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ABSTRACT

Erica arborea (L) is a widespread Mediterranean species, able
to cope with water stress and colonize semiarid environments.
The eco-physiological plasticity of this species was evaluated
by studying plants growing at two sites with different soil
moistures on the island of Elba (Italy), through dendro-
chronological, wood-anatomical analyses and stable isotopes
measurements. Intra-annual density fluctuations (IADFs)
were abundant in tree rings, and were identified as the key
parameter to understand site-specific plant responses to water
stress. Our findings showed that the formation of IADFs is
mainly related to the high temperature, precipitation patterns
and probably to soil water availability, which differs at the
selected study sites. The recorded increase in the 13C-derived
intrinsic water use efficiency at the IADFs level was linked to
reduced water loss rather than to increasing C assimilation.
The variation in vessel size and the different absolute values of
δ18O among trees growing at the two study sites underlined
possible differences in stomatal control of water loss and pos-
sible differences in sources of water uptake. This approach not
only helped monitor seasonal environmental differences
through tree-ring width, but also added valuable information
on E. arborea responses to drought and their ecological impli-
cations for Mediterranean vegetation dynamics.
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ecosystems; water stress; wood anatomy.

INTRODUCTION

The Mediterranean region has been identified as a climate-
change hotspot (Hulme et al. 1999) with a major risk of tem-
perature increase and precipitation decrease in the near
future (Giorgi & Lionello 2008). The severe water shortage
during the growing season, in combination with high tem-
peratures and strong irradiance, may limit carbon assimila-
tion because of stomatal limitation on photosynthesis
(Moreno-Gutiérrez et al. 2012), and to photoinhibition of the

photosynthetic apparatus (Werner, Correia & Beyschlag
1999; Larcher 2000; De Micco et al. 2011). When photo-
inhibition occurs, the absorbed light energy is not con-
verted into biomass, and the whole plant carbon gain is
altered. Additionally, low temperatures in winter may inhibit
photosynthesis, leading to slow vegetative growth and
photooxidative damage (Huner, Öquist & Sarhan 1998;
Larcher 2000; De Micco et al. 2011). The two time-separated
climatic stresses, namely summer drought and winter cold,
are known as the characteristic Mediterranean ‘double stress’
(Terradas & Save 1992; Cherubini et al. 2003), which shapes
growth forms and triggers the formation of false or double
rings (intra-annual density fluctuations, IADFs). IADFs have
been related to various eco-physiological processes influenc-
ing growth in the Mediterranean (Campelo et al. 2007; De
Micco et al. 2007; Vieira, Campelo & Nabais 2009). Recently,
Battipaglia et al. (2010) demonstrated that IADF characteri-
zation can provide information about the relationship
between environmental factors and tree growth at the sea-
sonal level. In Arbutus unedo, the authors showed a double
mechanism that leads to the formation of IADFs in relation
to water availability: at a xeric site (XE), IADFs are induced
by water deficit, while at a mesic site (ME), IADFs are linked
with the re-growth in the last part of the growing season,
primed by favourable wet conditions. The same authors pro-
posed to apply a novel approach for the identification of
IADFs and other wood features, based on the collection of
vessel size data in continuum, within the ring, in standardized
transects on digital images (De Micco et al. 2012). This
method, tested on A. unedo, seems to allow better characteri-
zation of tree-ring formation, using the IADFs as intra-
seasonal proxies to infer climate constraints on growth.

In this context, it is essential to extend the analyses to other
species and along an aridity gradient to understand the plant
functional mechanisms developed for coping with Mediter-
ranean drought. This would also help evaluate possible
changes in plant dominance in maquis ecosystems in the near
future, as a response to the predicted climate change.

In this paper, we apply a multidisciplinary approach,
based on the combination of dendrochronological, wood-
anatomical and stable isotope analyses along tree rings to
ascertain the effect, in the recent past, of environmental and
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climatic factors on plant growth physiological processes in
Erica arborea L. at two sites with different aridity levels.
E. arborea is a typical species of the dense Mediterranean
maquis, able to re-sprout after disturbance events, but usually
not appearing until mid-successional stages (Santana et al.
2011). Moreover, its growth dynamics seem to be largely
dependent on water availability (Ramírez et al. 2012). Thus,
this species can be considered a good model for studying the
mechanisms in response to water limitations in Mediterra-
nean environments and for forecasting the future impact of
expected drought events.

The specific aims of this study were: (1) to determine how
IADFs in E. arborea are influenced by climatic factors at the
seasonal scale; (2) to establish whether the morphology of
IADFs depends on environmental conditions during which
they are formed; (3) to compare the variation in IADF size
and frequency to δ18O as a measure of transpiration and soil
water use and to 13C as a measure of intrinsic water use
efficiency (WUEi); and (4) to use IADFs as a tool to gain
insights into Mediterranean plant adaptation to drought.

MATERIALS AND METHODS

Study area

The two sampling sites were located on Elba, an island in the
Tyrrhenian Sea (Central Italy).The climate is Mediterranean,
with a mean annual temperature of 16.4°C and mean annual
precipitation of 375 mm: 8% during summer, 40% in autumn,
34% in winter and 18% in spring (1950–2007, Porto-
ferraio meteorological station, 42°49′ N, 10°20′ E; Monte
Perone meteorological station, 42°46′ N, 10°12′ E; Pianosa
Island meteorological station, 42°49′ N, 10°20′).The two sites,
dominated by maquis, differed in soil moisture, soil depth and
vegetation. Mean water-holding capacity (WHC) and rela-
tive humidity (RH) in the top 10 cm of the first site, identified
as a ME, were higher (80.6 ± 18.9% and 17.1 ± 0.9%, respec-
tively) than the corresponding values from the second site,
identified as a XE (47.4 ± 14.2% and 3.1 ± 1.0%, respec-
tively). The ME site, located in the Nivera Valley at 460 m
a.s.l. (42°46′N, 10°11′E), also had mesic species (e.g. Ostrya
carpinifolia Scop., Osmunda regalis L.). The XE site, located
on Monte Perone at 420 m a.s.l. (42°46′N, 10°12′ E), was more
open and scattered, characterized by a higher frequency of
more xeric species and shrub forms [e.g. Cistus incanus L.,
Cistus salvifolius L and Inula viscosa (L.) Ait.]. Details on site
characteristics are given in Battipaglia et al. (2010).

Tree-ring sampling and microscopy

At both sites, 10 small stems of E. arborea L. (2–3 m high,
4–8 cm in diameter) were selected and stem disks sampled.
Although standard dendrochronological techniques typically
involve sampling 12–20 trees per site to capture the site signal
and to produce a climate reconstruction, our study sites were
in the National Park of the Tuscan Archipelago and we were
allowed by the authorities to sample only the minimum
number of specimens to obtain reliable chronologies useful

for our purposes. Signal strength of the chronologies was
assessed using the ‘expressed population signal’ (EPS; Wigley,
Briffa & Jones 1984) which indicates to what extent the chro-
nology based on a limited number of trees is representative of
the ‘hypothetical’ true chronology. For both chronologies, the
EPS was above the critical value of 0.85 proposed by Wigley
et al. (1984), indicating a strong common signal, although the
variability between individuals within the same site was high
(average intra-site correlation r = 0.42, P < 0.05). IADFs were
identified on each sample. The rings with the typical gradual
transition between earlywood and latewood were defined as
normal rings. IADFs were identified when the gradual transi-
tion was interrupted by an abrupt change in density (de Luis
et al. 2011).Subsamples containing the whole ring-chronology
were dissected from each disk and cross sectioned with a
sliding microtome. Sections 15 μm thick were stained with
Safranin and Astra Blue, dehydrated through an ethanol
series, immersed with xylol and mounted on slides with
Canadian Balsam (Schweingruber 1988). The sections were
studied under a light microscope (Olympus BH-2, Hamburg,
Germany), equipped with a photomicroadapter (Olympus
OM-Mount) and a camera (Olympus OM101).The micropho-
tographs were digitized and compared with ring-width chro-
nologies dated on stem disks in order to identify the IADFs.
The occurrence and position of IADFs within the annual rings
were recorded and the IADFs were classified according to
their location (Battipaglia et al. 2010) as follows: type I,
located at the beginning of the annual ring (Early-IADF);
type II, in the middle of the ring (Middle-IADF); type III, at
the end of the ring (Late-IADF).The frequency per year (F) of
each type of IADF at each site was calculated as the ratio
F = N/n, where N is the number of tree rings with IADFs, and
n is the total number of tree rings analysed. Changing the
number of tree rings (n) over time may generate a bias in
the variance of the frequency series. To address this problem,
the adjustment proposed by (Osborn, Briffa & Jones 1997)
was used to stabilize the variance. Thus we calculated stabi-
lized frequency (f) according to f = Fn0.5, where f is the stabi-
lized IADF frequency.

After IADF identification, earlywood, latewood and total
ring widths (respectively EW, LW and TRW) were measured
under a stereo microscope with an accuracy of 0.01 mm using
the TSAP-Win programme and LINTAB5 TM measuring
device (Rinntech, Heidelberg, Germany, http://www.rinntech
.com). Series were de-trended to remove long-term growth
trends embedded in the raw tree-ring series, which were
thought to be induced by non-climatic influences, such as
ageing and competition between trees (Fritts 1976).Tree-ring
indices were calculated using 10 year spines and removing
the autocorrelation from the residuals before using biweight
means (Cook & Kairiukstis 1990). The new dataset was used
for all the statistical analyses.

Tree ring anatomy

According to the procedure developed by (De Micco et al., in
press) for the correct interpretation of the IADFs in diffuse-
porous wood species, such as E. arborea, a screening of
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anatomical variability along the ring width was carried out by
measuring vessel size in continuum along the ring. Following
a similar procedure to that reported in Battipaglia et al.
(2010), the micro-sections were analysed under a transmitted
light microscope (BX60, Olympus, Hamburg, Germany) in
order to select 10 tree rings with IADFs and 10 without
IADFs per site. In each tree ring, three transects (replicates)
were selected, each of length corresponding to the whole ring
width and 300–400 μm wide. Digital images of each transect
were collected with a digital camera (CAMEDIA C4040,
Olympus) and analysed with AnalySIS 3.2 (Olympus) in
order to measure anatomical parameters in continuum from
the beginning of EW to the end of LW.

The in continuum data were displayed in dispersion
graphs, where each point has two coordinates: the
y-coordinate represents vessel size, while the x-coordinate
corresponds to the progressive number of the vessel (i.e.
the progressive number of vessels detected while scanning
the transect from EW to LW) standardized according to the
total number of vessels measured (standardized progressive
number). The standardization mentioned earlier was carried
out by dividing the progressive vessel number by expressing
the progressive vessel number as percentage of the total
number of vessels along the transect. In other words, the total
number of vessels in each transect was always considered
equal to 100. In a diffuse-porous wood, the X coordinate can
be considered as a parameter indicating the distance from the
beginning of the ring, expressed as a percentage of ring
width. Data were interpolated as simple moving sverage
(SMA – 40 data points period) curves. Per each site, two
SMA curves were superimposed (Fig. 1), one corresponding
to the rings without IADFs, the other to rings with IADFs.
The limits between different sectors of the ring were estab-
lished as follows: (1) the beginning of IADF was assumed as
the X-value (Xbeg) corresponding to the distance between the
beginning of the tree ring (EW) and the first crossing
between the two curves.The end of IADF was assumed as the
X-value (Xend) corresponding to the distance between the
beginning of the tree ring and the last crossing between the
two curves.This allowed us to delimit IADFs and the width of
EW, IADF and LW for both sites (Fig. 1). In the rings without
IADFs (grey line, Fig. 1), we defined as P-IADF the region
where the IADFs could potentially occur. The exact identifi-
cation of position and size of each tree-ring sector (EW,
IADF or P-IADF and LW) was used to collect subsamples of
wood within rings for oxygen isotopic analyses.

Carbon and oxygen isotopes

On the same rings used for the anatomical measurements,
δ13C-values were determined in continuum on a laser ablation-
combustion line (LA-C-GC-IRMS, Nd-YAG 266 nm ultra-
violet laser; Merchantek–New Wave, Fremont, CA, USA),
coupled on-line to an isotope-ratio-mass-spectrometer
(Thermo-Finnigan Delta+ XL, Thermo-Fisher Scientific,
Bremen, Germany) using a home-made combustion/open-
split interface, as described by Schulze et al. (2004). This
approach allows clear identification of the variation of tree-

ring carbon isotope properties along ring widths (Battipaglia
et al. 2010; De Micco et al. 2012). The rings showing IADFs
were compared with those without IADFs.

Monthly atmospheric 13C data for CO2 from flask analysis
(collected at various European sites i.e. Tenerife, Spain;
Lampedusa, Italy; Hohenpeissenberg, Germany; and Gozo,
Malta) by the National Oceanic and Atmospheric Adminis-
tration (Tans & Conway 2005; White & Vaughn 2009) were
used to correct seasonal changes in the atmospheric δ13C
(Klein et al. 2005). The corrected series of δ13C were then
employed for WUEi evaluation and in all statistical analyses.

For the analysis of oxygen isotopes, the tree rings were split
into three corresponding sections from pith to bark based on
the results of Fig. 1: (1) EW; (2) IADFs or P-IADF; and (3)
LW. A 5–6 mg sample from each section was ground with a
centrifugal mill (Retsch, Haan, Germany); an aliquot of a few
milligrams was packed in porous bags and used for cellulose
extraction (Battipaglia et al. 2008). δ18O was measured using
a continuous-flow pyrolysis system, with an elemental ana-
lyser (Carlo Erba 1108, Carlo Erba, Milan, Italy) linked to an
isotope ratio mass spectrometer (MS, Delta Plus XP,
ThermoFinnigan; Saurer et al., 1998).

Isotopic compositions are reported as delta values in‰
‘units’ relative to an internationally accepted reference:
Vienna PeeDee belemnite (VPDB) for carbon isotope values
and Vienna Standard Mean Ocean Water (VSMOW) for
oxygen isotope values.
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Figure 1. Variation in vessel size along ring width shown by
plotting the set of the vessel-lumen-area standardized data of a
replicate of rings with intra-annual density fluctuations (IADFs;
black line) and without IADFs (grey line) for the XE (xeric site a)
and ME (mesic site b) sites. A simple moving average is shown.
Arrows point to the beginning and end of IADFs.
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Estimating WUEi

δ13C in tree rings was used to calculate the intrinsic WUEi,
which is defined as the ratio between net photosynthesis (A)
and stomatal conductance to water vapour (gH2O; Ehleringer,
Hall & Farquhar 1993) [Correction added on 19 August 2013
after first online publication: Equations 1 to 4 have been
amended to show the correct format and text. Arrows that
appeared on the earlier version have now been removed.]

WUE
H O

c c
i

a i= = −( )A
g 2 1 6.

(1)

with ca and ci being the CO2 concentrations in the air and in
intercellular spaces, respectively, and 1.6 being the ratio of
diffusivity of water and CO2 in air, respectively.

For C3 plants, ci can be estimated from δ13C in plant
organic matter (δ13Csample), which is related to δ13C of atmos-
pheric CO2 (δ13Ca) and the ratio of ci/ca (Farquhar,
Ehleringer & Hubick 1989):
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c
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i

a
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where a is the fractionation for 13CO2 resulting from diffusion
through air (4.4‰) and b is the fractionation during
carboxylation (27‰). Thus, ci can be derived as follows:
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a sample=
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−
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δ13Ca and ca for each year were estimated according to flask
analysis data.

Finally, replacing ca and δ13Ca in Eqn. 3 allows us to esti-
mate ci, and Eqn. 1 may be solved as:

WUE
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δ δ (4)

STATISTICAL ANALYSES

Statistical analyses were carried out with analysis of variance,
using Systat (Systat Software Inc., San Jose, CA, USA). To
determine the association between climate, tree-ring chro-
nologies and IADF frequency, we used Pearson’s correlation
coefficients and compared the plants of the two sites over the
same overlapping period. Significant levels were calculated
according to the Student’s t-test. Correlation analyses of rings
with IADFs were run using the climate data of precipitation
and temperature for the years where the IADFs occurred.
For the precipitation we considered the period from March
of the previous year (t − 1) to December of the year of
growth (t), while for temperature, we considered the period
from January to December of the year of growth (t). For each
parameter (IADF, TRW, EW, LW, WUEi and δ18O) we calcu-
lated the correlations with temperature and precipitation
data using single months (i.e. from January to December of
the current year), the mean of two months (i.e. January and
February; February and March and so on) and the mean of
three months (January, February, March; February, March,
April and so on). All correlation coefficients, for the param-
eters where we had statistically significant correlations, are
displayed in Supporting Information Fig. S1, while a synopsis
with the highest correlation coefficients is shown in Table 2.

RESULTS

Growth parameters and IADFs

In order to identify the different sectors of EW, IADF and
LW in the tree rings, we display in Fig. 1 the in continuum
measurements of vessel lumen area in both rings with and
without IADFs, at both sites. The graphs show a tendency to
form larger vessels in rings developed at the XE than the ME
site, where the maximum vessel lumen area in EW is higher
than 1400 μm2 at the XE site, while it is close to 1200 μm2 at
the ME site.Vessel lumen variability in tree rings with IADFs
was larger at the XE than the ME site. The decrease in vessel
lumen area along the IADFs region was steeper and reached
lower minimum values at the dry than the wet site. Conse-
quently, the duration and frequency of the fluctuation
appeared to be higher at the XE site: the area between the
two curves (grey and black lines, Fig. 1) at IADF level was
higher at the XE than the ME site.

As the trees at the XE site were younger than at the ME
site, the tree-ring width (TRW) series of E. arborea covered a
period of 15 years (1992–2006) at the XE site and 40 years
(1967–2006) at the ME site (Fig. 2).Although the chronology
at the XE site was short, there was a particularly strong
pointer year (2000), while for the ME site a significant
decrease (P < 0.05) in comparison with the mean chronology
was observed in the period 1997–2002. Mean TRW during the
common period was nearly twice as large at the XE stands
compared with trees from the ME site (185 ± 13 mm−2 versus
98 ± 6 mm−2, respectively; P = 0.007; Fig. 1).

Figure 2. Average ring width chronology with standard deviation
(SD) for the mesic site (ME; blue line) and for the xeric site (XE;
red line) using either raw data (a) or after detrending (b).
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Overall, most of the rings presented IADFs, especially at
the XE site where 81% of the total rings had IADFs in the
period 1992–2006. At the ME site, 70% of the total rings
showed IADFs during the longer period 1967–2006 (75%
of total rings for the period 1992–2006 had IADFs). At
the ME site, trees showed a higher number of IADFs
(P < 0.001) in growth rings formed in the last 5 years (1–5
years) compared with older growth rings, while no statistical
differences were found in the age class of IADFs at the
XE site.

At both sites, IADF width was similar to EW width and
wider than that of LW (Table 1). During the common period
(1992–2006), the positions of the IADFs along the tree rings
proved similar at the two sites: early- and middle-IADFs
were the most frequent at both XE (68%) and ME (98%)
sites (Table 1). Rings with late IADFs occurred in the years
1984, 1990, 1992, 1999, 2001 and 2005 when high mean
autumn precipitation was observed (154 ± 61 mm).

Several significant relationships between tree-ring growth
and temperature and precipitation were identified. At both
sites, TRW was negatively correlated with the July, August
(JA)t temperatures (r = −0.42 for ME and r = −0.49 for XE,
P < 0.01) while for the ME site it was positively influenced by
the April, May, June (AMJ)t-1 precipitation of the previous
year (r = 0.67, P < 0.001) and by the September precipitation
of the previous year (r = 0.35, P < 0.05). For the XE site we
found correlations with April and May (AM)t precipitation
of the current growing season (r = 0.58, P < 0.01).

At both sites the EW width correlated positively with the
April (A)t temperature of the current year (r = 0.45 for XE,
r = 37 for ME, P < 0.05), while the LW width was negatively
correlated with the August temperature (Au)t (r = −0.60 for
ME and r = −0.55 for XE, P < 0.05). The IADF frequency at
the ME site was positively correlated with the spring-early
summer precipitations of the previous year (Table 2), in par-
ticular with May, June, July (MJJ)t − 1 precipitation (r = 0.71,
P < 0.001). A lower, but statistically significant correlation
was found also with the previous year’s autumn precipitation
of September and October (r = 0.50 and r = 0.56, P < 0.05
respectively). At the XE site, positive correlations were
found between IADF frequency and the spring precipitation
from April to June (r = 0.76, P < 0.01) of the current growing
season.

Stable isotope analysis and intrinsic water
use efficiency

Figure 3a shows the annual WUEi chronologies, derived from
δ13C values reported in the Supporting Information Fig. S2, of
the shrubs growing at the ME site (blue line – long chronology)
and the XE site (red line – short chronology). WUEi was con-
sistently higher at the XE than ME site, with a peak in the year
2000 and a significant correlation during the common period
1992–2006 (r = 0.932, P < 0.001) between the two chronologies.

Comparing the WUEi between rings with and without
IADFs within each different portion of the rings (Fig. 3b,c)
we observed that the WUEi values were significantly differ-
ent (P < 0.01) only in the IADF region (P < 0.05).

Table 1. Mean widths and SD of TRW, EW,
LW and IADFsME XE

TRW (1/100 mm ± SD) 98 ± 6 (1967–2006) 185 ± 13 (1992–2006)
EW (%) 30 ± 6.6 36 ± 2.6
LW (%) 11 ± 2.9 7 ± 3.0
IADFs (%) 31 ± 12 37 ± 2.2
EPS 0.91 0.89
% frequency of I-II IADF type 98 68
% frequency of III IADF type 2 32

Mean width is in mm for TRW, while it is expressed as a percentage of ring width in EW, LW
and IADFs. Mean frequencies (%) of I and II and III IADF-types at the two study sites. EW,
earlywood; IADFs, intra-annual density fluctuations; LW, latewood; ME, mesic site; SD,
standard deviation; TRW, tree ring width; XE, xeric site.

Table 2. Correlation coefficients between CFs (temperature and
precipitation), TRW, EW and LW width and IADFs are shown

Site Parameter CF Months r

ME TRW T (JA)t −0.42**
XE TRW T (JA)t −0.49**
ME TRW P (AMJ)t − 1 0.67***
ME TRW P (S)t − 1 0.35*
XE TRW P (AM)t 0.58**
ME EW T (April)t 0.37*
XE EW T (April)t 0.45*
ME LW T (August)t −0.60*
XE LW T (August)t −0.55*
ME IADFs P (MJJ)t − 1 0.71***
ME IADFs P (S)t − 1 0.50*
ME IADFs P (O)t − 1 0.56*
XE IADFs P (AMJ)t 0.76***
ME WUEi_IADFs P (AM)t − 1 −0.44*
XE WUEi_IADFs P (April)t −0.50*
ME WUEi_LW P (August)t −0.70***
XE WUEi_LW P (JA)t −0.74***
ME δ18O_IADFs P (AM)t − 1 0.56**
XE δ18O_IADFs P (MJJ)t 0.67**

Significance levels according to Student’s t-test: *, P < 0.05; **,
P < 0.01; ***, P < 0.001. AM, April, May; AMJ, April, May, June; CF,
climatic factor; JA, July,August; MJJ, May, June, July; P, precipitation;
t − 1, of the previous year; t, of the current year; T, temperature; EW,
earlywood; IADFs, intra-annual density fluctuations; LW, latewood;
ME, mesic site; SD, standard deviation; TRW, tree ring width; WUEi,
water use efficiency; XE, xeric site.
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Carbon–isotope-based WUEi values along the whole ring
are shown in Fig. 4a and b for the XE and the ME sites,
respectively. Each graph is the combination of WUEi values
of the trees showing rings with IADFs (black line, r2 = 0.829
for the XE site, r2 = 0.976 for the ME site) and the control
trees rings, without IADFs (grey line, r2 = 0.779 for XE;
r2 = 0.841 for ME) fitted with a fifth-order polynomial trend
curve.

At both sites the WUEi values of rings with IADFs
increased slightly at the beginning of the tree ring (from the
start up to almost 20% of the ring in the EW section), reach-
ing the highest value inside the IADFs, followed by a sharp
decline in the last part of the ring (LW section).

The WUEi values related to IADFs correlated negatively
with the April and May precipitation (AM)t − 1 of the previous
year for the ME site (r = −0.44, P < 0.05), and with the April
precipitation of the current year for XE (r = −0.50, P < 0.05,
Table 2). No significant correlations were found between
the values measured in EW and climate parameters for both
sites while the LW data presented significant correlations
with August (A)t precipitation for the ME site (r = −0.70,
P < 0.001, Table 2) and July and August (JA)t precipitation in
XE (r = −0.74, P < 0.001).

Oxygen isotope values (δ18O) showed a weak, but signifi-
cant correlation between sites (r = 0.607, P < 0.01, from 1992
to 2006), possibly because of a high variability among the
δ18O of individual trees.

E. arborea growing at the ME site showed consistently
lower δ18O values than those sampled at the XE site (Fig. 5a;
mean values were 31.40 ± 0.12‰ versus 33.28 ± 0.18‰,
respectively; P = 0.022), with a consistent relative enrichment
in δ18O in 2000, at both sites. Following the previously
described approach with the separation of each tree ring into
three different sectors, it was possible to observe at both
sites that the mean δ18O values did not significantly differ
between rings with and without IADFs in both EW and LW
(Fig. 5b,c), while δ18O was significantly higher at IADF than
P-IADF levels in both ME and XE sites. Moreover, the δ18O
of P-IADFs in control rings did not statistically differ from
values of the other two regions.

The δ18O of the IADFs showed significant and positive
correlations with the spring precipitation of the previous year
(AM)t − 1 for the ME site (r = 0.56, P < 0.01, Table 2) and with
the spring-summer precipitation (MJJ)t of the current year
for XE (r = 0.67, P < 0.01).

Within each site, correlations of WUEi and TRW were not
significant, while high correlations were found between
carbon–isotope-derived WUEi and δ18O at the XE site
(r = 0.86, P < 0.001) and at ME (r = 0.90, P < 0.001).

Figure 3. (a) Annual variation in 13C derived water use efficiency
(WUEi) ± standard error (SE) [‰] at the mesic site (ME; blue line
– long chronology) and at the xeric site (XE; red line – short
chronology). Variation in WUEi measured in the three sections of
rings with (black) and without (grey) intra-annual density
fluctuations (IADFs) in plant growing at the XE site (b) and in the
ME site (c). Different letters correspond to significantly different
values between sectors within each site and between sites within
each sector (P < 0.05).

Figure 4. Simple moving average (SMA) and fifth-order
polynomial trend curves with r values of the mean variation of
δ13C measured in a continuum along ring widths are reported at
the xeric site (XE; a) and at the mesic site (ME; b). Black circles
and black lines for rings with intra-annual density fluctuations
(IADFs), grey circles and grey lines for rings without IADFs.
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DISCUSSION

Effects of drought on IADF formation and its
relationship with WUEi

E. arborea trees growing at both sites on Elba were strongly
influenced by the occurrence of middle IADFs, which occu-
pied a large portion of the rings. The position of IADFs in
different species has been related to changes in climatic
conditions, especially to drought stress, occurring at differ-
ent times during the growing season (Campelo et al. 2007;
Battipaglia et al. 2010). Our results showed that the forma-
tion of IADFs is mainly related to the high temperature,
precipitation patterns and probably to soil water availabil-
ity, which differs at the study sites. At the XE site, with
lower water-holding capacity, the spring precipitation of the
current year was positively related to IADF frequency. Con-
versely, at the ME site, IADF formation seemed to be influ-
enced by the precipitation of the previous spring-autumn
period, where autumn months represent the typical period
for soil recharge in the Mediterranean area (Pumo, Viola &
Noto 2008). Temperature plays a key role in IADF initia-
tion and ending processes. Indeed, while at the beginning of
the growing season, the increase in temperature fosters the

end of winter dormancy and the initiation of cambium
activity with the formation of EW (Downes, Wimmer &
Evans 2002), high summer temperatures could induce a
sudden halt and considerable decrease in tree growth. A
reduced TRW was measured in 2000, when the spring tem-
perature (mean temperature March–May = 33 ± 2°C) rec-
orded at Elba was higher than the mean spring temperature
in the period 1967–2006 (28 ± 1.2°C), even if the season did
not experience a significant reduction in precipitation.
Exposure to a combination of high irradiance and high
temperature during the early growing season could cause
photooxidative damage to the photosynthetic apparatus
(Varone & Gratani 2007), reducing carbon uptake and
plant growth, thus altering responses to water stress (Perez-
Martin et al. 2009).

A double growth pattern has already been reported for
E. arborea (Lillis & Fontanella 1992), with growth appearing
to halt during the driest season and recovering after the first
rains. The survival of Mediterranean species after summer
water deficit can be greatly influenced by their recovery
capacity after a rain pulse (Gratani & Varone 2004; Gallé,
Haldimann & Feller 2007). Thus, the net plant carbon gain
during a period of water stress and recovery may depend as
much on the speed and degree of photosynthetic recovery as
on the degree and speed of photosynthesis decline during
water depletion (Flexas et al. 2006; Chaves, Flexas &
Pinheiro 2009). The ability of E. arborea to withstand water
stress is reflected in the increase in WUEi experienced by
the plants at both sites, during IADF formation. The
increase in WUEi is often interpreted as an adaptation to
drought-prone environments, which facilitates the mainte-
nance of a positive carbon balance under dry conditions
(Raven 2002). The increase in WUEi found in rings with
IADFs at both sites was associated with a decrease in vessel
size, which would result in an overall increase in hydraulic
resistance to water flow throughout the plant (Bacon, 2004;
Fichot et al. 2009). This finding is consistent with other
reports (Drake & Franks 2003; Santiago et al. 2004; Fichot
et al. 2009), and suggests that greater WUEi may lead to a
precise and possibly enhanced safety may be promoted
(Kocacinar & Sage 2003, 2004). Further, the lack of consist-
ent relations between WUEi, IADF occurrence and TRW
growth seems to indicate that there is no increase in tree
growth despite the observed enhancement of WUEi.
Recently, several papers have dealt with the lack of forest
growth in spite of a recorded increase in WUEi (Maseyk
et al. 2011; Penuelas, Canadell & Ogaya 2011). Battipaglia
et al. (2010) and Gea-Izquierdo et al. (2013) report a consid-
erable decrease in wood growth for the vegetation on Elba
during the last decade.

Precipitation seems to be the most important limiting
factor in controlling WUEi (Table 2). Temperature had weak
and non-significant correlations with WUEi, indicating little
influence on inter-annual variations in water use in Mediter-
ranean species. This is in accordance with several previous
studies on Pinus and Quercus species (Ferrio et al. 2003;
Ferrio & Voltas 2005; Andreu et al. 2008; Maseyk et al.
2011).

Figure 5. (a) Average δ18O ± standard error (SE) [‰] of tree
rings at the mesic site (ME; blue line – long chronology) and the
xeric site (XE; red line – short chronology). Variation in δ18O
measured in the three sections of rings with (black) and without
(grey) intra-annual density fluctuations (IADFs) in plants growing
at the XE site (a) and in the ME site (b). Different letters
correspond to significantly different values between sectors within
each site and between sites within each sector (P < 0.05).
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Ecophysiological mechanisms driving
WUEi enhancement

Several Mediterranean species have been found to increase
WUEi under drought conditions (Maseyk et al. 2011;
Moreno-Gutiérrez et al. 2012), and stomatal closure has
often been invoked as the main cause (Ogaya & Peñuelas
2003; Ferrio et al. 2007; Ripullone et al. 2009). However, pho-
tosynthetic activity (A) and stomatal conductance (gs) are
strongly coupled and adjustments in both parameters could
influence WUEi (Farquhar, O’Leary & Berry 1982).

Hence, the simultaneous analysis of tree-ring carbon and
oxygen isotopes may help discriminate whether changes
observed in the carbon isotope values originated from a modi-
fication of A or gs because the oxygen isotope composition of
the tree rings does not reflect changes in photosynthetic capac-
ity (Dawson et al. 2002; Barbour 2007). A positive correlation
between 13C-derived WUEi and δ18O for trees growing at both
sites suggests that gs plays a significant role (Scheidegger et al.
2000; Moreno-Gutiérrez et al. 2012). Further, the WUEi and
δ18O were positively correlated at the site level, indicating very
tight stomatal control of water losses, which seems to be driven
by similar circumstances at both sites. However, the observed
differences between sites in the correlation WUEi–climate
(Table 2) and the different absolute values of δ18O at site level
(Fig. 5a,b) were an unexpected result and can find different
explanations. The δ18O of tree rings is influenced by the δ18O
of source water, the evaporative enrichment at the leaf level,
biochemical fractionation during sucrose formation in the
leaves and the re-exchange of oxygen atoms with xylem water
during heterotrophic cellulose synthesis (Ehleringer, Roden &
Dawson 2000; McCarroll & Loader 2004). The evaporative
enrichment of leaf water is strongly affected by changes in gs
(Barbour 2007) and produces a strong signal that is reflected in
the δ18O values of tree rings.

Thus, on the one hand, the higher δ18O recorded in trees
growing at the XE site than at ME could be due to the fact
that at this site, where the vegetation is more open and the
soil has less water holding capacity, dryer conditions (with
low RH), and consequent higher vapour pressure deficits,
might contribute to enriched oxygen isotopic composition
at the leaf water level (Roden & Ehleringer 1999, 2000;
Barbour, Walcroft & Farquhar 2002). Further, this primary
18O enrichment could be modified by the Péclet effect
(Farquhar et al. 1993; Barbour et al. 2000) and dampened by
isotope fractionation during the synthesis of organic matter
and translocation into tree stems (Saurer, Borella &
Leuenberger 1997; Barbour 2007). Thus, an increase in δ18O
could represent a greater reduction in gs and transpiration at
the XE site (Barbour & Farquhar 2000; Scheidegger et al.
2000), which contributed to enhance WUEi. In particular, the
fact that we found higher values of growth and larger vessels,
but also higher δ18O and WUEi at the XE than at the ME site
could indicate an enhancement of conducting efficiency of
XE individuals leading to a tighter stomatal control in order
to avoid dehydration (Battipaglia et al. 2013).

On the other hand, the different correlations between δ18O
at the two sites and climate parameters, namely precipitation,

and the sharper decrease in vessel size at XE than ME, do not
exclude a possible different capacity of the plants in water
uptake at the two study sites. Indeed, conflicting results have
been reported for E. arborea.According to Gratani & Varone
(2004) E. arborea exhibits a high capacity to explore deep soil
water resources, while Ramírez et al. (2012) suggested that
E. arborea behaves more likely a shallow rooted species. The
fact that the δ18O of IADFs at the ME site was always lower
than the δ18O of the IADFs at XE could be due to the fact that
plants growing at the ME site relied more heavily on water
stored in deeper soil layers; such water tends to have lower
δ18O than water from upper soil layers because evaporative
isotopic fractionation decreases with soil depth (Dawson et al.
2002).The significant correlations between δ18O of IADFs and
the precipitation of the previous year led to hypothesize a high
ability of those plants to explore water stored in deeper soil
layers. Indeed, the fact that the youngest plants of E. arborea
presented the highest numbers of IADFs could be linked to
their developing root system (Ehleringer & Dawson 1992)
experiencing higher water competition. By contrast, the posi-
tive correlations between the δ18O of the IADFs and the
spring precipitation of the current year, recorded in the trees
growing at the XE site, with less WHC than the soil at the ME
site, could indicate that those plants were forced to rely on
superficial and current water reserves. Further, the tendency
of vessel size to vary between sites and among different tree-
ring sectors supports this hypothesis. The narrower vessels
formed in tree rings at the ME site even in EW would help this
species to absorb water slowly, but continuously from deeper
soil layers. The occurrence of larger vessels in EW of plants
growing at the XE than ME site would allow rapid water
transport when water is available after rainfall events while
the very narrow vessels formed at the IADF level guarantee a
slow water movement when very low water potential would
induce embolism in larger vessels. The abrupt decrease in
vessel size in the IADF region leads to the occurrence of two
vessel size classes that is reported in xeric environments as a
strategy to regulate transport according to water availability
(De Micco et al. 2012). Indeed, the formation of a wood with
different vessel size classes primes the formation of rings and
false rings (De Micco & Aronne 2009).

Although some evidence for this hypothesis on different water
extraction patterns at the two sites may be found in carbon and
oxygen signals as well as in vessel size analysis,we cannot rule out
the possibility that the δ18O signal could be basically modified by
large variability in evaporative enrichment in drought-adapted
Mediterranean species with tight stomatal regulation of transpi-
ration(Ferrio&Voltas2005;Battipagliaet al. 2009).Information
on the origin of soil and xylem water during the growing season
could clarify the inter- and intra-specific interactions in water
uptake patterns of individuals growing in different sites and
could open up new insights into the extraordinary ability of
E. arborea to cope with Mediterranean water stress conditions
and withstand the projected increase in the frequency and sever-
ity of drought in semiarid ecosystems.

In conclusion, our study suggests that the growth of E.
arborea is influenced by seasonal variability of environmental
factors and demonstrates its high capacity to cope with the
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varying environmental conditions experienced during its life-
span. In addition, the island of Elba was confirmed as an
optimal experimental laboratory to test the effect of local cli-
matic conditions on wood growth at the seasonal and intra-
annual level, revealing the different strategies developed by
the same Mediterranean species in order to survive during
periods of water shortage. Our findings need to be extended to
mixed Mediterranean stands in order to analyse the competi-
tive relationship between coexisting species and verify how
they affect ecosystem processes.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Correlation coefficients between climatic factors
(CFs, temperature and precipitation), tree-ring width (TRW),
latewood (LW), earlywood (EW), intra-annual density fluctua-
tions (IADFs), intrinsic water use efficiency (WUEi) and δ18O
are shown for ME site (blue bars) and XE site (red bars). For
precipitation we considered the period from March of the
previous year (t − 1) to December of the year of growth (t),
while for temperature we considered the period from January
to December of the growth year (t).For each parameter (IADF,
TRW,EW,LW,WUEi and δ18O),we performed the correlations
with temperature and precipitation data using single months
(i.e. from J = January to D = December), the mean of 2 months
(i.e.JF = January and February;FM = February and March and
so on) and the mean of 3 months (JFM = January, February,
March; FMA = February, March, April and so on). T = tem-
perature;P = precipitation; t = of the current year; t − 1 = of the
previous year; AM = April, May; AMJ = April, May, June;
MJJ = May, June, July; JA = July, August Black lines indicate
the significance level according to Student’s t-test: P < 0.05.
Figure S2. a) Annual variation of δ13C ± standard error (SE)
[‰] at the ME site (blue line) and at the XE site (red line).
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