe and Petit 2005).
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