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Abstract Long-term data on radial increment dynamics
in Mediterranean species may identify which climatic
variables are the main constraints for radial growth and at
which temporal scales they act. To this end, we examined
stem radial fluctuations in Quercus ilex L., the dominant
evergreen oak species in the Western Mediterranean Basin,
over a period of 11 years (1994-2004) at a coastal site in
north-eastern Spain. We used manual band dendrometers to
record girth changes in trees on north- and south-facing
slopes. Annual increments measured by dendrometers
showed good agreement with annual tree-ring width.
North-facing trees showed a lower long-term cumulative
radial increment than south-facing trees. The seasonal
radial increment pattern of Q. ilex was bimodal, being
characterized by a greater increase in May and a lesser,
more variable increase peak in September. Both phases
corresponded to warm and moist climatic conditions,
whereas radial increase of stems stopped in winter and
occasionally in summer. Considering the whole year, mean
maximum air temperature was the main factor positively
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affecting radial increment of Q. ilex from short- (5 days)
to- long (30 days) time scales, whereas the accumulated
precipitation exerted a similar effect at longer (30 days)
scales, but only on south-facing trees. In summer, all trees
were positively correlated with precipitation at long-time
scales (30 days); however, only stem increment of south-
facing trees showed a significant relation to the temperature
at short-time scales (10 days). We confirmed the dominant
role of temperature as the major constraint on radial
increment at short time scales, despite most previous
studies were mostly biased towards precipitation effects at
monthly scales.

Keywords Band dendrometer - Drought -
Mediterranean climate - Bimodal growth - Holm oak

Introduction

Dendroclimatology aims to establish long-term relation-
ships between radial growth and climatic variables by
examining correlations with monthly, seasonal and annual
resolution (Fritts 1976). These year-to-year comparisons
between monthly climatic variables and tree-ring width do
not consider the radial increment dynamics at intra-annual
scale. Furthermore, such analyses cannot capture delayed
radial-growth responses to climate (Camarero et al. 1998).
Therefore, data on radial increment dynamics is required to
understand radial growth responses in relation to climatic
variability at shorter time scales which may not be detected
by coarser assessments based on response functions.

Most of the short-term data on stem radial increment
dynamics derive from dendrometers (Drew and Downes
2009). Dendrometers provide non-destructive measure-
ments of radial fluctuations in relation to climate, once
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reversible stem water increments are removed (Zweifel
et al. 2001; Deslauriers et al. 2003; Bouriaud et al. 2005).
Although xylem development can only be directly assessed
from repeated wood-sampling analysis (pinning, micro
coring), cambial dynamics can result altered, contrary to
dendrometers (Deslauriers et al. 2007; Mikinen et al.
2008). Also, band dendrometers produce estimates of radial
increment for the whole stem, whereas point dendrometers
and repeated wood-sampling are usually confined to
smaller areas of the stem. Physiological studies based on
dendrometer data have revealed that radial growth is
primarily constrained by water deficit, and secondarily by
tree—carbon balance (Daudet et al. 2005; Zweifel et al.
2006). Nevertheless, there are still very few long-term
studies providing a more mechanistic view of radial
increment dynamics as related to climatic variables, espe-
cially in drought-stressed areas as the Mediterranean Basin.
Such studies should provide a functional basis for growth-
climate relationships for sites with severe water deficit, i.e.,
a mechanistic explanation of dendrochronological correl-
ative findings.

Evergreen trees in areas with Mediterranean climate
face a double stress, drought in summer and cold in winter
(Mitrakos 1980; Terradas and Savé 1992; Larcher 2000).
This pattern of double climatic stress is consistent with
some of the functional parameters measured in the species
Quercus ilex L., which is the dominant evergreen oak tree
species in the Western Mediterranean Basin (Barbero et al.
1992). First, Q. ilex presents two peaks of photosynthetic
activity in spring and autumn (Gratani 2000; Corcuera
et al. 2005; Gratani et al. 2008) like other Mediterranean
species (Llorens et al. 2003), coinciding with periods of
high precipitation and mild temperatures. Second, shoot
elongation and leaf flushing in Q. ilex mainly occur in
spring, and stop in summer, while a new flush can occur in
late-summer or early autumn after rainfall, especially at
coastal sites (Gratani 1996; Castro-Diez and Montserrat-
Marti 1998; Montserrat-Marti et al. 2009). Therefore,
radial increment rates of Q. ilex may be expected to follow
a similar bimodal pattern, with maximum values in spring
and autumn when precipitation is high and temperatures
are mild. However, this pattern might be constrained to
some extent by the phenology of Q. ilex, which is char-
acterised by a major development of the crown in spring,
whereas a few of its phenological phases, such as acorn
maturation and possibly the thickening of primary roots,
occur in autumn (Montserrat-Marti et al. 2009).

There is a lack of long-term radial increment data in
drought-stressed environments such as the Mediterranean
Basin, where the predicted increase in temperature and
evapotranspiration might limit tree growth (IPCC 2007).
Although there is an evident trend of increasing tempera-
ture, most studies have focused on the effects of simulated
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drought, i.e., a reduction in rainfall and in soil water
availability, on Q. ilex radial growth and wood anatomy
(Ogaya et al. 2003; Corcuera et al. 2004; Ogaya and
Pefiuelas 2007; Cotillas et al. 2009). This bias is probably
related with the previous dendrochronological studies
which have shown that tree-ring width in Q. ilex was
mainly correlated with late-spring and early summer
precipitation (Zhang and Romane 1991; Cartan-Son et al.
1992; Nabais et al. 1998-1999; Corcuera et al. 2004,
Campelo et al. 2007, 2009). However, those correlative
approaches based on monthly climatic data are not
consistent with the strong effects of temperature on pho-
tosynthesis, respiration, and primary growth in Q. ilex
found in physiological studies conducted at daily and
weekly scales (Gratani et al. 2000; Gratani et al. 2008).
Furthermore, some of those studies assumed that the effects
of drought on primary (e.g., shoot length) and secondary
(e.g., stem radial increment) growth are similar despite
these two types of growth respond differently to water
deficit (Montserrat-Marti et al. 2009). Long-term data on
radial increment dynamics in Q. ilex provide a unique
opportunity to clarify these inconsistencies and to detect
the relevant temporal scales and potential lags between
climatic constraints and radial increment.

We analysed an 11-year database of stem radial incre-
ment based on short-term band dendrometer recordings: (1)
to describe the inter- and intra-annual patterns of stem
radial increment in Q. ilex; and (2) to evaluate the role of
several climatic variables (air temperature, precipitation,
and radiation) as potential constraints of radial increment.
We hypothesize that: (1) temperature and precipitation are
the main climatic drivers of Q. ilex radial increment; and
(2) that temperature effects on radial increment are more
relevant at shorter time scales (weekly to biweekly) than
precipitation effects (monthly scales), because temperature
influences leaf gas exchange, respiration, and therefore
carbon gain at shorter periods during the year. If this
second hypothesis is supported by our results, we could
explain: (1) why the monthly effects of temperature on
radial growth have not been detected by most dendro-
chronological studies based on monthly climatic data; and
(2) why such an approach has supported a drought-biased
view of Q. ilex radial increment dynamics in the literature.

Materials and methods

Study area

The study was conducted in an interior valley of the Garraf
karstic mountains (41° 20’ 26" N, 1° 50’ 38" E, 300 m a.s.l.)

in the central Mediterranean coastal ranges belonging to the
Natural Park of Garraf and Olérdola (Catalonia, NE Spain).
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The area was completely burnt in 1982, and the current
vegetation cover is high and similar on both slopes: 96 and
95% at the north- and south-facing slope, respectively
(results from sampling data obtained by means of 2 m
point plant contact along thirty 50 m long transects, 15
transects per slope, covering the whole area of the sampled
Q. ilex trees). Nevertheless, there are differences in the
vegetation type and communities. Quercus coccifera
maquis dominates the S-facing slope (Quercetum-lenti-
scetum) with some scattered Q. ilex and Pinus halepensis
trees. On the N-facing slope, Q. ilex is the dominant tree
species (Quercetum ilicis gallopriovinciale) (Folch 1986).

The soil, developed from lower Cretaceous limestones, is
shallow and discontinuous and shows a low water-holding
capacity. Based on climatic data from the nearest meteo-
rological station at Begues (ca. 8 km from the study site),
the climate in the study area is Mediterranean (“Appendix”,
Fig. 6). The mean annual temperature for the period
1974-2004 was 13.4°C with a maximum mean monthly
temperature of 21.1°C (July) and minimum of 5.1°C (Jan-
uary). The mean annual precipitation was 659.9 mm (period
1974-2004), most of which occurs in autumn (33% was
recorded between September and November) and spring
(25% was recorded between March and May). Daily and
monthly evapotranspiration were estimated using a modi-
fied Thornthwaite water-budget procedure based on the
temperature and precipitation data (Willmott et al. 1985).
According to these estimates, the water deficit period lasts
ca. 3 months, from June to August.

Dendrometer measurements and radial increment data

Changes in stem radius of Q. ilex were monitored using
stainless-steel band dendrometers (Agricultural Electronics
Co., Tucson, USA). In July 1993, we installed band
dendrometers on the largest stem of ten multi-stemmed
trees of Q. ilex at a height of 77 & 39 cm (mean + SD),
after removing the outer layer of dead bark. Five of the
selected trees were located on a north slope (N), whereas
the other five were located at a similar elevation on the
opposite south slope (S). At the beginning of the study
period, trees did not have significantly different mean
diameters at 1.3 m (diameter at the breast height, dbh)
related to exposure (N, 8.8 = 4.0 cm; S, 9.3 £ 2.9 cm;
one-way ANOVA, F = 0.05, P = 0.83). Band dendrom-
eters were read to the nearest 0.01 mm from August 1993
to January 2005. Mean sampling frequency was
28 £ 1 days (mean £ SE), but mean sampling frequency
was greater in spring and autumn (17 £ 1 days), the
presumed seasons of greater radial increment, than in
winter and summer (39 £ 2 days). According to Keeland
and Sharitz (1993), measurements obtained in the first
3 months after installation are within the adjustment period

of the band dendrometers and should be discarded.
Therefore, 1,993 measurements were discarded, increasing
the initial adjustment period to 5 months. The measure-
ments were corrected for temperature effects taking into
account the band thermal expansion factor provided by the
manufacturer (11.2 x 107® mm™! OC_l).

The cumulative perimeter data provided by the dend-
rometers were converted to cumulative radial increment
data assuming that the stem was cylindrical and dividing
the girth data by 2n. The long-term cumulative radial
increment was calculated for N- and S-facing trees to
evaluate long-term growth trends as a function of
contrasting aspect. For each tree, daily radial increment
was calculated by dividing the radial increment by the
number of days between two consecutive observation
dates. Monthly radial increment was obtained as a sum of
daily radial increments. Monthly radial increments for all
trees (n = 10) were used to represent the seasonal
dynamics of radial increment for the 11-year study period.
The month of initiation and cessation of radial increment
was determined when 5 and 95% of the annual radial
increment had occurred, respectively (Fraser 1962).

Since dendrometers detect girth changes unrelated to
wood formation, such as swelling and shrinking of bark
and xylem, the radial data were first carefully analyzed to
discard anomalous measurements. We considered anoma-
lous measurements those corresponding to: (1) sudden
changes (increase or decrease) higher than 15% of the total
annual increment, and (2) unusual radial-changes observed
in one tree, but not in the others. The main causes of
dendrometer malfunction were hits by animals and persons,
and insects blocking the pieces of the dendrometers.
Twenty-two measurements were considered anomalous
and discarded from a total of 1,274 measurements corre-
sponding to 121 sampling dates distributed among the 10
sampled trees. Finally, to evaluate the accuracy of the
dendrometer measurements in estimating radial growth, the
second largest stem of each multi-stemmed tree was cut
and cross-sections were obtained at a height of 60 cm.
Cross-sections were used to identify annual tree-rings
which were visually cross-dated. Tree-ring widths were
measured along the longest radii to the nearest 0.01 mm
using a LINTAB measuring device (Rinntech, Heidelberg,
Germany). Two out of the ten cross-sections were
discarded, because the stems were too small. Mean annual
tree-ring width was compared with the corresponding
annual radial increment derived from dendrometers.

Statistical analyses
Differences in cumulative radial increment as a function

of sampling date (time) and slope (N vs. S) of trees
were assessed in a linear mixed model using individual
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log-transformed data. We considered tree size (initial dbh)
as covariate to remove possible size effects on radial
increment. Mixed models allowed us to evaluate the effects
of fixed factors (time, orientation) on the same trees (ran-
dom factor) at different sampling dates as in similar repe-
ated-measurement analyses (Littell et al. 2006).

The relationships between mean daily radial increment
rate (mm day ") of N- and S-facing trees and daily cli-
matic data were assessed using the Pearson correlation
coefficient (r). Climatic data included mean minimum and
maximum air temperature, radiation, evapotranspiration,
and summed rainfall for the 5, 10, 15, and 30 days before
each sampling date. These intervals were chosen to detect
delayed responses of radial growth to changes of climate.
We performed these correlations for the whole year and for
the period of water deficit, i.e., from June to August. To
account for the effects of temporal autocorrelation in cor-
relation analyses, we estimated the 95% confidence inter-
vals for the correlation coefficients by bootstrapping with
an average block length proportional to the estimated data
autocorrelation (Mudelsee 2003).

Results

The mean tree-ring width did not differ significantly from
the corresponding mean annual radial increment for the
study period (1994-2004) indicating that the dendrometer
captured the overall trends of radial growth in Q. ilex
(Fig. 1). Indeed, dendrometer data explained a significant
proportion of tree-ring width variance (R* = 0.75,
P < 0.001). The individual cumulative radial increment for
the period 1994-2004 ranged between 11.4 and 24.7 mm,
with a mean value of 16.2 mm (Fig. 2). Orientation had a
significant effect on tree growth; there are statistically
significant differences between N- and S-facing trees
(Table 1). When comparing the mean cumulative values of
N- and S-facing trees, the difference of radial increment
was more apparent after 2001. From that year on, N-facing
trees grew less than the S-facing trees (Fig. 2). The annual
radial increment data derived from dendrometer measure-
ments showed a mean value of 1.47 mm, with the maxi-
mum in 1996 (2.58 mm) and the minimum in 1997
(0.79 mm) (Fig. 3a).

The monthly radial increment dynamics of Q. ilex
showed a bimodal pattern with two major peaks in May
and September. The mean spring maximum radial incre-
ment rate was higher than the autumn peak: on average
ca. 0.4 and 0.15 mm month™', respectively (Figs. 3b, 4).
Radial increment started around the beginning of April
and the highest radial increment rate was reached in May.
From May on, radial increment rates fell to the lowest
values in July or August. After the second peak in
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Fig. 2 Cumulative radial increment for the study period (1994-2004)
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Quercus ilex trees. Means + SE corresponding ton = 5 trees per slope

Table 1 Main statistical parameters (F, P) of the linear mixed model
based on repeated measurements of radial increment performed with
band dendrometers

Source F P

Time (7) 3,622.62 0.0001
Orientation (A) 9.69 0.0019
TxA 2.72 0.0992

The fixed factors were time (sampling dates) and aspect of trees. The
response variable was log-transformed cumulative radial increment.
Tree size (dbh) was regarded as covariate

autumn, there was no any significant radial increment
from the end of November until the beginning of the next
spring (Fig. 3b).
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Fig. 3 Cumulative (a) and monthly (b) radial increment patterns of
Quercus ilex compared with climatic conditions (c¢) during the
11-year study period (1994-2004). Cumulative radial increment data
correspond to individual trees (n = 10, five on a north slope, black
lines, and five on a south slope, dashed lines), and to north (empty

The highest monthly radial increments during spring
were observed in May 1994 and June 1996 (ca.
0.8 mm month™') (Fig. 3b), whereas, the highest radial
increment rates during autumn were observed in September
1995, October 1996 (only for S-facing trees) and Septem-
ber 1999 (Figs. 3b, 4). In general, S-facing trees showed
higher monthly radial increments than N-facing trees,
especially during the autumn (Figs. 3b, 4). Finally, a
noticeable stem shrinkage (ca. —0.01 mm month™' on
average) was also observed during extreme dry summers,
such as in 1994 and 2003 (Fig. 3b).

From 1994 to 2004, annual tree-ring width followed,
approximately, the pattern of total annual precipitation, the
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Fig. 4 Mean cumulative (a) and monthly (b) radial increment
patterns in absolute values of Quercus ilex compared with 1995
patterns for trees growing on the north- (N 1995, empty circles) and
south- (S 1995, full circles) facing slopes. For each month, diamonds
indicate the means (£SD) of 10 trees for the 11-year study period
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circles) and south (full circles) mean values. Radial increment data
are monthly means (£SD) for the north-facing trees (empty circles)
and south-facing trees (full circles). Climatic variables are monthly
total precipitation (thin line) and mean temperature (thick line), and
the grey areas correspond to dry periods

relationship being linear and significant (R* = 0.44,
P =0.03, N=11) (Fig. 1). In contrast, the relationship
with mean annual temperature is not significant, indicating
that water availability is the major limiting factor for
growth as expected under a Mediterranean climate. How-
ever, the distribution pattern of precipitation throughout the
year is important for Q. ilex growth. In the study, area 25%
of precipitation falls between March and May, and 33%
between September and November; the peaks of maximum
radial increments of Q. ilex were attained during these two
periods. However, this pattern varied in certain years. For
example, considering total annual precipitation, 1997 was
an average year with 766 mm (compared to 660 mm for

Monthly radial increment (mm)

(1994-2004). Empty and full circles represent the 1995 mean tree
growth for trees on the north and south slopes. In both graphs, the
grey area corresponds to the inferred radial increment period, and the
striped zone represents the most frequent period of occasional
cessation of stem growth in summer
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the period 1974-2004). Nevertheless, during this year
about 300 mm of precipitation fell in January and
December, when trees do not grow. Also, the amount of
precipitation in March (4 mm) and September (22 mm)
was very low, and radial growth during the year 1997 was
the lowest (Fig. 3).

The highest positive correlations between daily radial
increment rates and lagged climatic variables were found
for mean maximum temperatures averaged for the 10 and
15 days before the sampling date (Table 2). These corre-
lations were always higher for the mean growth rate of
N-facing trees compared to S-facing trees. Similar results
were found for mean minimum temperatures, although
correlation coefficients were lower than in the case of
maximum temperatures, and for evapotranspiration (results
not shown). In the case of radiation, similar positive
correlations with radial increment rates were found with
climatic values averaged for 15 days before the sampling
date, in both N- and S-facing trees (r = 0.30-0.35). In
contrast, we only found a positive correlation (r = 0.22,
P < 0.05) between the summed precipitation for 30 days
before sampling and daily radial increment rate in S-facing
trees, whereas this relationship was not significant in
N-facing trees (r = 0.14, P = 0.13). Considering only the
summer period, daily radial increment rates were inversely
related to temperature variables. The strongest negative
correlations were found between daily summer radial
increment rates of S-facing trees and 30 days lagged
maximum temperatures, whereas a positive correlation was
found with 30 days lagged precipitation for both N- and
S-facing trees.

Discussion

Quercus ilex is a slow growing Mediterranean species with
small annual tree-rings, which grows mainly in spring and
autumn. Stem radial increments started at the beginning of
April, when temperatures are high enough for vegetative
growth. Vegetative activity in Q. ilex begins when an
average daily minimum air temperature is ca. 6.9°C
(Gratani et al. 2000). In our study area, this temperature is
reached at the end of March or at the beginning of April
(data not shown), 1 month earlier than at the site studied by
Gratani et al. (op. cit.) in North Italy. At the end of
November or beginning of December, Q. ilex trees stopped
growing and cambium remained inactive until next spring.
In summer, trees grew slowly or not at all as a result of
drought and high temperatures (Gratani et al. 2008). In
winter, the cambium of Q. ilex remained inactive due to
low temperatures and also probably due to the short
photoperiod, since this had been mostly observed in more
continental areas (Cherubini et al. 2003; Corcuera et al.
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Table 2 Correlation values (r) between radial increment rates and
lagged climatic variables (Tiax, Tinin, mean maximum and minimum
temperatures, respectively; P, precipitation)

Variable Lag (days) Year Summer
N S All N S All
Timax 5 042 032 039 -0.13 -028 -0.20
10 044 033 041 -0.14 =031 -0.25
15 043 033 040 -0.28 -—0.32 -0.30
30 042 033 039 —-029 -—-041 -0.34
Tinin 5 033 022 030 -0.11 -0.18 -0.16
10 034 024 031 -020 -032 -0.26
15 032 022 029 -026 -036 -—0.31
30 030 021 0.27 -0.27 -039 -0.33
P 5 0.10 0.13 0.12 0.10 0.14 0.12
10 0.01 0.08 0.04 0.14 0.22 0.20
15 0.02 0.10 0.05 0.19 0.23 0.22
30 0.14 022 0.18 041 0.45 0.43

Correlations were obtained for the 11-year (1994-2004) period of
study considering the whole year (n = 120) or only the summer
(n = 48), i.e., the period with negative water-deficit values (from
June to August). Lagged climatic data were averaged (Tinax, Tmin) OF
summed (P) for the 5, 10, 15, and 30 days before each sampling date.
Correlations were calculated between the mean radial increment rates
of north- (N, n = 5), and south-facing (S, n = 5) trees and consid-
ering all trees (n = 10). Bold values are significant (P < 0.05)
Pearson correlation coefficients after correcting for the effects of
temporal autocorrelation (see “Statistical analyses”)

2004). Air temperature and radiation control leaf flushing
of Q. ilex in similar coastal areas (Ogaya and Pefiuelas
2007). However, our coastal study site has mild conditions,
which indicates that photoperiod may be more relevant
than temperature in the spring reactivation of the cambium.

Consequently, Q. ilex showed a bimodal radial pattern of
increments throughout the year with two radial increment
peaks in May and in September when water availability and
warm temperatures allow high photosynthetic rates (Gratani
et al. 2008), and promote primary and secondary growth
(Gratani 1996; Montserrat-Marti et al. 2009). This pattern
of xylem production is responsible for the frequent forma-
tion of intra-annual density fluctuations observed in this
species (Cherubini et al. 2003; Campelo et al. 2007). A
similar pattern of radial increment in two different seasons
has also been recorded in other Mediterranean and tropical
tree species (Liphschitz and Lev-Yadun 1986; Venugopal
and Krishnamurthy 1987). Such recurrent bimodal radial-
growth pattern is consistent with the presumed sub-tropical
origin of many evergreen species of the Mediterranean flora
such as Q. ilex (Palamarev 1989).

The Q. ilex bimodal radial increment was asymmetrical.
The maximum radial increment rate in May was usually
higher than the autumn peak, and most of the annual
growth occurred in spring (ca. 70% of the annual radial
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increment). This bimodal pattern also showed high-plas-
ticity in response to climatic conditions during the growing
period (Figs. 3, 4), which may be an advantage in areas
with a Mediterranean climate where the annual rainfall
pattern is variable. For example, in 1997, the year of the
lowest annual radial increment, the second growth peak
was very small and took place in November and ca. 80% of
the increment occurred in spring before a severe drought
(Campelo et al. 2007); besides, in response to drought
S-facing trees stopped growing in June, July, September
and October, while N-facing trees stopped growing in the
same months, except for June. The autumn growth peak
was quite prominent in 1995 and 1999, and it was even
higher than the peak recorded in spring of these years
(Figs. 3b, 4). Such late-summer growth enhancement
seems to be a plastic response to precipitation since
S-facing trees showed a higher growth and numerous new
shoots were also formed by several Q. ilex trees after the
abundant rainfall in August and September 1995 (Gutiérrez
pers. obs.). In addition, precipitation in the study area is
usually more variable after the summer than before it
(mean SD for spring (fall) months was 48 (58) mm, period
1974-2004), so the late-summer radial increment peak may
be more episodic than the more regular spring peak.

In summer, the radial increment rates of Q. ilex always
decreased and stems even shrank in response to extreme
summer drought and the reduction of soil water availability
(Zhang and Romane 1991; Zweifel et al. 2001). These
results are consistent with the interruption of primary
growth in this species in response to summer water deficit
(Gratani 1996; Montserrat-Marti et al. 2009). Similar
results were also found in tropical tree species showing
cambial dormancy during dry periods (Diinisch et al.
2002). Nevertheless, summer reactivation of Q. ilex radial
increment in response to rainfall events was observed in
some years (e.g., 2001), and this may be attributed to the
positive influence of summer rainfall on the primary
growth of the species in drought-stressed areas (Gratani
et al. 2000; Corcuera et al. 2004).

Radial increment appeared to be limited by low tem-
peratures during the growing periods of spring and autumn.
Also, this is an interesting and unexpected result (Table 2).
Usually, it is assumed that high temperature is one of the
most limiting factors for trees growth in the Mediterranean
Basin, which is true in summer. In support of our results,
Llorens et al. (2003) demonstrated that photosynthetic rates
in two Mediterranean shrubs species are also limited by
low temperatures in spring and autumn in the same study
area. Therefore, we expect that the late-summer and
autumn response in radial increment may have been lower
or even null in colder continental areas, because low-
temperature stress in autumn would be greater (Corcuera
et al. 2004).

We found that temperature and precipitation influenced
the stem radial increment at different temporal scales and
in a site-dependent way. In general, S-facing trees showed
higher radial increment rates than N-facing trees and this
difference became more evident after 2001. In the northern
hemisphere, N-facing slopes have lower temperatures and
higher moisture compared to S-facing slopes. In our study
area, the mean of 5-day to 30-day maximum temperatures
were positively correlated with radial increment rates in
both slopes, but this effect was stronger in N- than in
S-facing trees (Table 2). Although S-facing slopes have a
longer photoperiod, which can be an advantage for plants,
evapotranspiration is also higher, which increases drought
stress in summer (Gratani et al. 2008). Therefore, S-facing
trees were more sensitive to summer temperatures and
precipitation (Table 2). Higher precipitation during the
summer enhanced radial increment of Q. ilex trees, this
effect being more evident for S-facing trees. For example,
in 1995 approximately 50% of the stem radial increment
occurred in late-summer, after the rainfall in August. In
this year, double rings were formed and were more
frequent on S-facing trees (Campelo et al. 2007). This site-
dependent response together with the possibly higher
competition between Q. ilex trees on the N-facing slope
could explain why N-facing trees have lower radial
increments (Figs. 2, 3).

Previous dendrochronological results of Q. ilex in
Mediterranean areas found that precipitation (evapotrans-
piration) in spring and early summer was the main positive
(negative) factor for tree-ring growth (see references in
Fig. 5). Furthermore, field experiments inducing a reduc-
tion in soil water availability reported similar decreases in
radial growth of Q. ilex (Ogaya et al. 2003), which agrees
with physiological studies showing a decrease of photo-
synthesis in response to water deficit (Gratani et al. 2008).
Nevertheless, the dendrochronological results were based
on total tree-ring width and monthly climatic variables
(Fig. 5). Hence, they lacked growth data regarding the
seasonal radial increment dynamics in response to climatic
variability at lower intra-annual time scales. According to
our results, total annual precipitation integrates long-term
effects on tree-growth. But at the same time, temperature
exerts its influence at shorter (and also at long) time scales.
For example, the significant correlations between radial
increment rates of Q. ilex and mean maximum and mini-
mum temperatures with a time lag of 5, 10 and 15 days
cannot be detected using total tree-ring width and monthly
climatic variables. Interestingly, the correlations with pre-
cipitation were only significant with a time lag of 30 days
in S-facing trees, supporting the hypothesis that these trees
are under more drought stress than N-facing trees
(Table 2). This also means that in general, precipitation has
a long-term effect on radial growth than temperature which
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influences leaf gas exchange, respiration, or photosynthesis
at shorter scales (Filella et al. 1998; Gratani et al.
2008).This could explain why dendrochronological studies
based on tree-ring width and monthly climatic data corre-
late more often with precipitation than with temperature
(Fig. 5).

During the study period, an increasing trend in mini-
mum temperatures was observed in the study area, espe-
cially in January, September, October and November (data
not shown). Although, precipitation in Mediterranean
climates shows two peaks from March to May and from
September to November, the pattern and the amount of
precipitation are more irregular from year-to-year, with no
clear trend during the study period (data not shown). Thus,
growth plasticity is the best strategy to balance a more
predictable variable (temperature) with a more unpredict-
able variable (precipitation).

In conclusion, the 11-year dataset of dendrometer
measurements provided an appropriate record of the intra-
and inter-annual radial increment and growth dynamics.
Trees on the N-facing slope grew less than S-facing trees,
which is consistent with a positive effect of temperature on
radial increment. Q. ilex showed a bimodal radial incre-
ment pattern with a major and more regular increment peak
in May and a minor and more unpredictable peak in
September. Both phases of pronounced radial increment in
spring and autumn corresponded to warm and humid
conditions, and were separated by low or null radial

Frequency

Fig. 5 A summary of growth-climate relationships for Quercus ilex
based on published studies. The frequency data correspond to the
number of significant (P < 0.05) correlations found between monthly
climatic data (7, mean temperature; P, total precipitation) and radial-
growth index. Frequencies of positive and negative relationships are
indicated as bars pointing upwards or downwards, respectively.
Months abbreviated by lower- and uppercase letters correspond to the
previous and current (tree-ring formation) years, respectively. Data
are based on the following studies: Zhang and Romane (1991),
Cartan-Son et al. (1992), Nabais et al. (1998-1999), Corcuera et al.
(2004), Campelo et al. (2007, 2009), and Gea-Izquierdo et al. (2009)

@ Springer

increment rates in summer and winter. We found a marked
plasticity in the bimodal radial increment pattern of Q. ilex,
since years with high late-summer increment were char-
acterized by high precipitation in the same season. During
the periods of most active growth, spring and autumn, air
temperature was the main limiting factor on radial incre-
ment of Q. ilex from short- (5 days) to- long (30 days) time
scales, whereas on south-facing trees precipitation exerted
also a positive effect on growth at longer (30 days) scales.
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Appendix

See Fig. 6.
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Fig. 6 Climate diagram of the closest meteorological station (Begues)
to the study site. Precipitation and temperature are represented by full
and empty circles, respectively. The grey area denotes the assumed
dry period (mean Temperature > 2 times total Precipitation)
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