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Introduction

Summary

e Woody species in Mediterranean ecosystems form intra-annual density fluctua-
tions (IADFs) in tree rings in response to changes in environmental conditions,
especially water availability.

e Dendrochronology, quantitative wood anatomy and high-resolution isotopic
analysis (using a laser ablation technique) were used to characterize IADFs in
Arbutus unedo shrubs grown on two sites with different water availability on the
island of Elba (ltaly).

e Our findings show that IADF characterization can provide information about the
relationship between environmental factors and tree growth at the seasonal level.
At the more xeric site, IADFs mainly located in the early and middle parts of the
annual ring, showed a decrease in vessel size and an increase in 3'3C as a result of
drought deficit. Opposite trends were found at the more mesic site, with IADFs
located at the end of the ring and associated with a lower 8'3C. Moreover, at the
first site, IADFs are induced by drought deficit, while at the second site IADFs are
linked with the regrowth in the last part of the growing season triggered by
favourable wet conditions.

e This combined approach is a promising way for dating problematic wood
samples and interpreting the phenomena that trigger the formation of IADFs in
the Mediterranean environment.

2008), which often result in specific patterns of cambial
activity leading to intra-annual density fluctuations (IADFs)

Water availability is the key factor driving ecophysiological
processes in Mediterranean species, influencing photosyn-
thetic rates, cambial activity, dry matter production, alloca-
tion of carbon to roots and the primary and secondary
growth of woody plants (Margaris & Papadogianni, 1977;
Penuelas, 1996; Salleo ez al, 1997). According to the
Intergovernmental Panel on Climate Change (IPCC, 2007)
report, longer and more severe drought periods are expected
in Mediterranean ecosystems in the near future. To cope
with drought conditions, Mediterranean trees have evolved
phenological, physiological and morphological adaptations
(Baas, 1976; Jacobsen et al, 2007a,b; De Micco et al.,

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)

in the wood, also referred to as ‘false rings’ or ‘double rings’.
IADFs are caused by the interruption of the normal
course of growth during the growing season, thus deter-
mining a zone of wood characterized by an abrupt change
in wood density (Tingley, 1937; Schulman, 1938). In
Mediterranean-type ecosystems, IADFs occur irregularly in
both space (at different sites in the same year) and time
(in different years at the same site), as well as species and
individual trees (Cherubini et 2/, 2003). This makes it dif-
ficult to study tree rings and analyse the relationships
between environmental factors and wood formation during
tree growth.
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Intra-annual density fluctuations have been frequently
described in temperate and Mediterranean trees, but the
actual ecophysiological processes behind their formation
remain unclear, although several hypotheses have been
explored (Glerum, 1970; Campelo ez al., 2007; De Micco
et al., 2007; Vieira et al., 2009). Kuo & McGinnes (1973)
speculated that false ring formation in Juniperus virginiana
L. may be governed by changes in hormonal concentrations
and increased water stress. Rigling er al. (2001) found
IADFs in Pinus sylvestris L. useful to distinguish between
different ecological sites characterized by different substrate
types and climatic conditions, especially drought stress. In a
subsequent study, Rigling ez /. (2002) found that seasonal
variations in temperature and precipitation produced
IADFs with variations not only in their occurrence across
sites, but also in their position within the ring.

Anatomical differences in lumen size and the shape of
tracheids, as well as differences in the stable carbon isotopic
composition of IADFs were identified in Pinus pinaster
Aiton by De Micco er al. (2007) and in spruce and pine
trees by Vaganov ez al. (2009), confirming that wood anat-
omy and the isotope composition of tree rings may serve as
a useful parameter to expand the possibilities of interpreting
IADFs in relation to physiological and ecological processes.
In particular the ">C : ">C ratio of tree-ring wood reflects
water availability (Farquhar & Richards, 1984), soil water
content (Panek & Goldstein, 2001), water-use efficiency
(Matzner er al, 2001; Ponton et al, 2001) or xylem
hydraulic properties (Panek, 1996). Trees respond to lim-
ited water resources, particularly when low precipitation is
accompanied by relatively warm conditions, as during the
Mediterranean summer, by reducing the stomatal conduc-
tance and photosynthetic rate. This results in a change in
the isotope fractionation during CO, uptake and fixation in
the leaves, and subsequent carbon isotope composition of
the organic matter (Scheidegger ez al., 2000).

Most studies on the impact of climate on isotope compo-
sition and wood anatomy of tree rings have focused on
trees, mainly conifers. However, in Mediterranean eco-
systems, shrubs are dominant in maquis and garrigue for-
mations where trees cannot survive. Shrub form seems to be
an adaptation based on the strategy of forming relatively
small, low-risk, ‘low-investment’ stems that can be easily
sacrificed in areas characterized by severe environmental
stress (Rundel, 1991; Wilson, 1995). In Mediterranean eco-
systems, peculiar anatomical traits of shrub wood are
responsible for species” ability to withstand fluctuations in
water availability and vary considerably between and within
plants (Carlquist, 1975; Correia et al., 1987; Baas ez al.,
2004; De Micco et al., 2006, 2008). This phenomenon
suggests that shrubs are very plastic and can thus be consid-
ered sensitive models for studying intra-annual variations in
properties of Mediterranean woods in relation to changing
climatic conditions.
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In this paper, we focus on Arbutus unedo L., a common
species in the Mediterranean maquis, which can grow as a
shrub or small tree. Its growth is severely influenced by
climatic condition and water availability (Maltez-Mouro
et al., 2007; Ogaya & Penuelas, 2008). We investigated the
climate sensitivity of this species by analysing the relation-
ships between climate, mainly via water availability, and
IADFs. The specific aims of this study were to describe the
occurrence and type of IADFs under different environmental
conditions; to analyse the variation in vessel size and carbon
isotope composition along the rings with and without
IADFs; and to determine how the formation of IADFs is
influenced by climate. To pursue these aims, we used a
novel multidisciplinary approach combining dendro-
ecology, intra-annual laser-ablation isotopic analysis and
quantitative wood anatomy (QWA).

Materials and Methods

Study area

We selected two study sites on Isola d’Elba, an island in the
Tyrrhenian sea (Italy). The sites are characterized by different
amounts of soil moisture (c. 40% difference) and differ-
ent soil depths (c. 20% difference). Both sites are dominated
by evergreen shrub species, including Arbutus unedo L., Erica
arborea L. and Cistus salvifolius L., with scattered Quercus ilex
L. and Pinus pinaster Aiton. However, the first site (ME),
located in the Nivera Valley at 460 m above sea level (asl;
42°46’N, 10°11’E) presents more mesic species (such as
Ostrya carpinifolia Scop., Osmunda regalis 1.) growing as
trees in comparison to the second site (XE), located on
Monte Perone at 420 m asl (42°46'N, 10°12°E), where the
vegetation was more open and scattered, characterized by a
higher frequency of more xeric species and shrub forms (such
as Cistus monspeliensis L., C. salvifolius L. and Inula viscosa L.
Ait.). Precipitation and temperature data were not easily
accessible and were obtained from the Portoferraio meteoro-
logical station located ¢. 10 km from the sites (42°49'N,
10°20E, 25 m asl). We also used precipitation data from
the nearby stations of Monte Perone (42°46'N, 10°12'E
250 m asl) and Pianosa Island (42°35'N, 10°06’E, 15 m
asl) to describe the evolution of rainfall in the area during the
period 1990-2008. The average summer and winter temper-
atures were 23.4 and 9.4°C, respectively, while precipitation
was mainly concentrated in autumn and winter, with an

average of 375 mm during the period 1970-2007 (Fig. 1¢).

Soil samples

At each site, 10 soil cores, 5 cm deep, were sampled, after
litter removal, during the spring/summer season. Samples
were put into polythene bags and mixed. In the laboratory,
stones, large roots and other coarse fragments were removed
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Fig. 1 Average ring-width chronology with standard deviation (SD)
for the ME site (grey) and for the XE site (black) using either raw
data (a) or data after detrending (b). (c) Mean annual temperature
(black) and mean annual precipitation (grey line) recorded in Elba
during the period 1970-2007.

using a 2 mm sieve. The sieved soil was stored at 5°C.
Preliminary analyses were carried out, including water-
holding capacity (WHC), moisture and pH, following the
standard procedures (USDA, Natural Resources Conservation
Service, National Soil Survey Center, 1996).

Tree-ring data, chronology development and
microscopy

Small trees (3-5 m height, 5-10 cm diameter) were
sampled. Multistem plants were avoided. A total of 10 A.
unedo plants were cut at both sites, and three disks from the
base of each shrub were cut and air-dried.

Standard dendrochronology typically involves sampling
10-20 trees per site to capture the site signal and to produce
a climate reconstruction. However, our sites were in the
National Park of the Tuscan Archipelago and we were
allowed to sample the minimum number of specimens to
get reliable chronologies, useful for our aims. Signal
strength of the chronologies was assessed using the
‘expressed population signal’ (EPS; Wigley er al, 1984).
EPS is an absolute measure of chronology error that deter-
mines how well a chronology, based on a finite number of
trees, estimates the theoretical population chronology from
which it has been drawn. EPS quantifies the degree to which
each particular sample chronology portrays the theoretical
population chronology.
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Intra-annual density fluctuations were identified on each
disk and each disk was cross-sectioned with a sliding micro-
tome. Sections (15 pum thick) were stained with safranin
and astra blue, dehydrated through an ethanol series,
immersed with xylol and mounted on slides with Canada
Balsam (Schweingruber, 1978; Girtner ez al., 2001).

The microsections were studied under a light microscope
(Olympus BH-2, Hamburg, Germany), equipped with a
photo-microadapter (Olympus OM-Mount) and a camera
(Olympus OM101). The microphotographs were digitized
and calibrated to identify the IADFs. Signs of IADFs were
the presence of collapsed or crushed xylem elements along
the ring, often lacking lignin as reported by Cherubini ez al.
(2003). Moreover, IADFs were often not uniformly present
along the circumference of an annual tree ring and could be
distinguished by the sharp boundary of the real rings. In
addition, all samples were visually cross-dated (Stokes &
Smiley, 1968). The procedure was time-consuming but
allowed a precise identification of IADFs.

The occurrence and position of IADFs within the annual
rings were recorded. The IADFs were classified according to
their position as follows: type 1, located at the beginning of
the annual ring (early-IADF); type II, located in the middle
of the annual ring (middle-IADF); type III, located at the
end of the ring (late-IADF) (Fig. 2). Most IADFs found in
plants growing in the XE site were classified as early-IADFs,
while late-IADFs were the most frequent in the ME site.

After the identification of IADFs, the tree-ring width was
measured using a LINTAB linear table and a micrometer
with a resolution of 0.01 mm. The program COFECHA
(Holmes, 1983) was run to validate the cross-dating and
measurements and to find potential errors. Once all mea-
surement series had been validated, tree-ring chronologies
were developed. Series were detrended to remove long-term
growth trends embedded in the raw tree-ring series, which
were thought to be induced by nonclimatic influences, such
as ageing and competition between trees (Fritts, 1976).
Tree-ring indices were calculated as residuals from the esti-
mated age trend. The new dataset was used for all the statis-
tical analyses. Several descriptive statistics, commonly used
in dendrochronology, were computed to compare site
chronologies.

These included the standard deviation (SD), which esti-
mates the variability of measurements for the whole series,
and the mean sensitivity (MS), which is an indicator of the
mean relative change between consecutive ring widths and
is calculated as the absolute difference between consecutive
indices divided by their mean value.

Analysis of IADFs
The frequency of IADFs yr~' was calculated as:

F=N/n

New Phytologist (2010) 188: 10991112
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Fig. 2 Microphotographs of wood cross-sections of Arbutus unedo
showing rings with and without intra-annual density fluctuations
(IADFs): (a) ring without IADFs (XE site); (b) ring with a middle-IADF
(type 2; XE site); (c) ring with a late-IADF (type 3; MEssite); (d) ring
with an early- and a late-IADF (types 1 and 3; ME site). Cambiumis on
the rightside. Images are all at the same magnification: bar, 100 um.

[correction added after online publication 28 September
2010: the equation was corrected to F = N/n] where N is the
number of trees presenting IADFs in a given year, and n is the
total number of trees sampled that year. The difference in the
sampling size was adjusted using the method proposed by
Osborn ez al. (1997) for ring-width chronologies by calculating:

f= Fn®

where [ is the stabilized IADF frequency.

Statistical analyses were carried out with ANOVA, using
SYSTAT (Systat Software Inc., Chicago, IL, USA). To deter-
mine the association between climate, tree-ring chro-
nologies and IADF frequency, we used Pearson’s and
Spearman’s correlation coefficients and compared the
populations of the two sites over the same overlapping period.

Quantitative wood anatomy

The microsections of A. unedo were observed by means of a
transmitted light microscope (BX60; Olympus) in order to
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select 10 tree rings with IADFs and 10 without IADFs for
each site. Tree rings showing middle-IADFs (type 2) were
selected for the XE site, while rings with late-IADFs (type
3) were chosen from the ME site. Microphotographs
including the whole tree-ring width were taken in three dif-
ferent regions along the circumference with a digital camera
(CAMEDIA C4040; Olympus). The images were analysed
with AnalySIS 3.2 (Olympus) to quantify the anatomical
features. In each microphotograph, a transect, 150-200 pum
wide, throughout the ring width, was selected. Along each
transect, the lumen area was measured in all vessel elements
encountered moving from the outside border of the tree
ring (beginning of earlywood, EW) towards the inside ring
boundary (ending of latewood, LW). In the resulting data
series, the progressive number of each measured vessel was
standardized according to distance from the earlywood
border, with the whole ring width being considered equal
to 100%. Subsequently, each vessel was characterized by
two coordinates: ¥, corresponding to its lumen area; and X,
corresponding to the distance from the beginning of the
ring, expressed as a percentage. These coordinates were
plotted into dispersion graphs. The result was a sort of chro-
nology of vessel size comparable to the chronologies of tree-
ring width commonly used in traditional dendrochronology.
Having ascertained that, in all samples, the distribution of
vessel size was similar in the three transects considered
in each ring, the data measured in the three transects
were pooled together in order to compare the shape of the
resulting chronologies between rings with and without
IADFs and between the two sites.

Finally, the data from all rings with IADFs and those
from rings without IADFs were pooled together for each
site to obtain four series of data; simple moving average and
interpolation equations were then calculated.

Carbon isotopes

The same tree rings as those selected for anatomical analysis
were used for the analysis of stable carbon isotopes. Since
we had three disks for each tree, we had enough material to
divide each ring into 1 yr intervals and then proceed with a
further subdivision for selected rings. The tree rings with
IADFs were split (under a dissection microscope, with a
razor blade) into three sections from pith to bark: EW,
IADFs and LW. Each section was milled with a centrifugal
mill (Retsch, Hann, Germany), and an aliquot of a few mg
was packed in porous bags and used for cellulose extraction
(Battipaglia ez al., 2008). 313C values were determined
using an elemental analyser linked to an isotopic ratio mass
spectrometer (Thermo-Fisher, Bremen, Germany) via a
variable open split interface (Conflo II, Finnigan Mat,
Bremen, Germany).

Isotope ratio deviation results are presented in the common
d notation:
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513C= [(lsRsa/BRref) - 1]7

with d-values expressed in per mill (%o) on the international
VPDB (Vienna Pee Dee Belemnite) scale for carbon-13.
'R refers to the number ratio of "*C to '*C isotopes in the
sample (‘sa’) and the reference (‘ref’), respectively.

8'°C for the 4 yr period 20042007 were also deter-
mined on a laser ablation—combustion line (LA-C-GC_
IRMS, Nd-YAG 266 nm UV laser; Merchantek—New
Wave, Fremont, CA, USA) coupled online to an isotope
ratio mass spectrometer (Thermo-Finnigan Delta® XL,
Thermo Fisher Scientific Inc., San Jose, CA, USA) using a
home-made combustion/open-split interface, as described
by Schulze et al. (2004). The exact location of each ablation
spot was visualized with a camera mounted directly on the
laser ablation station. The distance between the laser shots
is ¢. 150 pm, and the series of shots were repeated radially
along the same line.

The data provided in Francey eral (1999) and
McCarroll & Loader (2004) were used to remove the atmo-
spheric 8'°C trend from the carbon isotope data series. The
corrected series were then employed in all the statistical
analyses.

Results

Tree - ring width

Ring-width chronologies are presented in Fig. 1. The 10
trees have a similar age in each site. The total time span of
the chronologies extended from 1992 to 2007 for the trees
at the XE site (grey line) and from 1970 to 2007 for those
at the ME site (black line).

For the samples from the XE site, the measured cores had a
mean sensitivity of 0.479, whereas those from the ME site had
a mean sensitivity of 0.432. For both chronologies, the EPS
was above the critical value of 0.85, indicating a strong com-
mon signal. Although the presence of several IADFs hampered
the identification of the rings and hindered the dating, it was
still possible to measure and cross-date the rings, using pointer
years. At the XE site, there was one particularly narrow pointer
year (2003) in all the samples, whereas at the ME site, 1984,
1990 and 1999 were narrow rings in all samples.

The variability between individuals of the same site was
high, probably as a consequence of competition processes
for water, nutrients and other resources. The difference in
growth between the trees of the two sites was also signifi-
cant, with a mean growth ring width of 146 + 51 X 1072
mm for trees at the ME site and a mean growth rate of
281 + 138 x 1072 mm for trees at the XE site.

The correlation analyses (Table 1) identified several sig-
nificant relationships between tree- ring growth and climate
(temperature and precipitation). At the XE site, the tree-
ring width was negatively correlated with the April and May
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Table 1 Correlation coefficients between climatic factors (CFs,
temperature and precipitation), tree-ring width (TRW) and intra-
annual density fluctuations (IADFs) are shown

Site Parameters CF Months r

XE TRW t AM -0.38*
XE TRW t M-S 0.41*
ME TRW p =S 0.60***
ME TRW t March 0.54**
XE IADFs t MA 0.52%*
ME IADFs p JIAS 0.62%*
XE 3"3C IADF p AM -0.44*
ME 3"3C IADF p AS 0.86%**
XE 3"CEW t MA 0.59***
XE 3"3C EW p MA -0.48**
ME 3"CEW p MAM -0.78**
XE 33C LW t o) 0.70%**
XE 33cLw p JA —0.74%**
ME 3"3CLw p ASO ~0.98%**

Significance levels according to Student's t-test: *, P < 0.05;

** P <0.01; *** P < 0.001.

t, temperature; p, precipitation; AM, April, May; MS, March-
September; JS, June-September; MA, March, April; JJAS, June, July,
August, September; AS, August, September; MAM, March, April,
May; O, October; JJA, June, July, August; ASO, August, September,
October.

temperatures (7= —0.38, P < 0.05) and positively corre-
lated with the March and September temperatures
(r=0.41, P < 0.05). There was no significant influence of
precipitation on ring width. At the ME site, precipitation in
the period June-September influenced tree-ring growth
positively (7 = 0.60, P < 0.001), while temperature had a
significant effect only in March (» = 0.54, P < 0.01).

IADFs

The IADF-stabilized frequency distribution in relation to
calendar years is shown in Fig. 3(a). In order to compare
the two sites better, we analysed only the common period
for which data were available at both sites (1994-20006).
The shrubs at the XE site appeared to be more prone to
false ring formation (f= 1.2) than those at the ME site
(f=0.5).

During some years, only the trees growing at one site
formed IADFs, while in other years (1982-1983) none did.
In 2004, A. unedo presented IADFs only at the XE site,
while in 2002 and 2003, IADFs were formed only at the
ME site.

There was a significant difference between the two sites
in the stabilized frequency of IADFs in the different age
classes (Fig. 3b). In the XE site, A. unedo formed a higher
number of IADFs (< 0.001) in growth rings from the
last 5 yr (1-5 yr) compared with older growth rings. This
phenomenon was not found in plants growing at the ME
site. This statistical difference decreased in the other age
classes (6-10 yr, P < 0.01; 16-20 yr, P < 0.05) as a result
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of a lower frequency of IADFs occurring at the XE site. The
shrubs at the ME site had more IADFs in the middle age
class (21-25 yr) than in the older age classes (> 30 yr).

For the common period of the two sites, the positions of
the IADFs along the tree rings differed at the two sites:
early- and middle-type IADFs were most frequent at the XE
site (86%), while 89% of IADFs at the ME site were late-
type. Occasionally, more than one type of IADF was
observed in the same tree ring (Fig. 2d).

Spearmans’ correlation coefficient between the chronologies
of the stabilized IADF frequencies and the climate parameters
(precipitation and temperature) was analysed from January
to December of the current year (Table 1). At the XE site,
IADFs were very frequent during the dry years (» = —0.73,
P < 0.001). The IADF frequency was positively correlated
with March and April temperatures (= 0.52, P < 0.01).
Trees at the ME site showed a positive correlation between
the stabilized frequency of IADFs and the precipitation
occurring in the June-September period (r= 0.62,
P <0.01). At the XE site, however, the relationship was,
somewhat unexpectedly, the reverse. Air temperatures did
not have a significant influence on the frequency of IADFs
at the ME site.

Quantitative wood anatomy

Microphotographs of the cross-sections of A. unedo stems
showed that its wood is diffuse-porous, characterized by
rather many small vessels, with rounded to angular lumen.
Vessels are mostly solitary, sometimes in rows or small
groups in EW (Fig. 2). In the rings without IADFs, vessel
size values varied along the ring following the usual trend,

New Phytologist (2010) 188: 1099-1112
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block). Significance classes: *, P < 0.05,
** P <0.01, *** P < 0.001.

decreasing from EW to LW at both sites. The graph in
Fig. 4 reports the simple moving average and nonlinear
regression lines based on a sixth-order function for both
rings with and without fluctuations from plants grown at
the XE (panel a) and ME sites (panel b). At the XE site,
rings with IADFs were characterized by a steeper decrease in
vessel size, reaching a minimum at 50-60% ring width.
Vessel size then increased again with higher measured values
than in rings without fluctuations in the LW region. The
variability between rings was lower in rings without fluctua-
tions, which were also characterized by a higher correlation
coefficient (#* = 0.488) when compared with the rings
showing fluctuations (* = 0.399). At the ME site, rings
with IADFs were characterized by a progressive decrease in
vessel size starting from EW, which was similar to that in
rings without IADFs up to the 80% ring width. Afterwards,
a sudden increase in vessel size was detectable. No steeper
decrease in vessel size was found as compared with IADFs at
the XE site, but a sudden increase in vessel lumen area was
detectable. The variability between rings was lower in rings
without IADFs, which were also characterized by a higher
correlation coefficient (# = 0.503) when compared with
rings showing fluctuations (# = 0.384).

Carbon isotopes

The §'°C stable isotope annual chronologies are displayed
in Fig. 5. The black line represents the average and SD of
the shrubs growing at the XE site. The grey line is the
average + SD of the plants sampled at the ME site. §'°C
was consistently higher at the XE site, with a peak in 2002
and a significant difference (2 < 0.01) between the two trends.
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The carbon stable-isotope composition varied signifi-
cantly during the season and a considerable annual fluctuation
was observed in several tree rings from both site samples. In
Fig. 6, the isotopic patterns are given for those years when
most of the individuals presented IADFs and where the
rings were sliced into EW, LW and IADF. At the XE site
(Fig. 6a), the 8'3C values increased slightly at the beginning
of the tree ring (EW), reached the highest value inside the
IADFs and declined sharply in the last part of the ring
(LW). 8"°C values were significantly different (P < 0.01)
between the EW, LW and IADF in each section of the
ring. Moreover, there was a difference between years, in
particular for the IADFs, reaching the highest value of
—21.33%o during 2006.
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At the ME site (Fig. 6b), the rings presented a contrasting
seasonal trend of intra-annual 8'°C variations. The 8'>C
values of EW and LW were comparable within the XE
trees, but in all analysed rings the IADFs had a decrease in
§"°C.

The correlations between the seasonal patterns of 513C
values of the IADFs were consistently different at the two
sites (Table 1). At the XE site, the 8'>C of the IADFs corre-
lated negatively with the April and May precipitation
(r = —0.44, P < 0.05), while the EW values correlated posi-
tively with March and April temperatures (r=0.59,
P < 0.001) and negatively with precipitation (r = —0.48,
P < 0.01). The LW data presented significant correlations
with October temperatures (7 = 0.70, P < 0.001) and June,
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Fig. 6 Values of cellulose 8"3C + SD [%o]
from different intra-annual sections:
earlywood (EW), intra-annual density
fluctuations (IADFs) and latewood (LW) at
the XE site (a) and the ME site (b). In some
years, the shrubs produced no IADFs. In such
cases we selected different rings for the two
sites.

%H

July and August precipitation (r = —0.74, P < 0.001). At
the ME site, precipitation influenced the 8'°C of IADFs
significantly and positively (August and September,
7= 0.86, P < 0.001). The correlations were negative for the
EW values (March, April and May, = —0.78, P < 0.01)
and the LW values (August, September and October,

r=-0.98, P < 0.001), while temperature never had a sig-
nificant influence on the isotopic signal.

Fig. 7 shows the temporal changes in 8'°C over 4 yr
according to the laser ablation—combustion line. With this
method, the spatial and temporal resolution are high and a
quasi-continuous pattern of the carbon isotope signal is

Fig. 7 Example of an isotopic measurement
at the XE site (a) and the ME site (b). The
numbers are given in per mill units (%.). The
trend shows the typical seasonal tree-ring
3"3C pattern in each ring (see text for
details). The green vertical lines indicate each
tree-ring border. The intra-annual density
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obtained. The figures refer to data from two samples, one
from the XE site (Fig. 7a) and the other from the ME site
(Fig. 7b). In all rings from both sites, the carbon isotope
pattern can be divided into three sections (Helle &
Schleser, 2004). The IADFs could be easily identified, even
though they occurred at different locations in the rings and
had different isotopic signals at the two sites. In the first sec-
tion of each ring (‘1" in the figure), that is, at the beginning
of the growing season, the 8"3C values increased and
reached an elevated value in the EW (‘2’). In the latewood
(3, 813C always reached a minimum value. The TADFs
showed a maximum 8'>C value in the XE samples (Fig. 7a)
and a minimum value at the ME site (Fig. 7b), confirming
the results of the three slices analysed with the bulk isotope
analysis described earlier. The §'°C minima and maxima of
consecutive years were very different, indicating intra-
annual variability.

Soil samples

The mean value of the WHC and the mean value of the rel-
ative humidity in the top 10 cm of the ME soil were much
higher (80.6 + 18.9 and 3 + 1%, respectively) than the cor-
responding values from the XE site (47.4 + 14.2 and
17.1 + 0.9%). Those findings strengthened the occurrence
of different water availability in the two sites. The soils at
both sites were characterized as Eutric Cambisol (brown
soil), coming from acid granite parent material (Frisch
et al., 2008) with a slightly acidic pH (6.2 = 0.5).

Discussion

Arbutus unedo plants at the ME site had lower mean ring
widths than those growing at the XE site. This phenome-
non can be misleading considering that environmental con-
ditions at the XE site were less favourable than those at the
ME site, where the soil had a higher WHC. However, the
size of the trees at both sites was comparable. Consequently,
the reasons for the difference in tree-ring growth must arise
from other factors, for example, tree age or a disturbance.
At the XE site, all trees were younger than those located at
the ME site and most of them showed signs of fires. Indeed,
fires occurring at the XE site would have reduced competi-
tion between trees, created open spaces and released nutrients
for the surviving plants. Moreover, since A. unedo is a
resprouter species (Mesléard & Lepart, 1989; Bond &
Midgley, 2001), the above-ground system that developed
after the fires may have been grown faster using reserves
from the old root system.

Mean sensitivity, which is a measure of the relative differ-
ence in ring width between two consecutive rings, increases
with greater water stress (Fritts ez al., 1965). The mean sensi-
tivity of trees at the XE site was higher than those of the
mesic trees, even if the difference is not significant. This
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finding is in agreement with trends found by other authors
in Cedrus atlantica, Pinus sylvestris, Abies alba and Picea abies
(Till, 1987; Rigling ez al., 2002; Battipaglia ez al., 2009).

At the XE site, the negative correlation between ring
width and April and May temperatures indicated that cam-
bial activity was limited by high temperatures that worsen
water deficit, since high temperatures are responsible for the
increase of evapotranspiration and soil water losses (Rozas,
2005). The positive relation with the March and September
temperatures reflects the importance of mild temperatures
in those months, which are likely associated with higher
water availability for plants. The lack of a relationship
between precipitation and ring width at the XE site might
indicate that, in such an environment, rainfall is never
enough to compensate for soil water losses and to foster cell
development (Antonova & Stasova, 1997; Deslauriers &
Morin, 2005). At the ME site, both March temperatures
and summer precipitation had a positive effect on tree-ring
growth. Previous studies have demonstrated that the activity
of cambial cells is highly responsive to temperature
(Deslauriers & Morin, 2005; Zweifel et al., 2006; Gricar
et al., 2007), especially when it increases during spring time
(Keyser et al., 2000).

The analysis of IADFs in A. unedo tree rings improved
the resolution of climatic signals within the growing season.
In fact, IADFs are generally produced in response to
physiological, genetic control and to climate factors
(Larson, 1960; Wimmer, 2002).

In our study, the higher stabilized IADF frequency in
younger vs older trees at both sites might indicate that trees
in the juvenile phase are more sensitive to environmental
conditions and more prone to form IADFs than older
plants. This is supported by other studies in which various
species were analysed and more than one flush was observed
(Rigling ez al, 2001; Copenheaver et al, 2006; Vieira
et al., 2009). Similar age-dependent responses have been
attributed to the longer growing season of young trees and
their faster response to environmental changes (Villalba &
Veblen, 1994; Rossi et al., 2008). Indeed, some anatomical
attributes (e.g. porosity, type of xylem elements) can be
considered stable, while other traits (e.g. cell size) are more
variable between juvenile and mature wood; this might
explain the different hydraulic properties and sensitivity of
the two wood types to environmental changes (De Micco
et al., 2008). Root systems can also play an important role,
since older trees have deeper roots and are thus able to reach
deeper water sources in the soil. In A. unedo trees, flushes
seemed to produce multiple phases of growth, particularly
in young individuals, and produced a large number of
IADFs during the first 5 yr. This was especially marked at
the XE site where the triggering factors (e.g. temperature
and precipitation) were especially severe and limiting.

The position of IADFs in different species has been
related to changes in climatic conditions, especially different
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degrees of drought, at different times of the growing season
(Kuo & McGinnes, 1973; Campelo ez al., 2007). Our data
could potentially be used to accurately pinpoint the timing
of growth in relation to climatic and site changes. A. unedo
trees growing at the XE site presented IADFs mainly at the
beginning or in the middle of rings, which were related to
lower annual total precipitation. The relationship between
water deficit and occurrence of IADFs across EW has been
observed in various coniferous species of the Mediterranean
area (Campelo ez al., 2007; De Micco ez al., 2007). It is
thought that decreasing precipitation is responsible for the
formation of cells with increased wall thickness and reduced
tracheid diameter. These cells become larger again and
develop thinner walls under wetter climatic conditions
(Fritts, 1976). This was also the case with the A. unedo trees
growing at the XE site. From a functional point of view, the
narrower vessels in TADFs that are formed during drought
periods make the specific portion of wood less efficient in
water conduction but safer since they reduce the risk of
embolism (Tyree & Sperry, 1989; Sperry et al., 2006). In
these conditions, a slow water flow resulting from narrower
vessels would accompany water transport resulting from
vasicentric tracheids, since the contribution of different ana-
tomical traits is additive (Carlquist, 1989).

In the A. unedo growing at the XE site, temperature did
not appear to be as important as precipitation for the freg-
uency of IADF formation, as only a correlation with March
and April temperatures was observed. In 2002 and 2003,
when the summer was extremely warm (Luterbacher ez al,
2004), we did not find any IADFs and the ring width was
extremely narrow. Our hypothesis is that the water was so
limited and the heat wave so strong that the plants reduced
their cambial activity and the formation of new structures
merely in order to survive. Under these conditions, growth
never flushed again and no IADFs were formed. Cherubini
et al. (2003) reported that, during dry years, A. unedo
strongly reduces its hydraulic conductivity and photo-
synthetic activity. During summer the cambial activity may
be strongly reduced or stop completely, especially in the
plants with a shallow root system that does not allow them
to endure the drought stress. Here, the XE site was also
characterized by a relatively low WHC, which reaches a
saturation point much sooner than soils with a higher
WHC. Once a soil becomes saturated with water, all of the
excess water and some of the nutrients that are in the soil
solution are leached downward in the soil profile (Marano,
1989; Nannipieri, 1993). Consequently, nutrients are less
available during periods of critical water stress, especially
for young trees with a shallow root system (Baddeley &
Watson, 2005).

At the ME site, IADFs were mainly located in the last
part of the rings (late-IADFs) and were positively correlated
with the precipitation from June to September period. The
frequency of IADFs increased when precipitation amounts
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were higher, which suggests that the formation of fluctua-
tions in the ME site could be triggered by principles different
from those acting during dry conditions. In mesic conditions,
the high formation of late-IADFs would be induced by rain
events. When, in late summer, precipitation is higher than
usual, the cambium dormancy resulting from water stress
can be interrupted and new cells produced (Masiokas &
Villalba, 2004). Anatomical investigations showed that late-
IADFs in A. unedo were characterized by a clear increase in
vessel size, which may confirm the sudden occurrence of
precipitation events, because vessel diameter generally
enlarges when water availability increases (Carlquist, 1966).
In Mediterranean plants, vessel size is directly linked to
theoretical hydraulic conductance per leaf area unit, which
consequently increases under mesic conditions (Villar-
Salvador ez al., 1997).

The double mechanism that triggers the formation of
IADFs at the two sites was supported by QWA, which
allowed vessel size to be measured and compared at the two
sites. It was also confirmed by the observation of isotopic
signals with the two methods. The 8'°C values obtained
through the laser-ablation system represented the isotope
ratios of natural wood, including lignin, while the §'°C
measured with the IRMS system was related to the extracted
cellulose. Previous studies have shown an offset between the
8'°C of natural wood and cellulose that is constant and inde-
pendent of season (Livingston & Spittlehouse, 1996; Borella
et al., 1998; Leuenberger ez al., 1998; Loader et al., 2003;
Eglin et al., 2008). Schulze e al’s (2004) comparison
between the conventional method (elemental analysis and
IRMS) and laser ablation indicated that the LA-C-GC_
IRMS measurements are highly accurate. This high-resolu-
tion method allowed us to obtain intra-annual information
on the content of 8'°C, which is essential to understand the
ecophysiological intra-annual processes (transpiration and
photosynthesis) and the effect of water availability and
water-use efficiency on A. wnedo at the two sites. The
'3C : 2C ratio can be directly related to carbon isotope dis-
crimination, which provides an integrated record of the ratio
of the intercellular to the atmospheric concentration of CO,
(¢ : ¢) during the period in which the carbon was fixed. This
ratio reflects the balance between assimilation rate and sto-
matal conductance (intrinsic water use efficiency, WUE)),
and thus is an indicator of the internal regulation of carbon
uptake and water losses (Osmond et al., 1980; Pefiuelas &
Azcon-Bieto, 1992; Duquesnay et al., 1998; Arneth ez al.,
2002; Saurer et al., 2004).

In A. unedo, the annual 8'°C trend was always higher for
trees growing at the XE site than for those at the ME site.
This suggests that WUE; is improved, under xeric condi-
tions, probably because it is associated with lower stomatal
conductance. The effect was particularly strong during
some years, such as 2002 and 2003, and previous findings
have also shown a robust increase in WUE; as an adaptation
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to maintain a positive carbon balance during drought
(Cowan & Farquhar, 1977; Raven, 2002; Galmes ef al.,
2007). Under dry conditions, high WUE; in A. wunedo
would also be consistent with the occurrence of narrow
vessels in IADFs, which, together with vasicentric tracheids,
allow a slow but continuous water transport without deacti-
vating the conduits as a result of embolism. In contrast,
there was only a slight increase or even no change in WUE;
at the ME site, as the 8'°C values measured during dry
years indicate. This suggests that the response of stomatal
is elastic. The lack of

significant effects of drought treatment on WUE; in some

conductance to soil water content

Mediterranean species has been ascribed either to a propor-
tional change in A, (maximum carbon assimilation rate)
and g (stomatal conductance) or to a parallel increase in
stomatal and nonstomatal limitations (Ripullone ez al,
2009). The seasonal change in 3'3C in different compart-
ments of the wood provides additional information about
wood development and the environmental, climatic influ-
ences on it and interaction with carbohydrate storage
(Gleixner ez al., 1993; Gessler ez al., 2009). Heavy 3¢
values in EW reflect mobilization of reserves at the begin-
ning of the vegetation period (Helle & Schleser, 2004;
Vaganov et al., 2009), while the isotopic value of LW is
strongly influenced by climatic signals (Jiggi er al., 2002).
De Micco eral. (2007), in their study on P. pinaster,
showed that the IADF 8'°C was consistently heavier than
LW §'°C, indicating an appreciable closure of stomata to
save water. A similar trend was found in A. unedo trees
growing at the XE site, which also indicates that stomata
were closed, as does the position of IADFs. Negative corre-
lations between precipitation and 8'°C of IADFs confirmed
that, when precipitation decreases, the stomata respond to
the resulting water limitation by reducing conductance.
Consequently, the discrimination against '>C decreases and
8'°C increase. The lack of a significant correlation between
8'C of TADFs and temperature is consistent with earlier
findings (Saurer er al, 1995, 1997; Cullen & Grierson,
2007; Battipaglia et al, 2009), where water conditions
appeared to explain the carbon isotope variation in many
species better than temperature, at least at dry sites.

At the ME site, the seasonal 8'°C presented, surprisingly,
8'°C in TIADFs that was lighter than that in EW and,
during some years, even lighter than in LW. The positive
correlation between 3'°C in IADFs and precipitation con-
firmed that the formation of IADFs at this site was linked
with the regrowth of the rings in the last part of the growing
season after rain events. A. unedo responses to drought seem
to be strongly mediated by the depth of the root system in
comparison with other species and to depend on how long
water remains in the upper soil layers (Mereu ez al., 2009).
The high correlations between §'°C in EW and LW and
precipitation during the whole growing season confirm
the importance of the presence of water and the capacity
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of A. unedo to react to sudden favourable environmental
conditions.

The different position and characteristics of IADFs in the
rings support the hypothesis that this Mediterranean species
is very plastic in coping with seasonal water deficits under
different site conditions as it has efficient mechanisms of
stomatal closure (Aussenac & Valette, 1982; Acherar et al,
1991).

In conclusion, the overall analysis indicated that A. unedo
wood has a high plasticity, which should make this species
capable of withstanding the water stress conditions typically
associated with Mediterranean-type ecosystems, and also
able to cope with future changes in rainfall patterns (IPCC,
2007).

We obtained detailed information on the impact of cli-
matic conditions on wood growth at the seasonal level by
combining classical dendrochronology with isotopic analysis
and QWA. Identifying trends in the variation in vessel size
and 8"°C has been helpful in pinpointing TADFs and tree-
ring boundaries. In particular, the LA-C-GC_IRMS tech-
nique proved to be very useful for dating the samples, since
the isotopic pattern presented a clear synchronization with
the ring borders and allowed false rings to be distinguished
from true EW-LW formation. This multdisciplinary
approach is valuable to achieve representation with small
sample size, thus overcoming the limitations found in the
Mediterranean environments where it is difficult to find
good representative samples. It should be applied in the anal-
ysis of other species, to determine whether they are affected
in a similar way by drought at the intra-annual level.
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