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Abstract

Key message Earlywood vessel features indicate dif-
ferent adaptations of Quercus petraea and Q. pyrenaica,
which are probably related with their corresponding

Atlantic and sub-Mediterranean ecological
requirements.
Abstract We studied the climatic signal of the earlywood

anatomy of a temperate [Quercus petraea (Mattuschka)
Liebl.] and a sub-Mediterranean (Quercus pyrenaica
Willd.) oak species growing under similar climatic condi-
tions in a transitional area between the Atlantic and Med-
iterranean regions of the Iberian Peninsula. We
hypothesized that both species react differently in their
wood anatomy due to their contrasting ecological require-
ments, and we test the usefulness of earlywood anatomical
features to study the behaviour of these ring-porous oaks
upon climate. For this, we measured the earlywood vessels,
and obtained annual series of several anatomical variables
for the period 1937-2006 using dendrochronological
techniques, considering whether the vessels belonged to the
first row or not. After optimizing the data set by principal
component analysis and progressive filtering of large ves-
sels, we selected maximum vessel area and total number of
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vessels as they resulted to be the optimal variables to
describe vessel size and number, respectively. Vessel size
of Q. pyrenaica was dependent on precipitation along the
previous growing season, whereas it did not show any clear
climatic response for Q. petraea. On the contrary, vessel
number was related to winter temperature for both species.
These relationships observed between climate and anatomy
appeared to be stable through time. The results obtained
reinforce the utility of earlywood vessel features as
potential climate proxies.

Keywords Climatic signal - Tree ring -
Dendrochronology - Wood anatomy - Vessel size

Introduction

Climate change has been recently affecting both ecosys-
tems and the organisms that inhabit them (Parmesan 2006).
Current environmental changes occur at a fast rate, which
is imposing several physiological limitations to the
capacity of trees to cope with new climatic conditions
(Alcamo et al. 2007), and only plants able to take advan-
tage of a warmer and longer growing season will probably
dominate in the future (Pop et al. 2000). Phenotypical
plasticity can be an immediate mechanism of adaptation if
the stressful conditions lie within a species tolerance range
(Valladares et al. 2007). On the contrary, long-term chan-
ges in the environment through many generations can force
evolutionary changes within the populations. But when
climatic changes occur at a higher intensity or a faster rate
than the capacity of tree populations to adapt or evolve,
such species need to migrate to survive (Gian-Reto et al.
2002). Tree species are expected to move up to a higher
altitude at a rate of 8-10 m per decade (Grabherr et al.
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1994), and many species limited to mountain tops could
even become extinct (Bradley et al. 1999). Such species
displacements have been estimated at different scales and
regions, mostly through climate models (Hansen et al.
2001; Thuiller et al. 2005), which clearly predict a high
turnover in many tree species and ecosystem composition.
In addition, disturbance by human activities lead to frag-
mentation of forest ecosystems, which should also increase
the risk of species extinctions, especially in marginal areas.

One of the most important adaptive strategies of trees to
cope with this future scenario would be to react through
their xylem architecture, gaining a compromise between
conductive efficiency (optimal hydraulic flow), safety
(embolism resistance), an optimal water economy (photo-
synthesis/transpiration balance), and reserve support for
dormancy and growth resumption (assimilation/respiration
rates) (Martinez-Vilalta et al. 2002; Mencuccini et al.
2010). Maximum hydraulic conductivity and vulnerability
to cavitation determine the overall transport efficiency of
the xylem to a great extent (Zanne et al. 2010). Conduc-
tivity directly depends on the size of the conducting ele-
ments, while embolisms are believed to spread along
conduits as a function of the maximum size of the pores in
the inter-conduit pit membrane (Hacke and Sperry 2001).
Although pore size has often been hypothesized to be
associated with the diameter of the conduit, other evi-
dences point out that the relationship between conduit
diameter and vulnerability to cavitation by water stress
greatly varies (Hacke et al. 2006). The ‘rare pit hypothesis’
has been recently proposed to explain air-seeding cavita-
tion in ring-porous trees, but Christman et al. (2012) state
that even under this hypothesis vessel size-vulnerability
trade-off is complex for large vessels, and probably highly
variable across species. However, plants can use different
strategies to react to drought stress, because an efficient
conducting system may lead to hydraulic failure, whereas
drought avoidance could result in carbon starvation
(McDowell et al. 2008).

Water conductivity is strongly related to the distribution
of the conducting cells within the annual tree rings, mainly
vessels or tracheids. Thus, tree-ring anatomy, i.e. the
measurement of anatomical features throughout continuous
sequences of dated annual rings, seems to be a useful
methodological approach for the evaluation of the impact
of the predicted climate change on future vegetation
dynamics and distributions, based on both current climate
and the ecophysiological behaviour of trees (Fonti et al.
2010). Though sometimes focused on tracheid lumen size
of conifers (e.g. Eilmann et al. 2006; Bryukhanova and
Fonti 2013), or vessels of diffuse-porous trees (Sass and
Eckstein 1995; Schume et al. 2004), this tool has been
especially successful for the earlywood vessels of ring-
porous species such as oak (Garcia-Gonzalez and Eckstein
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2003; Fonti and Garcia-Gonzalez 2008; Gea-Izquierdo
et al. 2012) or chestnut (Fonti et al. 2007), which are
clearly related to tree performance.

Ring-porous deciduous oaks such as Q. robur L. and Q.
petraea Mattuschka (Liebl.) are dominant in many forest
ecosystems throughout Europe, and reach their distribution
boundary towards the Mediterranean region. Within the
Iberian Peninsula, they prevail at their southwestern limit
in ecosystems of the Atlantic region, but are first coexisting
and then progressively replaced by stands of marcescent
oaks (mainly Q. pyrenaica Willd. but also Q. faginea Lam.
or Q. pubescens Willd.) as Mediterranean conditions, i.e. a
stronger water deficit in summer, increase (Sanchez-De-
Dios et al. 2009). But ongoing warming and reduced
rainfall are particularly expected to affect the vegetation of
the Iberian Peninsula (Hernandez-Santana et al. 2009),
where numerous species reach their limit of distribution, so
that their populations become very susceptible to changes.
Thus, the Iberian Peninsula is an adequate territory for
studying the potential changes in the physiological and
functional responses of existing forests that might result
from climate change (Sanchez-DeDios et al. 2009). Spe-
cifically, northern regions of Spain occupy a key biogeo-
graphical position to understand the behaviour of species to
cope with environmental changes, due to their transitional
position between the Atlantic and the Mediterranean
regions. Nemoral oaks such as Q. petraea could conse-
quently be replaced by sub-Mediterranean oaks as Q. py-
renaica, and these temperate broad-leaved species could
become relegated to some enclaves within the northern
mountains of the Iberian Peninsula if climate becomes
warmer (Benito-Garzon et al. 2008).

In this paper, we hypothesize that Q. petraea and Q.
pyrenaica growing under similar climatic conditions in a
transitional area between the Atlantic and Mediterranean
regions of the Iberian Peninsula react differently in their
wood anatomy, as a result of their contrasting ecological
requirements. Our specific aims are (1) to analyse whether
these differences are recorded in their earlywood vessel
features; and (2) to evaluate the usefulness of these features
to study the behaviour of both ring-porous oaks upon cli-
mate at their distribution boundary.

Materials and methods
Study sites and study species

The study site is located within a semi-natural woodland
area of about 11,250 ha of deciduous forest in Monte
Hijedo Natural Park, in the southern part of the Cantabrian
Mountains, Northern Iberian Peninsula (Fig. 1). Mean
monthly temperature reaches 18 °C in the hottest month
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Fig. 1 Location of the study area and climatic diagram for the period 1937-2006

(August), 2.5 °C in the coldest (January), and mean annual
precipitation is 789 mm. Rainfall suffers variation along
the year, with a maximum during winter, and soil water
reserves can be seasonally scarce, although a period of a
remarkable summer drought, which is typical of Mediter-
ranean climate, is absent. The area lies at the boundary
between the Atlantic and Mediterranean bioclimatic
regions (Sanchez-DeDios et al. 2009).

Both study species grew at different locations, but only
400-500 m away from each other. Soils developed on
sandstone, and were similar at both sites, although water-
holding capacity was probably slightly higher for Q. pet-
raea, due to most humid conditions and therefore a higher
content of organic matter in the upper horizon. Q. petraea
was sampled on a moderate slope with western exposure
(42°54'9.4"N, 03°57"7.9"W; 900 m a.s.1.), forming a mixed
stand with Fagus sylvatica L., and accompanied by Cory-
lus avellana L., llex aquifolium L., Crataegus monogyna
Jacq., and Taxus baccata L. Other species present at his site
were indicative of a shady woodland, such as Vaccinium
myrtillus L., Daphne laureola L., Deschampsia flexuosa
(L.) Trin., Anemone nemorosa L., Viola riviniana Rchb., or
abundant ferns (e.g. Dryopteris dilatata Hoffm., Dryopteris
affinis (Lowe), Polystichum setiferum Forssf. or Blechnum
spicant L.). By contrast, Q. pyrenaica formed a mono-
specific woodland in weak eastern exposure and on a
similar slope (42°53’39.1”N, 03°56'1.6"W; 822 m a.s.l.),
with some scattered, young individuals of Fagus sylvatica,
Acer campestre L. or llex aquifolium. Shrubs were scarce,
with occasional presence of Erica vagans L., Ruscus
aculeatus L. and Rubus sp. Herbaceous species typical of
moister environments hardly occurred, but still some were

found (Anemone nemorosa, Primula veris L.), whereas
ferns were nearly absent.

Tree sampling and wood preparation

For each species, two increment cores were extracted at
breast height from 15 dominant trees. The cores were air-
dried, and mounted on wooden supports to cut and polish a
cross-sectional surface. The cut surface was sanded with
progressively finer sandpaper (grain sizes from 280 to
1,200). Vessel lumina were cleaned with high-pressure
water blast to remove both tyloses and wood dust. The
wooden surface was coloured black with printer ink, and
the vessels were filled with white chalk to make them
clearly visible due to the contrast between the lumina and
the wood matrix.

Variable survey and automatic image analysis

A tree-ring measuring device linear stage (Velmex TA
UniSlide, Velmex Inc. Bloomfield NY, USA) combined
with a binocular microscope was used to measure early-
wood (EW) and latewood width (LW). The boundary
between earlywood and latewood was distinguished by
vessel size (much larger in earlywood than in latewood)
and distribution (latewood dominated by fibres, with
abundant small vessels forming flame-like radial groups).
Total tree-ring width (RW) was calculated as the sum of
EW and LW. The measurements were visually cross-dated
to assign each ring to the corresponding calendar year, and
we finally used the COFECHA software (Grissino-Mayer
2001) to statistically verify the tree-ring dating accuracy.
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We selected 10 out of the 15 sampled trees to carry out
vessel measurements. Among the trees with series covering
the common period 1937-2006, we considered those with
an optimal vessel appearance, as well as trees without
conspicuous growth reductions, which would facilitate
image analysis. Images were captured for each ring using a
digital camera (NIKON DMX 1200 F) attached to a bin-
ocular microscope. The image resolution was 3,200 x
2,560 pixels, with ring boundaries aligned throughout the
largest dimension, and each ring was cropped from the
original image and saved into a new TIFF file.

Earlywood vessels were detected and measured using
ImageJ software (Rasband 2009), which facilitates auto-
matic object recognition in digital images with grey scales
ranging from O to 255. Vessel lumen area (white) was
distinguished from the background tissue (black) on a
threshold grey level, which was occasionally adjusted
during measurements. However, this process was not
enough to correctly recognize all vessels, because of the
presence of rays, dust spots, and other features also
detected by the system. Therefore, two filters, a size filter
and a shape filter, were applied to detect an object as a
vessel. The minimum value of the size filter was set at
7,500 umz (diameter 120 pm), while the shape filter
excluded objects whose length was more than twice their
width. Manual corrections of the image to properly identify
all vessels were performed when some objects could not be
excluded by the filters.

Once all vessels had been correctly recognized, we
visually selected a subset of earlywood vessels belonging
to the first row, as they often lead to more successful results
when comparing to climate (Garcia-Gonzalez and Fonti
2008). This first row was considered to include all vessels
that were located immediately after the ring boundary, and
also those whose beginning did not surpass the middle line
of these vessels. All other vessels were referred to ‘not
belonging to the first row’, as further rows were absent in
some rings, or they were not always clearly arranged tan-
gentially, especially in the transition to latewood and in
wide rings.

Chronologies of growth variables

A huge set of earlywood variables was initially calculated
from the data obtained, with the aim of optimizing it for
subsequent analyses. The variables considered for every
ring were total number of vessels (NV), mean vessel lumen
area (MVA) for all measured vessels, mean vessel lumen
area of vessels larger than the distribution median (M50)
for each ring, maximum vessel lumen area (MAX), total
vessel lumen area (TVA), and water conductivity (KS),
which was estimated as the fourth power of the radius of
every vessel of the ring (Zimmermann 1983). NV, TVA,
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and KS were standardized to a frame of 10 mm of tan-
gential width. For each variable, we considered three val-
ues: for all earlywood vessels, only for those belonging to
the first row (rl), and for those not belonging to that row
(nrl). However, NV in the first row was discarded, as it
was nearly constant among rings. Three further variables
were considered relating the average of vessels not
belonging to the first row to those in the whole earlywood:
number of vessels (NV%nrl), conductive area (TVA%nr1)
and water conductivity (KS%nrl). In addition to anatom-
ical variables, total ring width (RW), earlywood width
(EW), and latewood width (LW) were also included in the
analyses. This yielded a total set of 23 wvariables per
species.

Growth-related trends were removed from the series
because they could lead to a misrepresentation of the cli-
matic signal. For this, we filtered all series by a cubic
smoothing spline function (Cook 1992) with 32-year
stiffness and a 50 % cutoff, mainly retaining year-to-year
variability. The same method was applied to all variables to
avoid differences associated with detrending procedures.
After detrending, the obtained time series of growth indices
were averaged by a biweight robust mean into a chronol-
ogy for each variable.

Individual series and chronologies were characterized
by standard descriptive statistics, also including the mean
sensitivity (MS) and the first-order autocorrelation (AR1).
The statistical quality of each single chronology was
evaluated using classical dendrochronological parameters
(Briffa and Jones 1992), such as the mean correlation
between trees (Rbt), the percentage of variance in the first
eigenvector (PC1), the expressed population signal (EPS),
and the signal-to-noise ratio (SNR). The period for most
analyses was 1937-2006, because it was covered by data
from almost all study trees and climatic time series, and
also to avoid the presence of juvenile wood in some
individuals.

Comparison among chronologies

As we initially considered a high number of anatomical and
growth variables (23), many of them were expected to be
related to each other. Therefore, we identified groups of
variables yielding similar information to reduce their
number for further analyses. This was performed by prin-
cipal component analysis (PCA), which proved to be suc-
cessful at identifying groups in time series of anatomical
variables (Fonti and Garcia-Gonzélez 2004; Bryukhanova
and Fonti 2013). For each species, we applied PCA on the
correlation matrix of all chronologies, and identified
groups using the loadings on the two first principal com-
ponents, after following a varimax rotation. These analyses
were carried out in R Core Development Team (2012).
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In addition to the vessel size variables considered
(MVA, M50, and MAX), we checked the variations in the
common and climatic signal of vessel size by selecting a
subset of vessels, and therefore verified if the selection of
the largest vessels, or vessels formed at different times,
improved the climatic signal (Garcia-Gonzalez and Fonti
2006). For this, a progressive filter was applied to grad-
ually exclude small vessels from the original dataset to
track changes in the signal expressed at each step. This
procedure was performed by retaining only the n-percent
of the largest vessels, and progressively removing the
lowest percentile of earlywood vessels. For each data
subset, individual MVA time series were established, and
therefore the statistical analyses had to be recalculated for
them.

Relationships to climate

Relationships between climatic series and the indexed
chronologies of ring widths and anatomical variables were
established by means of correlation functions (Pearson’s
correlation coefficient). Significance level of the correla-
tion coefficients was determined using a bootstrap
approach; we computed 10,000 iterations for each coeffi-
cient, and applied the correction proposed by Mason and
Mimmack (1992) for the percentile bootstrap confidence
intervals. For this, we used a routine written in Embarca-
dero Delphi® XE2.

We preliminarily computed these relationships for all
anatomical variables considered; in addition, the analyses
had to be recalculated for each MV A subset following the
selection filter. However, the results focus only on those
variables yielding the most reliable responses to climate,

due to the huge amount of data generated. The period for
these analyses was also 1937-2006 (70 years).

Climatic data came from regional records obtained by
averaging data from three nearby stations (Reinosa,
42°59'N, 4°09'W, 870 m a.s.l.; Polientes, 42°48 N,
3°56 W, 720 m a.s.l; and Cervera de Pisuerga, 42°52 N,
4°31 W, 1,140 m a.s.l.). The series were obtained by
means of the routine MET in the Dendrochronology Pro-
gram Library software (Grissino-Mayer 2008).

We took monthly values of mean temperature and total
precipitation, from previous June to current May for the
earlywood variables, and from previous August to current
October for latewood and total ring width. We also aver-
aged consecutive months with similar climate—growth
relationships, as the dormancy-quiescence period or the
previous summer, to verify if the climatic responses were
improved as compared to those obtained when single
months were considered. Finally, the temporal variation of
climate—growth relationships was analysed with moving
correlation functions (Biondi 1997), considering periods of
40 years shifted by 1 year to each other. For this proce-
dure, we used the longest possible period of the series that
could be reliable for the analyses, i.e. 1927-2006 for Q.
petraea (8 trees) and 1935-2006 for Q. pyrenaica (7 trees).

Results

An average of 2,386 vessels for Q. petraea, and 2,546 for
Q. pyrenaica were measured in each tree (Table 1); about a
half of the vessels (48.5 %) belonged to the first row in Q.
petraea, and less (39.0 %) in Q. pyrenaica. Mean vessel
area was very similar for both species (40,620 pum? for Q.

Table 1 Descriptive statistics for Quercus petraea and Q. pyrenaica, for all measured vessels, only for first row of earlywood, and for the rest of

vessels

Quercus petraea

Quercus pyrenaica

All vessels First row Other vessels All vessels First row Other vessels
No. of vessels 2,385.9 1,158.0 1,232.6 2,546.1 998.9 1,549.0
% of vessels 100.0 48.4 51.6 100.0 39.2 60.8
Vessel size (pmz)
Average 40,620.1 50,285.9 31,199.7 40,095.1 52,394.1 31,711.8
SD 19,801.8 18,801.8 15,977.9 22,295.8 22,462.6 17,754.8
(6\% 0.48 0.37 0.51 0.55 0.43 0.56
Min 7,508.1 7,722.2 7,510.1 7,512.7 7,714.5 7,513.6
Max 135,020.1 128,029.6 107,849.3 131,978.6 131,978.5 97,485.6
1st quartile 24,737.5 37,101.3 18,232.8 21,151.1 35,354.4 16,681.9
Median 39,531.1 50,998.1 29,216.1 37,591.5 53,435.6 28,733.4
3rd quartile 54,895.4 63,421.9 42,172.9 56,188.1 68,590.1 44,2434
Skewness 0.37 0.03 0.79 0.51 0.06 0.64

SD Standard deviation, CV Coefficient of variation
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petraea; 40,095 pm? for Q. pyrenaica). The distribution
frequency of all measured lumina showed that small ves-
sels were much more abundant for both species (skewness
was 0.37 for Q. petraea; 0.51 for Q. pyrenaica), and even
more for those not located in the first row (0.79 for Q.
petraea; 0.64 for Q. pyrenaica). Skewness was almost zero
for the first row of earlywood vessels, highlighting that
vessels are more homogeneous at this position within the
tree ring.

PCA identified three groups of variables, the results
being similar for both species (Fig. 2). One group com-
prised variables related to vessel size for all measured
vessels (MAX, MVA, and M50); and all variables derived
from the first row (rl), regardless of being associated with
vessel size or not. A second group included NV, TVA, EW,
variables related to the average of vessels not belonging to
the first row (%nrl), those not located in the first row of
earlywood vessels (nrl), and intermediate variables as KS,
which is determined by both size and number of vessels. A
third group comprised only two growth variables including
latewood width (RW and LW), and was closer to the sec-
ond group for Q. pyrenaica than for Q. robur. In summary,
PCA analysis indicated that there were two distinct groups
of anatomical variables determined either by number or
size, which recorded a different kind of environmental
information. NV appeared to be the most appropriate

Quercus petraea

1.0

08

0.6

Factor2 (23.6%)
04

02

00

B Width variables
L ]

=

-0.2

02 00 02 04 06 08 10
Factor 1 (52.2%)

Fig. 2 Principal component analysis (PCA) of the correlation matrix
of all chronologies, after extracting the two first PCs following
varimax rotation. Series were analysed along the period 1937-2006
(70 years). RW total ring width, LW latewood width, EW earlywood
width, MVA mean vessel area, M50 mean vessel area using 50 % of
the vessels larger than the median, MAX maximum vessel area, TVA
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variable among those defining the numbers, while a sub-
sequent analysis was necessary for size variables.

Within the groups identified by PCA, correlations with
climate were similar to each other (Table 2), although
some variables appear to optimize the signal. We found
very weak climatic responses for RW and LW both in Q.
petraea and Q. pyrenaica, with only significant correlations
(P < 0.05 for Q. petraea and up to P < 0.01 for Q. pyre-
naica) for previous winter and April precipitation, and also
to winter temperature for Q. pyrenaica. However, RW had
the best chronology statistics among all studied variables,
with higher values of Rbt (0.46 for Q. petraea; 0.52 for Q.
pyrenaica) and EPS (0.89 for both species), as well as the
highest values of year-to-year variability, expressed by MS
(0.16-0.18). AR1 was low for RW and LW (0.08-0.29) as
compared to those reached in some anatomical variables
(0.08-0.52).

Vessel size variables did not strongly respond to pre-
cipitation for Q. petraea, with only significant correlations
(P < 0.05) for previous August or October and current
March; such result was even observed after filtering out the
smallest vessels. On the contrary, vessel size of Q. pyre-
naica was clearly positively correlated with summer rain-
fall of the previous growing season (Table 2), bearing
significant correlations for all size variables, so that a
subsequent analysis was performed to select the optimal

Quercus pyrenaica

1.0

Factor2 (34.0%)

00

[ |

02 00 02 04 06 08 10

Factor 1 (47.7%)

total vessel area, KS water conductivity, NV number of vessels.
Anatomical variables refer to all vessels when no indication is
provided, otherwise vessels belong to the first row (rl), those not
located in the first row (nrl), or the ratio between vessels not in the
first row and all vessels (%nrl)
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Table 2 Summary of the main climatic responses for Quercus petraea (a) and Quercus pyrenaica (b) for all variables along the period

1937-2006

(a)

jun

jul

aug sep oct nov dec JAN FEB MAR APR MAY

jun-sep

nov-MAR  dec-MAR

RW
LW

[m]
[m]

MAX
M350
MVA
MAX-rl
M50-r1
MVA-rl
TVA-rl
KS-r1

NV
TVA
KS
EW
NV-%nrl
TVA-%nrl
KS-%nrl
NV-nrl
TVA-nrl
KS-nrl
MVA-nrl
M50-nrl
MAX-nrl

oo

or]

0000000000000

o

*N@)

9900000

O000O0OO0O 00

(b)

jul

aug sep oct nov dec JAN

FEB MAR APR MAY

jun-sep

nov-MAR  dec-MAR

RW
LW

o o
o o

(©]

o

O

O

MAX
M50
MVA
MAX-rl
M50-r1
MVA-rl
TVA-rl
KS-r1

NV
TVA
KS
EW
NV-%nrl
TVA-%nrl
KS-%nrl
NV-nrl
TVA-nrl
KS-nr1
MVA-nrl
M50-nrl
MAX-nrl

oo o

o O

o o O O O O O O O

on

on

o O

OO0OO0OO0OOO0O0

o O

ONONONONORONG)

@ Springer



244

Trees (2014) 28:237-252

Table 2 continued

Circles indicate correlation with temperature (close circles positive correlation, open circles negative correlation); squares indicate correlation
with precipitation (close squares positive correlation, open squares negative correlation). Sign size is proportional to the significance level of the
correlation (P < 0.05, P < 0.01, P < 0.001, and P < 0.0001). Months in lower-case letters belong to the previous year

Anatomical variables refer to all vessels when no indication is provided, otherwise vessels belong to the first row (rl), those not located in the
first row (nrl), or the ratio between vessels not in the first row and all vessels (%nr1)

RW total ring width, LW latewood width, EW earlywood width, MVA mean vessel area, M50 mean vessel area using 50 % of the vessels larger
than the median, MAX maximum vessel area, TVA total vessel area, KS water conductivity, NV number of vessels

anatomical variables related to vessel size for their rela-
tionships to climate; this method was not applied for Q.
petraea due to the lack of a clear response in its vessel size.
Pearson’s correlation coefficient between meteorological
time series and mean vessel size after each step of the n-
percent filter (i.e. removing an increasing percentage of the
smallest vessels but retaining the largest ones) increased
steadily (Fig. 3a), and the maximum correlation (r = 0.52;
P < 0.0001) was reached when only the largest vessel was
kept, which corresponds to the variable MAX. This clearly
indicates that MAX maximized the climatic signal in
comparison to the mean area of the majority of vessels.
However, common signal (Rbt) was optimal when ca.
75 % of the smallest vessels had been removed, and it
drastically decreased afterwards, even when MAX was the
variable considered (Fig. 3b). Furthermore, MAX was
highly related to climate in Q. pyrenaica despite having a
low common signal (Fig. 4b, c).

Variables dependent on vessel number showed a strong
climatic signal both for Q. petraea and Q. pyrenaica, with
slight differences among them. Therefore, this response
was observed for most of the variables included in the third
group of the PCA analysis, but mainly for TVA, EW, and
variables expressing the average number of vessels not
belonging to the first row (%nr1); but also for variables not
located in the first row of earlywood vessels (nrl), and
intermediate variables as KS, although with lower signifi-
cant levels for the latter. This result can be easily sum-
marized in the response of NV.

Thus, NV was mainly negatively related to temperature
during the dormancy-quiescence period, i.e. December
through March (r = —0.49 for Q. petraea; r = —0.46 for Q.
pyrenaica, P < 0.0001 in both cases; Table 2; Fig. 5). The
highest correlation for these single months was found with
February, but its value was still lower than considering a
longer time span (December—March). But despite the
strong correlations found for both species with climate,
chronology quality was rather low for NV. Values of Rbt
and EPS were clearly lower as compared to those reached
by width variables (Fig. 5a, b); MS was also low, but
contrary to MAX, values for AR1 were high.

Finally, the most important relationships showed a
great temporal stability along the whole study period
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(Fig. 6). The moving correlations for 40-year segments
always remained at a significance level of at least
P < 0.0001 for MAX for Q. pyrenaica. NV was quite
stable for both species, with probabilities between
P < 0.01 and P < 0.001; however, Q. petraea exhibited a
horizontal trend along most of the period, with only a
slight increment from the 60 s, whereas Q. pyrenaica was
more irregular, reaching the highest values in recent
years.

Discussion

Dendroclimatological meaning of growth
and anatomical variables

Width series appear to have a better quality for dendro-
chronology than anatomical variables. According to our
results, RW showed a stronger common signal, coupled to
a higher year-to-year variability than vessel features for
both species. In fact, common signals of anatomical chro-
nologies were very low, especially for vessel areas. This is
a common situation, also observed in previous studies for
different ring-porous species, such as Quercus spp. (Gar-
cia-Gonzalez and Eckstein 2003; Fonti and Garcia-Gon-
zalez 2008; Gea-lzquierdo et al. 2012), Castanea sativa
(Fonti and Garcia-Gonzalez 2004), or even for diffuse-
porous trees such as Q. ilex (Campelo et al. 2010).
Although this finding apparently suggests that RW would
be more appropriate for dendrochronological studies (Fonti
and Garcia-Gonzélez 2004; Campelo et al. 2010; Matisons
and Bramelis 2012), common signal only indicates the
statistical quality of each variable, without providing the
recorded climatic information (Campelo et al. 2010), which
needs comparing chronologies between each other and also
to climatic data. Garcia-Gonzélez and Fonti (2006) showed
that the common signal of vessel size of oak and chestnut
tended to remain low even if sample size was increased,
while climate—chronology relationships were very robust to
a considerably small sample size. This seems to be the case
for our study, since a higher common signal in RW or LW
did not allow identifying clear climate—growth relation-
ships; on the contrary, they were strong and reliable for
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Fig. 3 Evolution of the climatic and common signal of mean vessel
area (MVA) of Quercus pyrenaica when progressively removing
small vessels in each ring, respectively, expressed as, a bootstrapped
Pearson’s correlation coefficient to previous summer precipitation

most vessel variables, despite even having a negligible
common signal in some cases.

Tree-ring variables were not independent of each other,
which was evidenced not only by comparisons among
chronologies, but also in the climate—chronology relation-
ships, which showed groups of chronologies yielding a
similar result. Previous works had already analysed the
differences or analogies in the climatic signal of several
anatomical variables (Garcia-Gonzalez and Eckstein 2003;
Olano et al. 2012; Gea-Izquierdo et al. 2012), but to our
knowledge, no previous work dealt with a large data set as
the one considered initially in this work (23 variables) for
hardwoods, while Bryukhanova and Fonti (2013) obtained
multiple variables from tracheid measurements in two

(June—September), and b mean correlation between trees (Rbt). Dot
size in (a) is proportional to the significance level (P < 0.05,
P < 0.01, P <0.001, or P < 0.0001) of the bootstrapped correlation
coefficient

conifer species. We combined different methodological
approaches to optimize the climatic signal, and conse-
quently reduce the number of study variables, namely PCA
for chronology comparison (Fonti and Garcia-Gonzdlez
2004; Bryukhanova and Fonti 2013), vessel selection
according to the position within the ring (Garcia-Gonzalez
and Fonti 2008; Campelo et al. 2010), and vessel selection
upon size (Garcia-Gonzalez and Fonti 2006; Campelo et al.
2010). The first two methods allowed us to identify three
groups of variables with a similar response, whereas the
third facilitated the optimization of a climatic response
already identified. Thus, apart from the two variables
including latewood width (RW and LW), which clearly
differed from the others, anatomical variables were split
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Fig. 4 Climate—growth relationships for vessel size, expressed as
maximum vessel area (MAX). Bootstrapped correlation functions for,
a Q. petraea, and b Q. pyrenaica; ¢ adjustment between MAX
chronology of Q. pyrenaica and precipitation during the previous
summer (June—September). Statistics of chronology quality for MAX

into two groups. These groups were determined by vessel
size or number, and by vessel position, i.e. vessels lying in
the first row or in additional rows.

The appearance of the earlywood produced in ring-
porous oaks is mainly determined by the balance between
vessel number (usually distributed into only 1-3 rows), and
vessel size (normally very large). As the largest vessels
tend to remain in the first row, vessel number in this first
row is rather constant, and this explains why the total
vessel number (NV) was grouped with all variables not
belonging to the first row; but even “intermediate” vari-
ables, i.e. those influenced not only by number but also by
size (TVA, KS, and EW), were closer to NV, indicating
that the total earlywood formed and its associated con-
ductivity depend more on the number of vessel rows than
on the number of vessels.

A second group comprised vessel size variables, but
together with the rest of variables belonging to the first row
of earlywood. In addition, vessel size and number appear to
be nearly independent from each other, so that there does
not seem to be an efficiency vs. safety trade-off (Sperry
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are indicated in (a) and (b): mean correlation (Rbt), percentage of
variance (PC1), expressed population signal (EPS), signal-to-noise
ratio (SNR), mean sensitivity (MS), and first-order autocorrelation
(AR1). All correlations and statistics are for the common period
1937-2006

et al. 2008) within the earlywood; this means that the
existence of smaller earlywood vessels is not associated
with an increase in their number and vice versa; however,
we cannot rule out that size and distribution of other con-
ducting elements within the ring (latewood vessels or
tracheids), which are probably mostly involved in safety,
could be somehow related to the characteristics of the
earlywood produced. Although all variables within this
group had a similar response to climate, we chose MAX
instead of MVA for Q. pyrenaica, because the n-percentage
filter clearly showed that the correlation was maximized
when most small vessels had been eliminated. Conse-
quently, the largest vessels in the tree ring, nearly always
located in the first row, recorded the strongest climatic
signal, as has been pointed out before in other studies
(Garcia-Gonzalez and Fonti 2006; Campelo et al. 2010).
This result proves the need for an optimization of climate—
growth relationships when using vessel size, which is also
of great methodological relevance. If some of the main
climatic signals can be recorded when measuring only the
largest vessels of the tree rings, the detection limit could be
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Fig. 5 Climate—growth relationships for the total number of vessels
(NV). Bootstrapped correlation functions for, a Q. petraea, and b Q.
pyrenaica; adjustment between the average chronology of NV and
mean temperature during the dormant period (December—March) for,
¢ Q. petraea, and d Q. pyrenaica. Statistics of chronology quality for

raised during the process of image analysis, and thus
accelerated the process by using images with a lower res-
olution (Fonti et al. 2009). As regards Q. petraea, vessel
size appears to be nearly independent of climate, since we
found very weak responses that could not be improved by
using the size filter.

NV are indicated in (a) and (b): mean correlation (Rbt), percentage of
variance (PC1), expressed population signal (EPS), signal-to-noise
ratio (SNR), mean sensitivity (MS), and first-order autocorrelation
(AR1). All correlations and statistics are for the common period
1937-2006

Ecophysiological interpretation of climate—chronology
relationships

Although several authors often found that vessel features

were controlled by climatic conditions during vessel for-
mation (e.g. Garcia-Gonzalez and Eckstein 2003; Fonti and
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Fig. 6 Temporal variation of the main climate—growth relationships
obtained for, a Q. pyrenaica and b Q. petraea in the anatomical
variables maximum vessel area (MAX) and total number of vessels
(NV), expressed as moving bootstrapped Pearson’s correlations for

Garcia-Gonzalez 2008; Matisons and Brumelis 2012; Gea-
Izquierdo et al. 2012), which probably affect vessel
ontogeny directly, all our findings indicate that both vessel
size and number of vessels are related to processes that
occurred previously. This situation is not uncommon for
anatomical variables, and has also been evidenced in other
oak species (Matisons and Brimelis 2012). Specifically,
our results point out that factors affecting non-structural
carbohydrate dynamics are the most plausible explanation.
In fact, deciduous oaks are ring-porous trees, which usually
form the large earlywood vessels before bud break
(Hinckley and Lassoie 1981; Bréda and Granier 1996),
whose formation is therefore supported by previous
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1946-1985
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40-year periods. Dot size is proportional to the significance level
(P <0.05, P <0.01, P <0.001, or P <0.0001) of the bootstrapped
correlation coefficient

reserves. But the driving mechanisms are different for the
number of vessels and for vessel size.

The number of vessels showed a clear negative relation
to temperature during December—March, both in Q. pet-
raea and Q. pyrenaica, with no remarkable differences
between species. Due to the mountain conditions of the
study area that should delay cambial reactivation and
phenology, this timing is likely to totally extend within the
dormant period. As a result, the observed response is
probably a consequence of consumption of stored reserves
for winter respiration. A higher temperature increases
respiration rate in the tree, so that a lower amount of car-
bohydrates would be available for growth in early spring
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(Gea-Izquierdo et al. 2012), resulting in the productions of
fewer cells (and therefore vessels) in the wood. In fact,
Hoch et al. (2003) found a very pronounced decrease in
non-structural carbohydrates during the early growing
season for oak, which was attributed to its ring-porous
condition. But we cannot rule out that other more complex
mechanisms are involved in the observed response,
because the strongest response was observed during Feb-
ruary, and numerous hormonal (e.g. Lachaud et al. 1999)
and cell structural changes (Farrar and Evert 1997) occur
during the quiescent period, thus affecting vessel features.
In fact, Fonti et al. (2007) associated a similar relationship
to processes occurring during quiescence for vessel size in
chestnut, which were probably mediating auxin sensitivity
in the cambium.

Vessel size responded strongly to precipitation of the
previous year (June—September), but only in Q. pyrena-
ica. No significant responses were found for Q. petraea,
which reflects that rainfall is not a limiting factor for
vessel growth of this species in the study area. A strong
relationship between vessel size and precipitation is
common for ring-porous species, but affecting in different
moments during the growing season, mainly during spring
(Garcia-Gonzalez and Eckstein 2003; Fonti and Garcia-
Gonzalez 2008), but also in the previous year (Matisons
and Briimelis 2012). Our climatic responses were clearly
related to conditions in the previous growing season,
namely summer time, suggesting carbohydrate storage as
the most reliable explanation. Barbaroux and Bréda
(2002) observed that the accumulation of the reserves
occurred mainly during summer months for oaks, and this
process is greatly influenced by climatic conditions (Gallé
et al. 2007). Considering that rainfall minimum occurs
during summer at the study area, and water shortage can
consequently be limiting for photosynthesis, rainfall
during the previous summer should improve the filling of
carbon storage pools (Michelot et al. 2012), facilitating
the formation of larger vessels at the beginning of the
following season for Q. pyrenaica; or the opposite situa-
tion if water availability strongly decreases during sum-
mer. Carbohydrate storage is very important for this
species, because ring-porous trees as (. pyrenaica
develop their first earlywood vessels just before or at the
time of bud break (Suzuki et al. 1996; Schmitt et al.
2000), and the beginning of earlywood formation should
be supported by the mobilization of reserves stored during
the previous season. Furthermore, Yang and Midmore
(2005) reported that the main amounts of stored reserves
are used for development of leaves in the current growing
season. As expanding leaves are the main sources of
auxin, which regulates cambial activity (Fukuda 2004),
this could also indirectly influence the variation in vessel
size observed for Q. pyrenaica.

Relevance for climatic and ecological studies

The results of this work confirm the usefulness of den-
drochronological techniques applied to tree-ring anatomy
to study global change (Fonti et al. 2010). We established
climatic signals on wood anatomy that resulted to be
robust, compatible with reliable physiological hypotheses,
and, in addition, stable through time.

Many dendroclimatological studies based on tree-ring
widths pointed out clear instabilities in the climatic
responses (e.g. Briffa et al. 2004; Biintgen et al. 2006)
which are usually called the ‘divergence problem’
(D’ Arrigo et al. 2008). This process is defined as a change
in climate sensitivity especially around the middle of the
twentieth century, and attributed to climate change.
Unstable climatic responses have also been observed for
oaks, both in high Ilatitudes and temperate conditions
(Friedrichs et al. 2009; Visser et al. 2010). Mérian et al.
(2011) evaluated the spatio-temporal variation for 31 tree-
ring chronologies of Q. petraea along a wide range of
climate conditions in France, highlighting a general insta-
bility of climate—growth relationships. Moreover, some
lack of temporal stability was also found in vessel features
(Fonti et al. 2009), suggesting that vessel size in Q. petraea
was not an optimal proxy in ecological reconstructions.
However, we showed that climate—growth relationships
obtained for earlywood vessel features of Q. petraea and
Q. pyrenaica, especially vessel size, revealed a strong
temporal stability. Though limited to a period slightly
shorter than one century because of series length and the
availability of climatic data, dendrochronology applied to
anatomical features is probably an adequate proxy for long-
term climate reconstructions in the study area. But this
should be further confirmed by other studies involving
longer tree-ring series.

The climatic responses found in our study are of great
importance to better understand the possible consequences
of climatic variation on both Q. petraea and Q. pyrenaica,
as they point out some ideas on their higher or lower
capacity to cope with rising temperatures and decreasing
rainfall. In a rapidly changing environment, narrowly
adapted species with a low plasticity would be highly prone
to be displaced by other species (Valladares et al. 2007).
Two properties of the xylem, namely size and number of
vessels, could trigger a wider plasticity in both oaks. Wide
vessels have the advantage of a greater water transport
capacity, but they are also more vulnerable to drought-
induced cavitation than narrow vessels, emerging the
importance of the concept efficiency versus safety, widely
cited in many studies (e.g. Hacke and Sperry 2001; Hacke
et al. 2006; Gea-Izquierdo et al. 2012). On the other hand,
vessel numbers could compensate for an optimal conduc-
tivity when vessel size is reduced.
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(b) Quercus pyrenaica
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Fig. 7 Surface picture of two core fragments for both Q. petraea
(a) and Q. pyrenaica (b), illustrating the most common anatomical
appearance of both species. Although a wide range of vessel sizes and

We demonstrated that climate modulates vessel number
in both oak species, but also vessel size in Q. pyrenaica.
Therefore, higher winter temperatures would be expected
to lead to formation of a xylem with fewer vessels, with
consequent loss of water conductivity both in Q. petraea
and Q. pyrenaica. We hypothesize that the strong adapta-
tion of vessel size in Q. pyrenaica to previous year con-
ditions could indicate more plasticity of this species, i.e. a
better ability of individuals to modify their behaviour,
anatomy, or physiology in response to altered environ-
mental conditions (Gallé et al. 2010; Gea-Izquierdo et al.
2012). In contrast, Q. petraea does not seem to have this
capacity for adjusting its vessel size according to water
conditions, which would confer it a lower probability of
adaptation. The apparently different plasticity between
both species was identified through the statistical analysis
of the anatomical time series, but a slightly higher vari-
ability among rings and individuals of Q. pyrenaica could
be occasionally observed on the core surface (Fig. 7).
However, we must be aware of the limitations of this work,
which was carried out only in one geographical area, and
the analysis performed did not allow us to establish
unequivocally if the obtained responses to climate are more
likely to indicate adaptive plasticity or vulnerability to
harsh climatic conditions. But it clearly demonstrates the
exceptional value of vessel chronologies as a tool to study
the behaviour of these oaks through time, and should be
considered for further studies involving tree-ring networks
along the transition area between the Atlantic and Medi-
terranean regions.
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numbers are observed across individuals, Q. pyrenaica usually
presents a higher variability within and among trees, and also more
earlywood vessels outside the first row
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