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A B S T R A C T

Deciphering climatic factors limiting cambial activity is critical to forecast the potential of trees to respond to
ongoing climatic change. We explored multiple xylem traits, including tree-ring width, inter-annual micro-
density variation and intra-annual density fluctuations (IADF), to unveil the climatic factors constraining
cambial activity of a Mediterranean conifer (Pinus pinaster) along a continental-aridity gradient. Secondary
growth responded mainly to water availability, explaining as much as 64.7% of earlywood growth variance for
earlywood growth. The continuous and non-overlapping timing of the climatic signals of earlywood and late-
wood growth reflected a continuous water limitation of secondary growth along the growing season. Drought
also had an extraordinary impact on minimum (Dmin) and maximum (Dmax) density, with maximal explained
variances reaching 47.4% and 39.1%, respectively. Dmin was negatively associated to water availability during
the initiation of earlywood formation, whereas Dmax responded positively to water availability during two
distinct periods: previous winter and the initiation of latewood formation. IADFs in the latewood were quite
common along the gradient, occurred in 21–51% of the rings, and responded to episodes of high rainfall and
elevated temperature at different phases of latewood formation. Xylem traits identity outperformed site as a
driver of climatic signal, revealing the potential of a multi-proxy approach to unveil multiple facets of the
xylogenetic cycle. Cambial plasticity, i.e. the ability to adjust the xylogenesis rate and to arrest and resume
cambial activity to exploit favorable climatic windows, was critical for Pinus pinaster to thrive within wide
climatic envelopes. Nevertheless, the pervasive effect of water availability on all analyzed traits indicates that
forthcoming reduced precipitation and increased evapotranspiration, as predicted by climate change models,
will negatively impact P. pinaster secondary growth along its whole environmental range.

1. Introduction

Trees have a pivotal position in CO2 dynamics, contributing with
the largest fraction of photosynthesis in terrestrial ecosystems (Lal,
2008). Moreover, a significant fraction of the fixed carbon is converted
into durable compounds and stored as xylem cell walls that act as a
carbon reservoir. Higher temperatures and shifts in precipitation pat-
terns associated to climate change will impact photosynthetic and re-
spiratory rates (Frank et al., 2015, affecting carbon gain capacity, but
also tree secondary growth (Granda et al., 2013), thus potentially
modifying carbon storage patterns. These phenomena may disrupt the
role of trees as CO2 sinks (Frank et al., 2015), compromising this critical
ecosystem service.

Understanding how climate constrains xylogenesis is critical to
forecast whether trees will be able to provide carbon storage services
under future climatic scenarios (IPCC, 2014). Deciphering factors lim-
iting cambial activity along climatic gradients captures the adjustments
of species to thrive in a wide range of environmental conditions, pre-
dicting its potential adaptive capacity to ongoing climatic change.
Ideally, this information could be achieved by monitoring cambial ac-
tivity of the species along environmental gradients (Camarero et al.,
2010; Pérez-de-Lis et al., 2016b; Rossi et al., 2006). Nevertheless, long-
term studies of xylem phenology are usually lacking (Antonucci et al.,
2017). Information on cambial activity, however, can be mostly in-
ferred by analysing the permanent imprint of cambial activity on xylem
structure (Rossi et al., 2006; Fonti et al., 2010).
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Ring-width series are routinely used to analyze the effects of climate
on cambial activity, including their spatio-temporal dimensions (Fonti
et al., 2010). Xylem structure stores additional information to tree-ring
width (Speer, 2012). Therefore, multi-proxy approaches, including
several xylem traits, may improve our insight on the factors controlling
cambial activity (Cleaveland, 1986; Olano et al., 2012; Vaganov et al.,
2009). Wood density integrates xylem anatomical traits related to
mechanical strength, water transport and carbon storage capacities
(Chave et al., 2009), with changes in density mirroring climate varia-
bility (Camarero et al., 2014; Rosner et al., 2014). Abrupt intra-annual
changes in wood density, namely intra-annual density fluctuations
(IADF) – also termed as false rings, double rings or multiple rings
(Rigling et al., 2001) – echo sharp changes in weather at an intra-an-
nual level (Fritts, 1976; Schweingruber, 1988). IADFs reveal short-term
variation in the pace of xylem formation (De Micco et al., 2007), thus
providing information on environmental cues on the cambial activity at
intra-annual scale (Olano et al., 2015; Zalloni et al., 2016).

In this work, we explored the climatic factors constraining Pinus
pinaster Ait. cambial activity along a 300 km latitudinal climatic (pre-
cipitation and temperature) gradient comprising a significant portion of
this species environmental range. P. pinaster is a species of interest,
since it inhabits a wide diversity of climatic and environmental condi-
tions, from nearly frost-free areas under Atlantic climates with high
water availability to Mediterranean continental climates with strong
summer drought and long frost periods.

We analyzed the effect of climatic factors through multiple anato-
mical proxies of cambial activity. We included tree-ring width at annual
(ring) and intra-annual (earlywood and latewood) time scales. We also
evaluated the climatic control of wood density, including not only the
commonly studied maximum wood density (Vaganov et al., 2011), but
also minimum density that may have a strong climatic signal of spring
conditions in drought-constrained environments (Camarero et al.,
2014; Cleaveland, 1986). Finally, we evaluated the occurrence of dif-
ferent types of IADFs (Rozas et al., 2011; Zalloni et al., 2016), reflecting
the potential of P. pinaster to adjust its cambial activity to changing
climatic conditions at both inter- and intra-annual levels.

We hypothesized that water availability would be the major climatic
factor constraining P. pinaster cambial activity along the climatic gra-
dient with the effect of water limitation permeating all analyzed tree
rings traits (Olano et al., 2014). A plastic response of cambial activity
would allow encompass to the range of climatic conditions along the
gradient by adjusting its timing to benefit from favorable periods. Fi-
nally, we explored the potential of microdensitometric time series as
climatic proxies in Atlantic and Mediterranean environments.

2. Materials and methods

2.1. Study area and study species

We sampled four Pinus pinaster forest sites along a 300 km North-
South gradient of increasing elevation, continentality and summer
drought stress in Northern Spain, ranging from oceanic climate condi-
tions at the Spanish Cantabrian Coast to continental climate at the
Central Iberian Range (Fig. 1). First site was located at 33m asl in the
Cantabrian Coast (S1, Azkorri, Bizkaia, 43°22'40"N, 3° 0'42"W), with a
mean annual temperature of 14.4 °C and a total annual precipitation of
1183mm, on parent rock of Cretaceous flysch. Second site was located
at 750m asl in the Alto Ebro (S2, Oña, Burgos; 42°45'39"N, 3°25'58"W),
with a mean annual temperature of 11.9 °C and a total annual pre-
cipitation of 663mm, on parent rock of Cretaceous sandstone. Third
site was located at 1030m asl in the Alto Duero (S3, Tardelcuende,
Soria; 41°36'6"N,2°38'14"W), with a mean annual temperature of
10.7 °C and a total annual precipitation of 519mm, on parent rock of
Cenozoic sandstone. Fourth site was located at 1143m asl in the Alto
Tajo (S4, Corduente, Guadalajara; 40°49'49"N, 2° 0'27"W), with a mean
annual temperature of 10.3 °C and a total annual precipitation of

490mm, on parent rock of Triassic sandstone. Climate data were ob-
tained from the nearest meteorological station to each site for the
period 1961–2015 from AEMET (Spanish Meteorological Agency) net-
work (see Supplementary Table 1 for further details).

Pinus pinaster is an evergreen conifer endemic to the Western
Mediterranean basin inhabiting humid and sub-humid areas. It prefers
acidic soils, but occasionally can grow on basic soils, with a large al-
titudinal distribution range from sea level to 2000m asl (Abad Viñas
et al., 2016). It is a species of major conservational and productive
interest in the Iberian Peninsula that is widely used for forest restora-
tion, wood production and resin extraction (Calama et al., 2010). P.
pinaster secondary growth is mainly promoted by spring and early
summer precipitation (Bogino and Bravo, 2008), while IADF formation
is mainly linked to autumn precipitation (Vieira et al., 2010), being
IADF occurring mostly in the latewood (Campelo et al., 2007; Vieira
et al., 2009).

2.2. Sampling design, tree-ring width measuring and processing

We sampled twenty mature dominant or co-dominant trees (be-
tween 45 and 126 years old) at each site in February 2016. Three wood
cores were taken at breast height from each stem with a 5-mm diameter
increment borer. Cores were labeled and taken to the laboratory. A core
per tree was reserved for microdensitometrical analysis and the other
two cores were air dried and mounted on wooden supports for their
processing using standard dendrochronological techniques. Cores were
manually surfaced and polished with a series of progressively finer
grades of sandpaper until the xylem cellular structure was clearly
visible under magnification.

After visual cross-dating, tree-ring (RW), earlywood (EW) and la-
tewood widths (LW) were measured to the nearest 0.001mm by using a
sliding stage micrometer (Velmex, Inc., USA) interfaced with a com-
puter. Cross-dating accuracy was checked using the software COFECHA
(Grissino-Mayer, 2001). Each individual raw series for measured
parameter was standardized using the software ARSTAN (Cook and
Holmes, 1996). Raw series were fitted to a spline function with a 50%
frequency response of 32 years, which was flexible enough to reduce
the non-climatic variance while preserving high-frequency climatic
information (Cook and Peters, 1981), albeit long-term climatic effects
are removed. EW and LW chronologies were highly correlated
(reaching a maximum of r= 0.55; P < .001 in S4) reflecting common
constraints and the effect of earlywood conductance on latewood
growth (Pérez-de-Lis et al., 2016a; von Arx et al., 2017). Therefore, we
removed the dependence of LW on EW (Babst et al., 2016), by ex-
tracting the residuals of the regression between LW and EW and di-
viding them by the predicted value. This procedure provided an ad-
justed latewood index (LWadj) (Meko and Baisan, 2001) that was
independent of EW chronology (Stahle et al., 2009).

2.3. Intra-annual wood density fluctuations (IADFs)

Cross-dated cores were visually analyzed under magnification for
IADF identification. In accordance to their position within the tree-ring,
IADFs were classified into three types (Fig. 2). IADFs type E were
characterized as a latewood-like cells band within the earlywood. IADFs
types L and L+ were defined as earlywood-like cells band within the
latewood (L) and between latewood and earlywood of the following
ring (L+) (Vieira et al., 2009). The relative proportion of IADFs oc-
currence was estimated as the relative frequency (F) as F=(nx/
N)× 100, where nx is the total number of cores with IADFs in the year
x, and N is the total number of cores in that particular year. The IADFs
type E were very scarce in almost all the sites and then were discarded
for further analysis.
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2.4. Microdensity profiles processing

The third core per tree was used for microdensity measurements.
Cores were cut to a regular thickness of 2.3 mm using a double blade
saw. Obtained samples were subjected to a resin extraction process by
soaking them into pentane for 48 h before being X-rayed. Wood density
was measured using indirect-reading X-ray microdensitometry (Polge,
1966), and the resulting X-rays films were scanned at 1000 dpi re-
solution. Images were then analyzed with the software WinDENDRO
(Regent Instruments Inc., Canada). Tree-ring borders were auto-
matically placed and subsequently manually checked for correction. All
densitometric analyses were performed at INRA GENOBOIS (Orleans,
France). Two density parameters were calculated at the ring level using
routines written in R (R Core Team, 2016), supplied by INRA

GENOBOIS: minimum ring density (Dmin, kg dm−3), and maximum ring
density (Dmax, kg dm−3). Densitometric chronologies were standardized
following the same protocol as for ring-width chronologies.

2.5. Statistical analysis

Patterns in xylem chronologies response were explored through a
Principal Component Analysis (PCA) on the residual chronologies ma-
trix (28 chronologies, 4 sites× 7 xylem parameters) for the common
period 1966–2015 shared by all the chronologies. To settle whether the
observed pattern was related to chronology parameter (seven para-
meters) or to site identity (four sites), a Redundancy Analysis (RDA)
was performed for each constraining matrix with chronology parameter
and site included as a dummy variable. A Monte Carlo permutation test

Fig. 1. Study sites location (A), altitudinal transect in Spain (B) and climodiagrams for 1961–2015 period (C). Climate data were obtained from meteorological stations within 23 km from
the study sites (see Supplementary Table 1 for further details).

Fig. 2. Pinus pinaster core (below) with different IADF types and a dry year with very low growth (above). From left to right: IADF types L+, E and L, and narrow ring corresponding to the
dry year 2005. Blue (left) and red (right) arrows indicate initiation and end of annual tree rings, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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with 999 randomizations was performed to evaluate the relationship
between each matrix and the chronologies (Legendre and Legendre,
2012). PCA and RDA analyses were performed with the vegan package
(Oksanen et al., 2017).

We used Pearson’s correlations to identify the relationship between
residual RW, EW, LWadj, Dmin and Dmax chronologies and monthly cli-
matic factors for the common period (1961–2015) for each site, except
in S1 where the sampled trees were slightly younger (1966–2015). Due
to non-normality of IADF frequency chronologies, we used non-para-
metric Spearman correlation between climatic factors and IADF L and L
+ chronologies. Climatic time series (total precipitation, minimum
temperature and evapotranspiration) from every meteorological station
were selected for a time window comprising since September of the
year before the current growth season to November of the current
growth year.

We employed the Standardized Precipitation-Evaporation index
(SPEI) (Vicente-Serrano et al., 2010), available at http://spei.csic.es/
database.html, to evaluate the differential effect of soil water avail-
ability at different time-scales over the analyzed chronologies. SPEI
incorporates precipitation and potential evapotranspiration while con-
sidering different time-scales, thus it enables to explore multiscale re-
sponse of vegetation to drought (Vicente-Serrano et al., 2013). Re-
ference evapotranspiration used to calculate the SPEI was obtained by
means of the Hargreaves equation (Hargreaves and Samani, 1985)
using maximum and minimum temperature and the extraterrestrial
solar radiation. We calculated Pearson’s correlations between RW, EW,
LWadj, Dmin and Dmax residual chronologies and SPEI index from pre-
vious September to growth year November at different timescales, with
a lag ranging from one to 18 months. All statistical analyses were
performed in R environment (R Core Team, 2016).

3. Results

3.1. Characterization of the xylem traits

From the 240 extracted cores, 213 from 72 P. pinaster trees could be
cross-dated. Wood density chronologies (Dmin and Dmax) were based on
72 cores, one core from each sampled tree. EW, LW, IADF L and IADF L
+ chronologies were based on 141 cores from 72 trees, whereas RW
chronologies were based on the whole data set (213 cores). RW residual
chronologies showed values of mean sensitivity (msx) between 0.16 and
0.28, mean correlation between individuals (rbt) between 0.48 and
0.68, and expressed population signals (EPS) over 0.97 in all the sites
(Table 1), suggesting adequate replication and a high common signal
among trees for each locality, according to Wigley et al. (1984).

RW and EW chronologies were strongly positively correlated
(r > 0.92; P < .001 in all cases), a consequence of EW contributing to
more than 76.64% of total RW. Both chronologies were also correlated
with xylem density, positively with Dmax and negatively with Dmin in all
the sites except in the coastal site (S1). LWadj chronologies were highly
and positively correlated with Dmax in the continental sites (S3 & S4;
r= 0.70–0.76; P < .001), whereas Atlantic sites (S1 & S2) showed
non-significant correlation (r= –0.1 to 0.2; P > .1). Years with wider
LWadj showed higher IADF frequency in all sampled sites but S2. IADF L
and L+ chronologies showed strong negative correlation in S1, slighter
lower in S2 and were independent in the continental sites (S3 & S4) (see
Supplementary Table 2 for further details). PCA analysis revealed a
strong structure in residual chronologies with 88.9% of the variance
explained by the first axis that had discriminated between two main
groups: (1) IADF L, IADF L+ and LWadj chronologies, and (2) Dmin,
Dmax and RW-EW chronologies (Fig. 3). Partial RDA showed that
chronology parameter was the most important factor explaining this
structure (TVE=91.0%; P < .001), whereas site identity played al-
most no role (TVE=1.9%; P > .1).

3.2. Climatic response of residual chronologies

Residual chronologies retrieved high correlations with climate.
Correlation values were very high, especially for EW and wood density
chronologies. Since EW and RW were highly correlated, only EW results
with climate are presented (Fig. 4). EW responded positively to spring
and early summer precipitation in May-June, albeit correlation max-
imum was higher earlier (May) in continental sites (S3 & S4) and later
(June) in Atlantic sites (S1 & S2). December to February precipitation
played a prominent role in continental sites, but was irrelevant in the
Atlantic sites, which showed a small positive response to previous year
September–October rainfall. Minimum temperatures during winter also
exerted positive effects in cooler continental sites (S3 & S4), but only a
minor effect in the site S2 with more oceanic influence. Results of the
correlation between SPEI and EW revealed a high correlation of EW
with the hydric balance (Fig. 5). The intensity of SPEI correlation in-
creased from the coastal to the continental sites, from a minimum of
22.1% of explained variance in S1 to a maximum of 57.7% in S3. The
timing of the maximum correlation was earlier and lasted longer in the
continental sites S3 & S4 (June, 9 mo), and occurred later in the year
and had a shorter temporal lag in the oceanic sites (S1: August, 6 mo;
S2: August, 4 mo).

LW residual chronologies were moderately but significantly corre-
lated with EW one (r= 0.40–0.55; P < .05) in all sites except S2 (see
Supplementary Table 2 for further details), where it showed a non-
significant correlation (r= –0.21; P > .1). Residual chronologies of
LWadj showed a positive response to rainfall during latewood formation
in July–September, with site-related differences in the timing and lag
(Fig. 4). The maximum correlation had a shorter temporal lag and oc-
curred later in the year in the oceanic sites (August in S2, September in
S1). It also responded to precipitation in two periods before secondary
growth initiation, with positive responses to December to January
precipitation in all but the coastal site, whereas precipitation in Oc-
tober, at the end of the previous growing season, had a negative effect
in both continental sites (S3 & S4). SPEI explained a significant pro-
portion of LWadj variability (Fig. 5), ranging from 21.1% in S2 to 30.1%
in S4. The timing of LWadj maximum correlation, at the end of summer

Table 1
Summary of dendrochronological statistics for the residual chronologies for each site and
parameter for the common period 1961–2015, except for S1: 1966–2015. RW, tree-ring
width; EW, earlywood width; LW, latewood width; Dmin, minimum ring density and Dmax,
maximum ring density.

Parameters Site Mean ± SD msx rbt EPS SNR AC1

RW (mm) S1 4.32 ± 2.84 0.209 0.489 0.970 32.52 0.114
S2 1.88 ± 1.05 0.168 0.492 0.975 39.78 −0.119
S3 1.67 ± 1.24 0.233 0.682 0.991 115.9 −0.005
S4 0.96 ± 0.54 0.280 0.594 0.988 83.50 −0.136

EW (mm) S1 3.46 ± 2.35 0.422 0.406 0.949 18.47 0.022
S2 1.49 ± 0.87 0.159 0.420 0.953 18.93 −0.039
S3 1.28 ± 0.90 0.265 0.629 0.981 50.88 −0.064
S4 0.74 ± 0.44 0.305 0.499 0.969 30.91 −0.082

LW (mm) S1 0.96 ± 1.03 0.380 0.420 0.943 16.66 −0.110
S2 0.38 ± 0.28 0.162 0.326 0.926 12.58 0.015
S3 0.39 ± 0.46 0.255 0.446 0.962 25.00 −0.068
S4 0.22 ± 0.19 0.263 0.246 0.910 10.12 0.011

Dmin (kg dm−3) S1 0.29 ± 0.11 0.058 0.271 0.839 5.20 −0.068
S2 0.38 ± 0.05 0.029 0.192 0.756 3.09 0.074
S3 0.37 ± 0.05 0.075 0.359 0.905 9.54 −0.298
S4 0.44 ± 0.08 0.071 0.092 0.645 1.81 −0.094

Dmax (kg dm−3) S1 0.67 ± 0.25 0.073 0.193 0.544 1.19 −0.049
S2 0.80 ± 0.11 0.039 0.124 0.586 1.41 −0.131
S3 0.75 ± 0.12 0.057 0.453 0.930 13.24 0.048
S4 0.65 ± 0.14 0.083 0.413 0.918 11.25 0.135

msx, mean sensitivity; rbt, mean correlation between plants; EPS, expressed population
signal; AC1, first order autocorrelation.
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or in early autumn, and its lag, showed a great coordination with EW-
SPEI relationships, in all sites but S2. In S1, EW maximum correlation
occurred in August, whereas LWadj correlation peaked in October with
two months’ lag. EW climatic signal peaked in the continental sites (S3
& S4) in June, and LWadj correlation had its maxima in September with
a 3-month lag (from July to September).

Dmin responded to conditions during spring (Fig. 6), with higher
spring precipitation resulting in reduced Dmin in all but the coastal site
S1, and this effect extending to winter in the continental sites S3 & S4.
In contrast, early-summer precipitation in June–July (Fig. 6) had a

positive effect in the coastal site S1. Minimum temperature in Januar-
y–February also showed a negative effect in the continental sites (S3 &
S4). SPEI signal (Fig. 5) matched the observed monthly climatic effect,
revealing a negative effect of wet springs on Dmin (r2= 0.473,
P < .0001 in S2; r2= 0.474, P < .0001 in S3; r2= 0.246, P < .001
in S4), with both continental sites showing longer lags that included
winter. In contrast, SPEI had a poor effect for the coastal site
(r2= 0.162; P= .004 in S1), with higher Dmin associated to wet Ju-
ne–July months.

Residual chronologies of Dmax (Fig. 6) reflected the positive effect of

Fig. 3. Principal Component Analysis (PCA) on the residual chron-
ologies of Pinus pinaster for the common period 1966–2015. Dmin:
Minimum density; Dmax: Maximum density; EW: Earlywood width; L:
L IADF; L+: L+ IADF; LW: Adjusted latewood width; RW: Ring width.
Colors correspond to sites, green for S1, blue for S2, yellow for S3 and
red for S4. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Correlations (Pearson’s coefficient) between
earlywood (EW) and latewood adjusted (LWadj) with
total precipitation and minimum temperature for the
period 1961–2015, except for S1: 1966–2015.
Correlations were calculated from September of
previous year (uppercase letters) to November of
current growth year (lowercase letters). Dashed lines
indicated P < .05 and dotted lines indicate
P < .01. Bars colors indicate the four sampled sites
(S1, white; S2, grey; S3, dark grey and S4, black).
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cumulative June to August precipitation in the inland sites S2, S3 & S4.
Interestingly, in the more continental sites S3 & S4, December–January
precipitation had an even stronger positive value and precipitation in
October, at the end of the previous growing season, showed a negative
effect. January to March minimum temperature had a reduced positive
effect in the inland sites S2, S3 & S4. SPEI explanatory power (Fig. 5)
grew with increasing continentality (r2= 0.081, P= .045 in S1;
r2= 0.299, P < .0001 in S2; r2= 0.359, P < .0001 in S3; r2= 0.391,
P < .0001 in S4). Maximum correlation timing shifted from maxima in
June (1 mo) for the coastal site S1, August (3 mo) for S2, to two peaks in

continental sites, one in winter (January, 3 mo) that was the maxima in
S3, and another at the end of summer (September, 5 mo), that was the
highest in S4.

3.3. Climatic control on IADF formation

IADFs were very common in the latewood, ranging between
21–22% in the continental sites S3 & S4, to 51% in the coastal site S1.
However, IADF E occurred only in three rings in the coastal site, and
none in the other sites. No significant temporal trend was found in total

Fig. 5. Percentage of the variance of Earlywood width (EW), adjusted latewood width (LWadj), minimum ring density (Dmin) and maximum ring density (Dmax) chronologies explained
by monthly Standardized Precipitation–Evaporation index (SPEI) series at different time scales for the period 1961–2015, except for S1: 1966–2015. The correlations were calculated
from September of the previous year (uppercase letters) to November of the current year (lowercase letters) of tree ring formation. Inserts in the plots represent the month and temporal
lag in which maximum appears and percentage of explained variance. Black dots indicate the maximum signal occurrence. Percentage of variance is calculated as the variance explained
by the coefficient of determination (R2), but retaining the sign of r to evaluate the direction of the effect. This parameter improves the visibility of optimal statistical relationships between
growth and SPEI.
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IADF frequency in any site, although in the coastal site IADF L declined
(r= –0.53, P < .001) whereas IADF L+ increased (r= 0.36,
P= .009). IADF L were more frequent than L+ in S2 and S3, but both
IADF types showed similar frequencies in S1 and S4. Spearman’s cor-
relation revealed contrasting responses to climatic factors between both
IADF types in the latewood (Fig. 7). IADF L frequency increased with
higher than average rainfall during summer arrest, July in S2 and S3
and August in S1. By contrast, IADF L+ occurrence was associated to
wet and warm early autumn conditions.

4. Discussion

The use of a multiproxy approach along a climatic gradient allowed
unveiling robust links between climate and Pinus pinaster xylem char-
acteristics. Water availability had a dramatic impact on all analyzed
wood traits. The timing of the climatic factors constraining cambium
activity varied along the climatic gradient. Nevertheless, the identity of
the analyzed traits outperformed geographic location in determining
limiting climatic conditions. Latewood growth and IADF frequency

responded to climatic factors occurring in a different temporal domain
than earlywood width and microdensity.

Earlywood formation initiates after a minimum temperature
threshold for cambial activity is reached (Kulmala et al., 2017; Rossi
et al., 2008; Vieira et al., 2014; but see Ren et al., 2015), and extends in
Mediterranean areas until spring-summer drought depletes soil
moisture, leading to cambial cells division halt (Camarero et al., 2010).
The span of this period varies considerably along the wide range of
environmental conditions inhabited by P. pinaster. This variability is
highlighted by the contrasting intensity and timing of the earlywood
climatic signals along the continentality-aridity gradient. Drier con-
tinental Mediterranean sites experienced water limitation earlier, more
intensely and for longer time periods than humid and warm Atlantic
sites. In fact, water limitation was so high that earlywood growth in
continental sites depended on autumn-winter precipitation that re-
charges soil water, whereas earlywood growth in Atlantic sites only
responded to variability of spring-summer precipitation. An earlier
onset of cambial activity in P. pinaster under dry and warm conditions
might prolong the length of xylogenesis period before summer drought

Fig. 6. Correlations (Pearson’s coefficient) between
minimum density (Dmin) and maximum density
(Dmax) with total precipitation and minimum tem-
perature for the period 1961–2015, with the excep-
tion of 1966–2015 for S1. Correlations were calcu-
lated from September of previous year (uppercase
letters) to November of current year (lowercase let-
ters). Dashed lines indicated P < .05 and dotted
lines indicate P < .01. Bars colors indicate the four
samples sites (S1, white; S2, grey; S3, dark grey and
S4, black).

Fig. 7. Non-parametric correlations (Spearman’s
Rho) between IADF types L and L+ with total pre-
cipitation and minimum temperature for the period
1961–2015, with the exception of 1966–2015 for S1.
Correlations were calculated from September of
previous year (uppercase letters) to November of
current year (lowercase letters). Dashed lines in-
dicated P < .05 and dotted lines indicate P < .01.
Bars colors indicate the four samples sites (S1, white;
S2, grey; S3, dark grey and S4, black).
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(Campelo et al., 2007; Vieira et al., 2010, 2009), favoring higher
tracheid production (Lupi et al., 2010). However, in dry and cool
continental sites, late-winter temperatures may represent a strong
thermal limitation to earlier initiation of cambial activity.

Latewood contributed significantly to total ring width, comprising
24% of total ring. Since latewood production was dependent on ear-
lywood production, removing EW signal in LW resulted in an enhanced
LW climatic signal. The transition between earlywood and latewood
can be controlled by different factors, including soil moisture (Domec
and Gartner, 2002), thus a decrease of water availability along the
gradient would induce earlier LW initiation in drier sites. Sooner early-
latewood transition in drier sites was supported by an earlier SPEI
signal in LWadj in dry continental sites. Overall, P. pinaster growth re-
sponded to water availability along the whole growing season, both
early and latewood growth being constrained by water availability. The
timing of SPEI signals in EW and LWadj chronologies undoubtedly re-
flects the continuous water limitation of secondary growth. For ex-
ample, maximal SPEI signal for earlywood growth in the Cantabrian
coast occurred in August with a six months’ lag (from March to August),
whereas latewood responded to the immediate period, October with a
two months’ lag (from September to October). Arrest of P. pinaster xy-
logenesis has been related to temperature, with longer growing seasons
occurring under warmer conditions (Campelo et al., 2013; Vieira et al.,
2014). Temperature limitation for latewood growth in colder sites is
reflected by the later LWadj climatic signals in coastal sites and the
limiting effect of autumn minimal temperatures in more continental
sites.

Unpredictable rainfall patterns in Mediterranean environments re-
sult in a high frequency of the activation-reactivation cycles in cambial
activity during the growing season (Campelo et al., 2007; Olano et al.,
2015; Zalloni et al., 2016). These changes can be recognized through
the identification of IADFs, which are extremely common in P. pinaster
during latewood formation under both Atlantic and Mediterranean
climates (Battipaglia et al., 2016; Bogino and Bravo, 2009; Campelo
et al., 2015; De Micco et al., 2007; Rozas et al., 2011; Vieira et al., 2010,
2009). Latewood IADFs formation in Mediterranean conifers is driven
by increased soil water availability during the late growing season,
which is reflected in larger tracheid lumens (Pacheco et al., 2016). Also,
a modelling approach proved that water availability is the key driver of
wood density variation and IADF formation in the latewood of P. pi-
naster (Wilkinson et al., 2016). In our case, the formation of IADF types
L or L+ depended on the timing where the climatic event occurred.
Higher rainfall during the early-latewood transition period was strongly
correlated with IADF L formation in three out of four sites, whereas
IADF L+ tended to occur under warm and wet conditions in September,
or after October rainfall in the coast, near the end of latewood forma-
tion. Despite the different timing of the climatic signal, both IADF types
in the latewood are a consequence of the same physiological process,
i.e. increased water availability during latewood cell expansion, that
leads to enhanced cell turgor pressure and larger tracheid lumens
(Carvalho et al., 2015; Oberhuber et al., 2014; Vieira et al., 2015). If
this phenomenon occurs near the onset of latewood formation, IADFs
type L is formed, whereas if it takes place near the end of latewood
formation, IADFs type L+ appears. The preconditioning effects of high
temperature showed to be opposite for L and L+ IADFs formation in
coastal stands, being negative in April-June for L frequency and positive
in May–June for L+ frequency. In inner stands, however, both L and L
+ frequencies showed to be positively related to elevated temperatures,
in April for L formation and in September–October for L+ formation.
This result is similar to those observed for P. pinaster in NW Spain
(Rozas et al., 2011), and can be attributed to the intensification of
cambial activity under warm conditions in key phases of the xyloge-
netic cycle. In general, IADFs formation in Mediterranean pines shows
positive relations with temperature (Zalloni et al., 2016), which induces
an enlargement of the growing season and a higher frequency of IADFs
(Campelo et al., 2015).

Wood density integrates multiple anatomical parameters, e.g. trac-
heid lumen to wall ratio, secondary wall lignification, and proportion of
parenchyma in the xylem, thus resulting in a good proxy for xylem
anatomy. To date, most studies exploring inter-annual variability in
xylem density have focused on maximum density. This may reflect the
strong functional link between higher summer temperatures and longer
and more intense cell-wall thickening in temperature-limited temperate
and boreal environments (Briffa et al., 1998; Büntgen et al., 2010;
Vaganov et al., 1999). Thus, maximum density retrieves a strong late
summer temperature signature (Kirdyanov et al., 2003, 2007; Büntgen
et al., 2010). Nevertheless, it is not evident whether the same processes
may act in Mediterranean environments where growth is mostly con-
trolled by water availability. Higher water availability during latewood
formation may impact directly tracheid maturation processes and in-
crease cell wall thickness (Olano et al., 2012, 2014), with this signal
being stronger and responding to longer temporal lags in more water-
limited continental sites. In contrast, the impact of winter rainfall on
latewood formation in the two Mediterranean-continental sites would
be related to indirect mechanisms. Warm and wet winters would favor
photosynthetic activity leading to increased carbon reserves. Higher
resource accumulation may directly provide additional resources to
invest in photosynthetic tissue leading to more carbon gain, directly in
the construction of the costly latewood cells, or in the gain of earlywood
conductive tissue (DeSoto et al., 2016; Kulmala et al., 2017; Vicente-
Serrano et al., 2016; von Arx et al., in review). Our results add to the few
published microdensitometrical analyses in Mediterranean conifers and
point to a complex link between maximum density and water avail-
ability at distinct periods (Camarero et al., 2014; Besson et al., 2016).

The strong spring precipitation signal found in Dmin confirms pre-
vious research in drought constrained environments (Camarero et al.,
2014; Cleaveland, 1986). Higher water availability during earlywood
tracheid expansion would result in wider tracheids (Oberhuber et al.,
2014) with higher lumen to wall ratio and potentially also higher
parenchyma proportion (Olano et al., 2013a), altogether decreasing
wood density and promoting its conductive efficiency. In this sense, the
negative correlation between EW and Dmin in our data, could respond to
a common but opposite climate forcing, but it may also be revealing an
additional positive feed-back of higher conductivity on xylem growth
(Olano et al., 2013b; Pérez-de-Lis et al., 2017).

Regardless of the regional variation in limiting climatic conditions,
the variability associated to xylem trait identity outperformed site-re-
lated environmental shifts along the studied gradient. All parameters
responded to water availability, but there was a divide of earlywood
growth, ring width and densitometric measurements against latewood
growth and IADF formation, which indicates that the climatic signals
controlling two groups of parameters are occurring at different time
domains. Latewood growth and IADF formation respond to events oc-
curring in late summer and early autumn, whereas earlywood and
densitometry signals occur mostly prior to latewood formation. The
strong climatic signals revealed by our results highlight the consider-
able potential of multi-proxy tree-ring approaches to reconstruct cli-
mate variability in Mediterranean climates.

A high plasticity in cambial activity and xylogenesis is one of the
most relevant factors to overcome the unpredictable climatic conditions
imposed by Mediterranean climate (Camarero et al., 2010; Cherubini
et al., 2003; Gutiérrez et al., 2011). The ability to modify the onset and
the rate of xylogenesis and to arrest and resume cambial activity, ex-
ploiting favorable climatic windows, allow Mediterranean plants to
maintain secondary growth activity under wide climatic envelopes
(Arzac et al., 2016; Camarero et al., 2010; Olano et al., 2015). This
plasticity may explain why an increase in climatic suitability has been
predicted for P. pinaster under future climate scenarios (Lloret et al.,
2013). Nevertheless, the pervasive effect of water availability in all
analyzed traits indicates that reduced precipitation and increased eva-
potranspiration, as predicted by climate change models for the Medi-
terranean region (Giorgi and Lionello, 2008), will impact negatively P.
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pinaster secondary growth along its whole distribution range. Moreover,
the limited genetic variation in the resistance to embolism along its
distribution range (Corcuera et al., 2012; Lamy et al., 2014) indicates
the existence of a net threshold in its potential drought tolerance and
susceptibility to future increased drought in its arid range edge.
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