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Abstract

Key message A new method is proposed to standardize
chronologies of intra-annual density fluctuations to
improve their intra-annual climatic signal.

Abstract In the Mediterranean area, intra-annual density
fluctuations (IADFs) are triggered by short-term climatic
variations during the growing season. It is known that the
formation of these anatomical structures is dependent on
age and size, which can represent a problem during the
extraction of the environmental signal from IADF chro-
nologies. We present a new method using a two-step
approach to remove the effect of tree-ring width from
IADF chronologies. The climatic signal of IADF
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chronologies obtained by the proposed method was com-
pared with previous methods, using 160 Pinus pinaster tree
cores from an even-aged stand on the west coast of Por-
tugal. Our results show that the climatic signal of IADF
chronologies was strongly affected by the standardization
method used, and that it could be improved by removing
the effect of the predisposing factors (cambial age and tree-
ring width) on IADF formation. Moreover, additional cli-
matic information (previous winter precipitation) was only
revealed when the effect of tree-ring width was removed
from IADF series. Finally, we propose that this new
method should be tested for other species and across larger
geographical areas to confirm its capacity to remove noise
from IADF chronologies and to improve their intra-annual
climatic signal.

Keywords Ecological wood anatomy - Intra-annual
density fluctuation - Maritime pine - Mediterranean
climate - Standardization

Introduction

The formation of anatomically distinct growth rings in
trees results from the interaction between external and
internal factors. This interaction changes as trees get older
and bigger, resulting in a general decline of tree-ring width,
the so-called age trend commonly found in ring-width
chronologies (e.g. Esper et al. 2008). The effect of age on
the climatic signal of tree rings has been widely studied,
but with contradictory findings (Carrer and Urbinati 2004;
Dorado Lifian et al. 2012). Some studies found a stronger
climatic signal in older trees (Carrer and Urbinati 2004),
others in younger (Vieira et al. 2009) and others did not
observe any difference between age classes (Esper et al.
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2008; Dorado Linan et al. 2012). The contrasting findings
regarding the age-dependent response of tree-ring width to
climate could be caused by the effect of tree size. As trees
get older they also get larger, and although rings tend to be
narrower, a higher volume of wood is produced each year
(Mencuccini et al. 1997), affecting the water supply for
transpiration which in turn can change the response of tree
growth to climate. In an attempt to isolate the effect of size
from age, De Luis et al. (2009) compared the climatic
signal of two-stem diameter classes of Aleppo pine (Pinus
halepensis Mill.) and stone pine (Pinus pinea L.) in even-
aged stands, finding that smaller-diameter trees show
higher sensitivity to climate. Different results were
obtained by Campelo et al. (2013), who found a similar
climatic signal for two size classes of maritime pine (Pinus
pinaster Ait.) in an even-aged stand. Such differences
might be explained by site conditions and species-specific
water use (Kunert et al. 2010).

Other anatomical features observed in tree rings have
also been found to be related to the age and size of trees.
Such variables include vessel density and lumen area in
angiosperms (Battipaglia et al. 2010; De Micco et al. 2012;
Battipaglia et al. 2013) and the frequency of intra-annual
density fluctuation (IADFs) in conifers (Vieira et al. 2010;
De Luis et al. 2011a; Campelo et al. 2013; De Micco et al.
2014). IADFs are anatomical structures formed in response
to short-term fluctuations in weather conditions during the
growing season and are characterized by latewood-like
cells within earlywood or earlywood-like cells in the late-
wood (Cherubini et al. 2003). Intra-annual density fluctu-
ations are commonly observed in pine species growing in
the Mediterranean area, such as P. pinea (Campelo et al.
2007), P. pinaster (De Micco et al. 2007; Vieira et al. 2009;
Rozas et al. 2011; Campelo et al. 2013) and P. halepensis
(De Luis et al. 2007, 2011a; Olivar et al. 2012; Novak et al.
2013b). The effect of age on IADF formation has been
studied in conifers from different locations and environ-
ments, and it has been concluded that IADFs were more
frequently expressed in younger trees (Copenheaver et al.
2006; Vieira et al. 2009; Battipaglia et al. 2010; Novak
et al. 2013b). However, a relation between IADF frequency
and tree-ring width has also been observed, with wider
rings exhibiting a higher frequency of IADFs (Rigling et al.
2001; Novak et al. 2013b; Campelo et al. 2013), suggesting
that trees showing higher growth rates are more prone to
form IADFs. Also, IADFs rarely occur in extremely narrow
rings or during periods of suppressed growth (Brduning
1999; Rigling et al. 2001; Copenheaver et al. 2006). The
effect of age and tree-ring width on IADF formation is not
well understood because the formation of these anatomical
structures is associated with multiple factors that can
interact with each other. These factors can be divided in
two types: predisposing and triggering factors (Marchand
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and Filion 2012). Here, we propose that cambial age, tree-
ring width, soil water-holding capacity and growing season
length are among the predisposing factors for IADF for-
mation, whereas the triggering factors are short-term fluc-
tuations in weather conditions during the growing season.
When building a ring-width chronology, tree-ring width
series are first standardized to remove biological trends
related to tree age/size. However, chronologies of ana-
tomical features obtained from binary data (presence/
absence of IADFs) are usually not standardized, despite
evidence that indicates the frequency of such features are
age/size dependent (Vieira et al. 2009; Campelo et al.
2013). Novak et al. (2013b) suggested the use of a
3-parameter Weibull function to remove the effect of age
from IADF chronologies. Indeed, tree-ring width and the
frequency of IADFs tend to decline with tree age, meaning
that the decreasing frequency of IADFs as trees get older
can also be related to a decrease in tree-ring width. Fur-
thermore, Campelo et al. (2013) found that in an even-aged
stand larger trees (with wider rings) showed almost 15 %
more IADFs than smaller trees (with narrow rings).
Therefore, one can consider that removing the ring-width
effect would simultaneously reduce the effect of size and/
or age on IADF formation. On the contrary, removing only
the effect of cambial age will not remove the effect of tree-
growth vigor on IADF formation, as happens during peri-
ods of tree-growth suppression and release (Brduning 1999;
Copenheaver et al. 2006). With the aim of isolating the
triggering factor of IADF formation and maximizing the
climatic signal of these anatomical structures, we com-
pared IADF frequency chronologies using three different
methods. The first method, proposed by Osborn et al.
(1997), stabilizes the relative frequency of IADFs by taking
into account the changing sample depth over time. The
second method is a one-step detrending method that
removes the effect of cambial age from IADF chronologies
using a Weibull function (Novak et al. 2013b). As an
alternative approach a new standardization method is here
proposed to remove the effect of cambial age and tree-ring
width on TADF formation, using a Chapman function. We
hypothesized that IADF formation is age and ring-width
dependent and that removing the effect of tree-ring width
from IADF chronologies improves their climatic signal.

Methods

Tree species and study area

Pinus pinaster has its natural distribution in the western
Mediterranean Basin and is one of the most important tree

species in Portugal (Pereira 2002). It is a fast growing
species with pronounced drought- and salt-resistance and,
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therefore, has been cultivated to stabilize sand dunes. Our
study area is in an even-aged managed forest of P. pinaster
in Perimetro Florestal Dunas de Cantanhede, located on the
west coast of Portugal (40°21'35”N, 8°49'10"W). The cli-
mate is typically Mediterranean with oceanic influence,
with a marked summer drought. Monthly climate data
(mean air temperature and precipitation) were obtained
from the web site of the Royal Netherlands Meteorological
Institute (http://www.climexp.knmi.nl/). Over the last three
decades (1980-2009), the mean annual temperature was
16.2 °C and the mean annual precipitation 953 mm. The
average winter (December—February) and summer (June—
August) temperatures were 11.2 and 21.3 °C, respectively.
Most of the precipitation occurs from late autumn to early
spring, with January having the highest monthly average
precipitation (114 mm). Soils are acidic with sandy texture
and low water-holding capacity.

Tree-ring data

To achieve a representative sampling of the site, namely its
size structure, sixty trees were sampled, and divided into
two-stem diameter classes: small (<27 cm) and large
(>35 cm) (Campelo et al. 2013). In 2009 two cores were
extracted in the north—south direction, at breast height,
from dominant and co-dominant trees. The increment cores
were sanded with progressively finer grades of sandpaper
to produce a flat, polished surface on which tree-ring
boundaries and individual tracheids were clearly visible
under magnification (Orvis and Grissino-Mayer 2002).
Tree rings were crossdated and ring width was measured to
the nearest 0.01 mm using a linear table, LINTAB (Frank
Rinn S.A, Heidelberg, Germany) and the program TSAP-
Win (Rinn 2003). When samples at the coring height
showed the pith, the number of annual rings determined the
cambial age. When both cores from a given tree did not
contain the pith, the curvature of the innermost rings was
used to estimate pith offset according to the method sug-
gested by Liu (1986). Tree-ring width (TRW) series were
aligned by cambial age and a mean curve was calculated
from these data, using the packages dpIR (Bunn 2008) and
detrendeR (Campelo et al. 2012) from the R freeware
program (http://cran.r-project.org).

Intra-annual density fluctuations

Cores were examined for detecting IADFs using a stereo-
microscope (magnification up to 25x). These anatomical
structures are easily detected by their gradual transition in
cell size and wall thickness at outer borders, in contrast to
the abrupt transition between latewood and earlywood of
adjacent rings. In the present study, only IADFs located on
latewood were considered, which are characterized by the

presence of earlywood-like cells within true latewood or
between latewood and the earlywood of the next ring.
Indeed, several studies in Pinus species in the Iberian
Peninsula have found that IADFs are more frequent in
latewood than in earlywood (Campelo et al. 2007; Vieira
et al. 2009; Rozas et al. 2011; Novak et al. 2013a). The
relative frequency of IADFs per year (F) was calculated as
the ratio:

N

F== (1)
where N is the number of cores showing the same type of
IADF in a given year, and 7z is the number of cores in that
year. For each year, the average ring width was calculated
for rings with and without IADFs. In the same way, for
each year the average of the relative frequency of IADFs
was calculated for both groups (with and without IADFs).
For the period 1960-2008 (n > 40 cores), differences in
width between rings with and without IADFs were inves-
tigated using a paired ¢ test; in this analysis only years with
at least 5 cores showing IADFs were considered.

Development of IADF chronologies using different
approaches

To correct the bias introduced by changing sample depth
over time on relative frequency of IADFs, a stabilized
IADF frequency, f, can be calculated as:

f=Fx 2)

where F is the relative frequency of IADFs (Osborn et al.
1997). Finally, a stabilized chronology of IADF frequency
(IADF)) is calculated by averaging all f series of IADFs.
This approach has been applied in most of the studies
evaluating the climatic signal of IADFs (Rigling et al.
2001; Campelo et al. 2007; De Luis et al. 2011b).
Recently, Novak et al. (2013b) proposed a one-step
detrending method to remove the effect of cambial age on
IADF formation using a 3-parameter Weibull function:

IADF (zge) = a x Age® X e oA (3)

where IADF 4. is the observed relative frequency of rings
with TADF, Age is the cambial age and a, b and c are fitting
parameters. Cambial age corresponds to the number of
rings between the pith and the cambium, which is highly
dependent of the vertical position within the stem. We used
cambial age instead of tree age, since it is known that the
occurrence of IADFs varies with the vertical position
within the stem, which makes cambial age a predisposing
factor for IADF formation (Marchand and Filion 2012).
Here, we present a new method using a two-step
approach to remove the effect of TRW on the occurrence of
IADFs to improve the climatic signal of IADF
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chronologies. In the proposed method, rings from all
samples are divided into 20 ring-width classes and mean
tree-ring width and IADF relative frequency are calculated
for each one. To this end a function was written in R to
divide rings into ring-width classes. This function sorts all
rings according to their width and then divides those rings
into 20 groups, each one with a similar number of rings; the
first group (1-class) has the narrowest rings, whereas the
last group (20-class) contains the widest rings. The mean
relative frequency of IADFs and the mean ring width were
calculated for each group. A 3-parameter Chapman func-
tion was fitted to these data to define the relationship
between tree-ring width and IADF frequency:

TADFjys = a x (1 — e 2 TRWaus)c (4)

where TADF, . is the mean relative frequency of IADFs
and TRW_ is the mean ring width for each ring-width
class and a, b, and c are the fitting parameters. Thereafter,
for each core, indices are calculated as the difference
between the occurrence of IADFs (0, absence; 1, presence)
and the predicted relative frequency of IADFs using the
Chapman function. Finally, the obtained IADF frequency
indices are averaged into a chronology of IADFs and a
cubic smoothing spline with 50 % frequency cutoff of
20 years is subtracted from this chronology to produce an
IADF chronology (IADF,,,,), which is ring width and age
independent. We used the spline to remove some “trends”
from the IADF chronology, since these “trends” are con-
sidered as noise caused by aging—especially for trees
younger than 27 years—and by changes in tree competi-
tion (tree-growth release and suppression).

Climatic signal of IADF chronologies

The three types of IADF chronologies (IADFy IADF,,
and IADF,,,,) were used to investigate the climatic signal
by means of simple correlation coefficients (r) between
monthly climate variables (descriptors) and IADF chro-
nologies, for the period 1960-2008. Before performing the
analysis, trends in descriptors were removed by application
of linear functions. According to previous studies (Rozas
et al. 2011; Campelo et al. 2013; Vieira et al. 2014), the
growing season of P. pinaster in the Mediterranean area is
from March to December. For this reason, we used
monthly climate variables from March to current Decem-
ber. Additionally, monthly climatic variables between
October of the previous year and the current February were
grouped into a seasonal variable to illustrate conditions
before the growing season.

A significant pairwise correlation does not necessarily
mean an independent effect of the specific descriptor,
since several descriptors can be correlated with each
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other, as usually happens for climatic variables. Because
of this, significant descriptors obtained by simple corre-
lations were re-analyzed using partial correlations, which
measure the relationship between a descriptor and the
IADF chronology while controlling for one or more
variables, to quantify the independent contribution of each
variable. The difference in partial correlations between
descriptors obtained using both types of IADF chronolo-
gies (IADF,,. and IADF,,) was evaluated statistically
using a robust bootstrapping method, for the period
1960-2008. Partial correlations between IADF chronolo-
gies (IADF,,, and IADF,,,) and climatic variables were
repeatedly calculated by randomly re-sampling cores with
replacement from the original sample. The bootstrap mean
differences between partial correlations were considered
statistically significant at the 0.01 level when both 99 %
confidence intervals of the distribution were either lower
or higher than zero. We conducted 10,000 bootstrap re-
samples in the analysis.

Results

At breast height, the cambial age of the last ring (year
2008) ranged between 41 and 54, even though trees were
from an even-aged stand (Campelo et al. 2013). Cambial
age was used instead of tree age to determine the effect of
cambial age on IADF formation independently from that of
calendar year. Additionally, for a given cambial age the
IADF frequency was not determined by climatic conditions
(triggering factor), but only by age and tree-ring width
(predisposing factors). For tree rings younger than
15 years, an opposite trend was detected for TRW and
IADFs frequency, with a higher frequency of IADFs being
observed in smaller rings, whereas for older rings an
identical trend was observed (Fig. 1).
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IADF frequency
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Cambial age

o

Fig. 1 Variation of tree-ring width (TRW) and intra-annual density
fluctuation (IADF) frequency over cambial age. A spline with 50 %
frequency cutoff of 20 years length is added to each variable (dashed
line)
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Fig. 2 Variation of intra-annual density fluctuation (IADF) fre-
quency as a function of cambial age. Only years with more than 40
cores (n > 40) were considered to fit the 3-parameter Weibull
function (solid line). Filled circles represent years using all cores
(n = 120), whereas open circles represent years with fewer cores
(40 <n < 120)
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Fig. 3 Variation of intra-annual density fluctuation (IADF) fre-
quency as a function of tree-ring width. Each point represents the
average ring-width and the relative IADF frequency for the
corresponding ring-width class. The solid line represents the
3-parameter Chapman function

The IADF frequency estimated by the 3-parameter
Weibull equation increased with cambial age until the age
of 27 and then decreased (Fig. 2). The frequency of IADFs
changed with TRW (Fig. 3) and the relative frequency of
IADFs could be successfully estimated using a 3-parameter
Chapman function. According to the Chapman function,
the IADF frequency increased with tree-ring width up to a
2 mm width and afterwards reached a plateau (Fig. 3).

The IADF,,. and IADF,,,, chronologies showed a sim-
ilar pattern and were strongly correlated (» = 0.83, n = 56,
p < 0.001, Fig. 4), indicating similar information in both
chronologies. For the period 1960-2008, tree rings with
IADFs were on average 1.3 times wider than rings without
IADFs (¢t = 7.15, df = 42, p < 0.001).

The correlations between climate and IADF chronolo-
gies revealed that the third method (IADF,,,) produced

0.8

IADF oy
—— IADF,,

0.6 1

IADF index

1960 1970 1980 1990 2000
Year

Fig. 4 Frequency of intra-annual density fluctuations with the age
effect (IADF,,.) and tree-ring width effect (IADF,,,,) removed in
relation to calendar year

better results than the other methods (IADFy and IADF,,,)
(Fig. 5). The significant correlation obtained between
IADF; and December temperature was not observed for
either TADF,,, or IADF,,,. The highest correlation
observed was between IADF,,,, and September precipita-
tion (r = 0.6). A significant negative correlation was
observed between IADF,,, and September temperature,
whereas no significant correlation was attained for
IADF,,,. In September, temperature and precipitation were
strongly negatively correlated (r = —047; n = 49;
p < 0.001), suggesting that partial correlations should be
used to identify the contribution of each descriptor. Partial
correlations for descriptors showing significant simple
correlations with IADF,,, or IADF,, are shown in
Table 1. For September precipitation, partial correlations
were significant for both types of IADF chronologies
(IADF,,, or IADF,,,), whereas precipitation during Octo-
ber-February was only significantly correlated with
IADF,,, (Table 1). Additionally, the partial correlations
revealed no significant relationships for precipitation in
June and temperature in September (Table 1).

For descriptors with significant partial correlations with
IADF chronologies (precipitation October—February and
September), the mean difference between partial correla-
tions obtained using both standardized methods and their
99 % confidence intervals resulting from 10,000 bootstrap
re-samples are depicted in Table 2. The partial correlations
between significant descriptors and IADF,,, and IADF,,,
were significantly different. The highest partial correlation
obtained from bootstrap iterations was between IADF,,,
and precipitation in September (r = 0.65). Most of the
iterations (83.3 %) showed significant partial correlation
between precipitation October—February and IADF,,,,
whereas only 9.8 % of the iterations showed significant
partial correlations for IADF,,,. For both standardized
IADF chronologies (IADF,,. and IADF,,,), all the
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Fig. 5 Correlation coefficients between monthly precipitation (left)
and temperature (right) data from January to December of the current
year, for the period of 1960-2008 and the stabilized frequency of
intra-annual density fluctuations (IADFy; black dots), the frequency of
intra-annual density fluctuations with the age effect removed

Table 1 Simple and partial correlations between descriptors (with
significant simple correlations) and both types of chronologies: the
frequency of intra-annual density fluctuations without the age effect
(IADF,.) and the frequency of intra-annual density fluctuations with
the tree-ring width effect removed (IADF,,,,)

Descriptors Simple correlation Partial correlation
IADF,,,  IADF,,, IADF,,, IADEF,,,
Precipitation
October—February —0.24 —0.32* —0.20 —0.30*
June —-0.33* —0.38**  —0.14 —0.18
September 0.50%** 0.60%** 0.42* 0.53%#*
Temperature
September —-0.23 -0.35 —0.12 —0.13

Bold values are significant correlations and asterisks indicate levels of
significance: * p < 0.05; ** p < 0.01; *** p < 0.001

iterations showed significant partial correlations with
September precipitation.

Discussion

In this paper we propose a new method to remove the tree-
ring width effect on the formation of IADFs to enhance the
climatic signal of IADF chronologies. The climatic signal
obtained using this method was compared with the one
proposed by Novak et al. (2013b), in which a 3-parameter
Weibull function was used to remove the effect of cambial
age on IADF formation. The results obtained showed that
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(IADF,,.; open bars) and the frequency of intra-annual density
fluctuations with the tree-ring width effect removed (IADF,,,,; shaded
bars). Horizontal lines indicate the significance levels for p < 0.05
(n =49)

the climatic signal of IADF chronologies is strongly
affected by the standardization method used to remove the
effect of predisposing factors. The new method efficiently
removes the effect of both predisposing factors (tree-ring
width and cambial age) on IADF formation, improving the
climatic signal of IADF chronologies. Finally, using this
method it is possible to develop a standardized IADF
chronology without knowing cambial age, preventing
potential errors in estimating cambial age when the pith is
not present.

In our study, a high frequency of IADFs was found
with more than 34 % of the rings showing IADFs located
in latewood. Similar findings were reported by Rozas
et al. (2011) who found IADFs in more than 30 % of the
rings in most of the studied sites and a maximum fre-
quency of IADFs higher than 80 %. Although IADFs have
been considered as special anatomical features resulting
from variations in the cambial activity (De Luis et al.
2007; Battipaglia et al. 2013), in P. pinaster IADFs are
more the rule than the exception (Rozas et al. 2011). In
fact, a high occurrence of IADFs in P. pinaster indicates a
great capacity to adjust its cambial activity to the current
environmental conditions. Previous studies have found
that this species can resume cambial activity after the
summer drought, whenever environmental conditions are
favorable (Vieira et al. 2009; Campelo et al. 2013).
Identical findings were found for other Mediterranean
conifers, such as P. halepensis (De Luis et al. 2007), P.
pinea (Campelo et al. 2007) and Juniperus thurifera L.
(Camarero et al. 2010).
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Table 2 Differences between partial correlations between precipitation (P) and both types of chronologies: the frequency of intra-annual density
fluctuations without the age effect (IADF,,.) and the frequency of intra-annual density fluctuations with the tree-ring width effect removed

(IADF,,,,)

Descriptors Difference between partial correlations Mean 99 % CI
October—February cor (IADF,,,, — P)—cor IADF,,. — P) —0.075 (—=0.122, —0.034)*
September cor (IADF,,, — P)—cor (IADF,,, — P) 0.100 (0.072, 0.132)*

For each descriptor, bootstrap mean and confidence interval (CI) were calculated from 10,000 trials

An asterisk (*) indicates that partial correlations were significantly different at p < 0.01

According to Vieira et al. (2009), young maritime pines
form more IADFs than old trees, and similar findings were
obtained for Pinus densata Mast. (Brduning 1999) and
Pinus nigra Arn. (Wimmer et al. 2000). Other studies have
also shown that IADFs in pine species are more common
on wider and younger rings (Rigling et al. 2001, 2002;
Copenheaver et al. 2006; Novak et al. 2013b; Campelo
et al. 2013). However, we found that in young rings
(<15 years) IADF frequency and tree-ring width showed
opposite trends, suggesting that variations in intra-ring
wood density during the first years should be regulated by
cambial age, with tree-growth vigor (tree-ring width)
playing a small role on IADF formation. This is supported
by the fact that the effect of cambial age on ring density
diminished for cambial ages higher than 15 years (Ivkovi¢
et al. 2013).

According to Novak et al. (2013b), the climatic signal of
IADF chronologies could be obscured by the effect of
cambial age on IADF formation and they suggested the use
of a Weibull function to remove it, before the evaluation of
the climatic signal. In our study, the P. pinaster IADF
frequency estimated by the Weibull function increased
with cambial age until the age of 27 and then decreased.
Curiously, in P. halepensis the peak of IADF frequency
was found for the same age (Novak et al. 2013b) sug-
gesting that the effect of cambial age on IADF formation is
similar in both species.

The use of the Chapman function is supported by the
fact that narrow rings tend to form fewer IADFs (Battip-
aglia et al. 2010), whereas IADFs are more common on
wider rings (Rigling et al. 2001, 2002; Novak et al. 2013b;
Campelo et al. 2013). The reason to expect more IADFs in
wider rings is the existence of more cells under differen-
tiation during a longer period, which enables the devel-
opment of IADFs when the triggering factors occur.
Longer growing seasons at lower elevations predispose
trees to form more IADFs (Rozas et al. 2011; Campelo
et al. 2013; Nabais et al. 2014). In our study area, the
growing season of P. pinaster should span at least
8-10 months from March—April to November—December
(Rozas et al. 2011; Campelo et al. 2013). Additionally, a
higher number of cells extend the duration of wood for-
mation (Lupi et al. 2010) by delaying the ending of xylem

maturation and increasing the time window when envi-
ronmental factors can be recorded by cells under differ-
entiation. Regarding the triggering factors in the
Mediterranean region, it was found that precipitation after
the summer drought influenced IADF formation (Battipa-
glia et al. 2010; De Luis et al. 2011b; Campelo et al. 2013).
It was observed that trees of several pine species can
resume cambial activity in late summer and early autumn,
in response to rainfall events, with a consequent formation
of an IADF in latewood (De Luis et al. 2007; Camarero
et al. 2010). Recent studies have demonstrated that late
summer/early-autumn precipitation can trigger the forma-
tion of an IADF, by interrupting the cambial quiescence
imposed by summer drought (Camarero et al. 2010; Bat-
tipaglia et al. 2010). However, in a xylogenesis study
performed in the same species and area, over 2 years (2010
and 2011), a resumption of the cambial activity after the
summer was not observed (Vieira et al. 2014). This was
probably related to the fact that in those years the low
precipitation in September did not allow cambial cell
division after the summer drought. We thus hypothesize
that if favorable conditions occur during September—
October, cambial activity could resume, leading to the
formation of an IADF at the end of the ring. In fact, this
hypothesis is supported by the significant positive corre-
lations between the three types of IADF chronologies and
September precipitation. Additionally, the highest corre-
lations found between the standardized IADF chronologies
(IADF,,,, and IADF,k,) and precipitation in September
reveal the importance of studying IADFs with the same
position within the ring to better identify the triggering
factor (Campelo et al. 2007). A temporary drought in
spring induces the formation of IADFs in earlywood
(Wimmer et al. 2000) and precipitation in September
triggers latewood IADFs (Campelo et al. 2007; De Luis
et al. 2011b). The selection of the standardization method
is crucial to maximize and/or to capture new climate sig-
nals in IADF chronologies. For September precipitation,
the better climatic signal was attained when the tree-ring
width effect was removed from the IADF chronology.
According to the significant partial correlations for
standardized IADF chronologies, IADFs in latewood were
formed in years with low precipitation before the growing
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season (October-February) and above-average precipita-
tion in September. The combination of these two triggering
factors agrees with the general assumption that IADFs are
triggered by changing environmental conditions (Wimmer
et al. 2000; Battipaglia et al. 2013). Precipitation during the
previous winter is important to recharge the soils, with dry
winters leading to an earlier start of the drought period and
an earlier differentiation of latewood tracheids, making the
formation of an TADF more probable when drought is
relieved by precipitation during September. This assump-
tion is in agreement with the findings of Vieira et al. (2013)
who showed that the first autumn rains can break the qui-
escent physiological state caused by the reduction of
internal water in the tree during the summer drought.
Additionally, soil water content regulates lumen size by
affecting the turgor pressure of tracheids under differenti-
ation (Abe and Nakai 1999). Indeed, IADFs can be seen as
a recording of the tree water status throughout the growing
season (Brauning 1999), which in turn is highly dependent
on soil water availability (Battipaglia et al. 2013).

Conclusions

This is the first study investigating the climatic signal of
IADF chronologies using different methods of standardi-
zation. Our results show that the relative frequency of
IADFs in P. pinaster is dependent on age and ring width
and that the climatic signal of IADFs time-series depends
on the method applied, with the best results obtained when
the effect of tree-ring width was removed. Additionally, we
have confirmed the value of IADF chronologies of P.
pinaster, growing under Mediterranean climate with oce-
anic influence, as a record of intra-annual environmental
conditions, namely as a proxy of early-autumn precipita-
tion. Finally, we recommend the use of this new method to
standardize time-series of IADFs in other species and sites
to amplify their climatic signal.
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