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• A tree-ring network of 77 Mediterra-
nean Black pine forests was analyzed.

• Contrasting growth and climate pat-
ternswere found inwest vs. east forests.

• Black pine growth of east and west pop-
ulations desynchronized after the
1970s.

• The loss of synchronywas linked to sev-
eral and uncoupled regional droughts.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 June 2019
Received in revised form 16 August 2019
Accepted 18 August 2019
Available online 22 August 2019

Editor: Elena Paoletti
The effects of climate change on forest growth are not homogeneous across tree species distribution ranges be-
cause of inter-population variability and spatial heterogeneity. Although latitudinal and thermal gradients in
growth patterns have been widely investigated, changes in these patterns along longitudinal gradients due to
the different timing and severity of regional droughts are less studied. Here, we investigated these responses
in Mediterranean Black pine (Pinus nigra Arn.). We built a tree-ring width dataset comprising 77 forests (1202
trees) across theMediterranean Basin. The biogeographical patterns in growth patterns and the relationships be-
tween growth andmean temperature, precipitation, drought and atmospheric circulations patterns (NAO -North
Atlantic Oscillation-, SOI -Southern Oscillation Index- and MOI -Mediterranean Oscillation index-) were ana-
lyzed. Then, we evaluated the spatial and temporal growth synchrony between and within east and west popu-
lations.We found different growth and climate patterns inwest vs. east Black pine populations, although in both
regions growth was driven by similar temperature and precipitation variables. MOI significantly influenced tree
growth, whilst NAO and SOI showed weaker effects. Growth of east and west Black pine populations
desynchronized after the 1970s when several and uncoupled regional droughts occurred across the Mediterra-
nean Basin. We detected a climate shift from the 1970s to the 1980s affecting growth patterns, changing
growth-climate relationships, and reducing forest growth from west to east Black pine forests. Afterwards,
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1. Introduction

How environmental variation alters forest productivity and tree per-
formance through time and across species' distribution ranges remains
one of the pivotal uncertainties in biogeography and ecology (Thuiller
et al., 2008;Walther et al., 2002). Themechanisms and strategies under-
lying forest responses to climate through time are complex and vary
among tree species and between regions (Dorado-Liñán et al., 2019;
Gazol et al., 2018), but also depend on physiological constraints related
to tree ontogeny (Rabasa et al., 2013), genetic origin (Sánchez-Salguero
et al., 2018) and size (Olson et al., 2018). Unravelling these complex re-
sponses requires new framework that integrate information of long-
term growth and broad spatial scales of biogeographical analyses
(Benito-Garzón et al., 2013).

Climate change is a complex process acting as a selective force in-
cluding a pronounced rise in air temperatures, a higher frequency and
severity of extreme weather events (e.g. droughts), together with
higher temporal and spatial variability in precipitation (IPCC, 2014).
These impacts, as a whole, act as a filter that may result in local extinc-
tions or shifts of tree species populations (Taberlet andCheddadi, 2002).
Moreover, dissimilar impacts on tree populations may accentuate the
differences between regions or subspecies spatially segregated due to
long-term climatic differences (Seim et al., 2014).

The influence of climate change on regional and local drought vari-
ability might be particularly significant across the Mediterranean
Basin (hereafter MB), which is one of the climate change hotspots
where many European tree species reach their southernmost distribu-
tion limits (Luterbacher et al., 2012). Nonetheless, a pronounced
warming and higher inter-annual rainfall variability, including extreme
drought events, is projected across the MB for the next decades (Meehl
and Tebaldi, 2004). Indeed, theMB has experienced an increase in tem-
perature during the 20th century which was more accentuated in the
western area (Gao and Giorgi, 2008; Giorgi, 2006; Kutiel and Maheras,
1998; Rodrigo et al., 1999), and a widespread reduction in winter pre-
cipitation, except in the southeastern part, linked to changes in atmo-
spheric circulation patterns (Dünkeloh and Jacobeit, 2003). Climatic
models predict that these trends will continue throughout the MB
(Giorgi and Lionello, 2008), as well as an increment in heavy rain epi-
sodes and temperature extremes (Goubanova and Li, 2007).

The MB has a complex and heterogeneous climatology, which is de-
termined by its geographical location, its dimensions and the interac-
tion of different components, i.e. regional topography, distance to
mountains and coasts, and the local and general atmospheric circulation
patterns. Due to its location, the climate of theMB is a transition climate
between the northern temperate climate and the semi-arid climate in
the south. Because of its dimensions and the atmospheric circulation
patterns in the basin, there is a manifest east-west dipole, which is re-
vealed in the negative correlations between east and west climate var-
iables (Xoplaki et al., 2003). The MB shows a longitudinal gradient of
precipitation from north-east (wet Adriatic and Ionian coasts) to
south-west regions (dry south-east Spain; Maheras et al., 1999) that
could uncouple regional droughts across the MB (Nicault et al., 2008)
and emphasize the differences across the regional-dependent forest
growth responses to climate (cf. Dorado-Liñán et al., 2019).

The significance of large-scale atmospheric circulation patterns in
the biogeographical performance of tree species have been discussed
for several MB forests (Dorado-Liñán et al., 2017), but mostly at local
to regional scales (e.g. Esper et al., 2015; Rozas et al., 2015). The most
important atmospheric circulation pattern across the MB, which estab-
lishes the east-west precipitation dipole, is characterized by the sea-
sonal variation of the Mediterranean Oscillation (MO; Dünkeloh and
Jacobeit, 2003; Maheras et al., 1999) which is also linked to the North
Atlantic Oscillation (NAO; Feidas et al., 2006). The NAO modulates
winter-spring precipitation and temperature across western Europe
(Hurrell and Van Loon, 1997), thus affecting forest growth and produc-
tivity in the Iberian Peninsula (Camarero, 2011; Camarero et al., 2013;
Madrigal-González et al., 2017).

Investigating the effects of climate on forest growth and productivity
requires characterizing long-term growth responses of widely distrib-
uted tree species considering their temporal and spatial variability
across the MB, and tree-ring data are one of the most used proxies for
quantifying long-term tree climate sensitivity (Fritts, 2001). Large-
scale, severe droughts and warmer temperatures induce important
growth reductions and similarities in climate sensitivity, increasing
growth coherence (i.e., spatial synchrony in radial growth) within tree
populations and between regions and species (cf. Shestakova et al.,
2016). As a result, increasing synchrony in growth across the MB east-
west dipole may indicate a global and coupled drought stress on tree
growth across different regions, tree species and populations
(Sánchez-Salguero et al., 2018). However, a different drought impact
on growth across the MB due to the longitudinal precipitation gradient
may uncouple growth patterns which could lead to a reduced syn-
chrony triggering adaptation to site conditions as has been reported
by Dorado-Liñán et al. (2019). The prevailing mechanism (enhance or
loss of spatial synchrony) for many Mediterranean tree species is still
poorly known.

In this research, we focus on Black pine (Pinus nigra Arn.) forests
considering its main and recognized subspecies to evaluate these issues
owing to the species' wide longitudinal range in the MB, covering wide
bioclimatic gradients, fromwet and relative cold areas in the north-east
MB, to warm and driest in the south-west (Barbéro et al., 1998). Studies
carried out in western MB Black pine populations (Spain and France)
have shown that its radial growth is enhanced by prior wet and cold au-
tumns, warm winters, and by cool-wet spring conditions of the year of
growth (Amodei et al., 2013; Andreu et al., 2007; Camarero et al.,
2013; Camarero et al., 2015; Génova and Fernández, 1998-1999;
Linares and Tíscar, 2010, 2011; Martín-Benito et al., 2008; Martín-
Benito et al., 2010; Martín-Benito et al., 2011). Moreover, in the east
populations (e.g. Turkey), Black pine growth showed positive and neg-
ative trends before and after the 1970s climate shift, respectively
(Janssen et al., 2018), and May–June precipitation is the main climatic
driver on growth (Akkemik and Aliye, 2005; Touchan et al., 2003). De-
spite this fragmented research, in this study, we attempt for the first
time to ascertain the response of Black pine across the MB including
populations distributed across the whole distribution area, under a
broad temporal and geographical perspective, by using a large dendro-
chronological network of 77 forests and 1202 trees. Our goals are: (i) to
quantify climate-growth sensitivity of Black pine Mediterranean forests
during the last century; (ii) to determine the influence of large-scale at-
mospheric circulation on Black pine growth; and (iii) to quantify the
spatial and temporal synchrony or coherence within and between tree
populations and regions, as a proxy of drought impact. We hypothesize
that growth patterns of Black pine would differ along the MB east-west
dipole, and the differences between these regions will be magnified
during the last decades due to different impacts of recent regional
droughts.
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2. Material and methods

2.1. Tree species and study area

Black pine (Pinus nigra Arn.) is a long-lived, shade-intolerant conifer
with a fragmented distribution area circumscribed to the MB (Barbéro
et al., 1998; Enescu et al., 2016; Farjon and Filer, 2013; Appendix A. Sup-
plementary data, Fig. A1). Traditionally Pinus nigrawas considered con-
stituted by different subspecies and varieties across the MB depending
on specific morphological (Barbéro et al., 1998; Farjon and Filer, 2013)
and genetic details (Giovannelli et al., 2019). This conifer inhabits
mountain areas with calcareous-dolomitic substrates at mid to high el-
evations, usually from 800 to 1900 m a.s.l. (Barbéro et al., 1998). Black
pine forms many transitional forests since it coexists with Pinus
sylvestris, Pinus mugo and Pinus heldreichii at high altitudes in cold-wet
sites, and forms mixed forests with Pinus halepensis and Pinus pinea at
lower altitudes in warm-dry sites (Enescu et al., 2016). In general,
Black pine is considered a drought-tolerant species, although has expe-
rienced dieback processes, especially at Iberian southern populations
under semi-arid conditions (Camarero et al., 2018; Sánchez-Salguero
et al., 2012). Black pine covers a wide latitudinal gradient (34° to 44°
N, ca. 1000 km) in the western and eastern regions (Martín-Benito
et al., 2010), but the species longitudinal range is wider (−5° W to
36° E, ca. 3650 km; Fig. A1). The species has been widely used in refor-
estation due to its ecological plasticity (Cenni et al., 1998), but in this
study, we only used data from native forests.

The study area encompasses theMBwherewe selected and sampled
sites across the Black pine distribution area (Fig. A1). Mean annual tem-
perature and precipitation in the Black pine distribution area ranges be-
tween 5° to 15 °C and from 500 to 1500 mm, respectively (Fig. A1;
Enescu et al., 2016).

2.2. Tree-ring network: field sampling and dendrochronological methods

We collected wood samples in 33 sites from the Iberian Peninsula
and Morocco (599 trees and 1171 cores). Additionally, we
complemented this dataset with 44 sites (603 trees and 1120 cores)
from the International Tree-Ring Databank (ITRDB) to cover widely
the Iberian Peninsula, the central (Italy and east France) and east
(Greece, Turkey and Cyprus) distribution area of Black pine (Table A1).

In each sampled site, aminimumof 10–12 dominant or codominant,
living trees from undisturbed sites were sampled (Table A2) following
dendrochronological methods (Fritts, 2001). Two wood cores per tree
were taken at breast height (1.3 m), opposite oriented to themaximum
slope, and using a 5.15-mm Pressler increment borer. The wood cores
were air dried, mounted onwooden supports and progressively sanded
until rings were perfectly visible through their transversal plane. Then,
wood cores were visually cross-dated and measured using semi-
automatic devices (LINTAB, RinnTech, Heidelberg, Germany; Velmex
Inc., USA) with a 0.01 mm resolution. Finally, the cross-dating was ver-
ified using the COFECHA program (Holmes, 1983).

To remove the age-related trend and non-climatic signals (e.g. even-
tual past thinning or tree-to-tree competition), we detrended the tree-
ringwidth series. We used a double detrending procedure, fitting nega-
tive exponential functions followed by 30-year long splines,whichmax-
imized the high-frequency climatic information, and minimized the
non-climatic variance related to ontogenetic and local disturbances
trends (Helama et al., 2004). We also applied autoregressive modeling
to remove tree-ring width series autocorrelation. The resulting pre-
whitened or residual indices were averaged within each site using ro-
bust biweight means to obtain site chronologies or mean series of
ring-width indices (TRWi). The detrending process was carried out
using the ARSTAN program (Cook, 1985) and the dplR library (Bunn
et al., 2016) in the R statistical language (R Development Core Team,
2018). To assess the signal quality of tree-ring width series several den-
drochronological statisticswere calculated (Table A2) (Fritts, 2001).We
computed the first-order autocorrelation of raw width data (AC1), the
mean correlation between trees (rbt), and the mean correlation
among series (rbar).

The resulting chronologies covered different periods (Table A2),
while those from eastern sites started before the 20th century and
ended in the 1980s and 1990s, the western sites series encompassed
the 2000s, but some of them (n=5), did not cover thewhole 20th cen-
tury period. Thus, we performed the analyses using two temporal win-
dows. First, we used all the potential of the tree-ring network analyzing
the common period 1954–1979. Second, we used only those chronolo-
gies, which covered the period from 1910s to the 1990s. Thus, we stud-
ied all the potential differences considering the whole tree-ring
network, but we also explored the east-west growth responses consid-
ering longer periods.

To determine the common variance in growth among sites, we cal-
culated a Principal Component Analyses (PCA) based on the variance-
covariance matrix of the residual chronologies for the common period
1954–1979, and also for those chronologies which covered the period
1910–1990.

2.3. Bioclimatic niche

To define and characterize the bioclimatic niche of Black pine, we
used a PCA analysis based on the correlation matrix of six bioclimatic
variables retrieved from Wordclim 2.0 (http://worldclim.org/version2)
at a 10 × 10-km resolution for the period 1970–2000 (Fick and
Hijmans, 2017; Hijmans et al., 2005): precipitation regimes (precipita-
tion of the warmest (bio_18), driest quarter (bio_17), and seasonality
(bio_15)), and temperature (temperature of the warmest (bio_10), dri-
est quarter (bio_9), and seasonality (bio_4)). We selected these vari-
ables because they showed the highest variability within the Black
pine spatial distribution, and at the same time, they captured key cli-
matic patterns for growth performance (cf. Camarero et al., 2013).
This analysis was carried out extracting the information of the different
bioclimatic variables within the Black pineMB distribution area accord-
ing to Euforgen (http://www.euforgen.org/). Finally, the loadings of the
first (PC1) and second (PC2) components of this PCA, which retained
the highest common variability (61.6 and 15.8%, respectively; i.e.
77.4% of the total), were extracted for the different studied populations,
and for all the Black pine distribution area. We focused on the first two
components because the explained variance in the third component
was b10%. These analyses were conducted using the FactoMineR pack-
age in R (Lê et al., 2008). The resultswere visualized using the Factoextra
package (Kassambara and Mundt, 2016).

2.4. Defined bioclimatic regions

We grouped the sampling sites into three bioclimatic regions West
(Spain and Morocco), Centre (Italy and France) and East (Greece,
Turkey and Cyprus) (Table A1) following to three different criteria:
(i) the main climatic sub-regions found using temperature (Maheras
and Kutiel, 1999) and precipitation data (Dünkeloh and Jacobeit,
2003), (ii) the differences found in the bioclimatic niche, and (iii) the
presence of the five recognized Black pine subspecies (according to
the nomenclature of Catalogue of life http://www.catalogueoflife.org/
and the IUCN red list https://www.iucnredlist.org/): subsp. salzmannii
in western MB, subsp. laricio in central MB, and subsp. nigra, dalmatica
and pallasiana in eastern MB (Table A1).

2.5. Climate data, drought index and large-scale climatic fluctuations

To analyze the influence of local and regional climate on growth, we
used long-term(1901–2016)monthly climatic data (mean temperature
and total precipitation) from the Climate Research Unit (CRU) TS 4.01.
database (Mitchell and Jones, 2005). This climatic repository provides
homogenized and quality-controlled data at 0.5° spatial resolution for

http://worldclim.org/version2
http://www.euforgen.org/
http://www.catalogueoflife.org/
https://www.iucnredlist.org/
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all sites (Harris et al., 2014). Climate time series were downloaded from
the Climate Explorer of the Royal Netherlands Meteorological Institute
(http://climexp.knmi.nl) for the 0.5° × 0.5° (longitude and latitude)
grids in which the study forests were located.

To analyze the impact of drought severity on growth we employed a
multi-scalar drought index, the Standarized Precipitation-
Evapotranspiration Index (SPEI), which was calculated using precipita-
tion and temperature from the same CRU climate data previously de-
scribed (Vicente-Serrano et al., 2010). We used the June SPEI following
previous studies on Black pine both in western (Pasho et al., 2011) and
eastern (Bhuyan et al., 2017; Janssen et al., 2018) populations.We consid-
ered a 9-month long scale to take into account the water stress through-
out the entire growing season.

To assess spatial and temporal effects of circulation atmospheric pat-
terns on tree radial growth given their wide spatial scale of influence
(Stenseth et al., 2003), we considered the Mediterranean Oscillation
index (MOI), the North Atlantic Oscillation (NAO) and the Southern Os-
cillation Index (SOI). The MOI is a mode of oscillation or pattern of at-
mospheric variability of the Mediterranean east-west gradient, and
may be a reliable indicator of the differences in long-term climate vari-
ability in the dipole (Dünkeloh and Jacobeit, 2003; Palutikof, 2003). The
NAO is a north–south dipole that determines the position of the
Icelandic low pressure and the Azores high-pressure systems, and
therefore the climatic patterns in southwestern Europe. The NAO has a
strong influence on winter climate in the Iberian Peninsula (Hurrell
et al., 2003). The SOI reflects the effects of the El Niño Southern Oscilla-
tion (ENSO), and it is a standardized index of large-scale pressure differ-
ences between the western and eastern tropical Pacific. The MOI has
been previously linked to the differences in temperature and precipita-
tion circulation of the eastern and western MB regions (Dünkeloh and
Jacobeit, 2003; Maheras et al., 1999; Martín-Vide, 2002). Previous
climate-growth studies in northern Spain have showed a major influ-
ence of NAO on spring conditions (Camarero, 2011; Rodó et al., 1997),
and of SOI on the summer rainfall regime (Rozas et al., 2015). The
MOI, NAO and SOImonthly datawere downloaded from theClimate Re-
search Unit webpage (https://crudata.uea.ac.uk/cru/data/pci.htm;
Mitchell and Jones, 2005). The NAO, SOI and MOI indices were calcu-
lated as a normalized pressure differences between Gibraltar and
Reykjavik, between Tahiti and Darwin (Australia), and between Gibral-
tar and Lod (Israel), respectively.

2.6. Dendrochronological analyses

To determine the influence of large-scale (atmospheric patterns)
and local climate (precipitation, and temperature) on Black pine radial
growth, we related tree-ring width indexed (TRWi) chronologies to
monthly climate data using Pearson correlation coefficients (Fritts,
2001). Climate-growth relationships were calculated from September
of the year prior to tree-ring formation up to September of the year of
tree-ring formation. We also used the two first components of the PCA
based on TRWi chronologies, as well as, seasonal values. Finally, the
more significant climatic variables were mapped for the Black pine
Mediterranean distribution.

Growth patterns were assessed for the three bioclimatic regions
(West, Centre and East). We calculated moving correlations using a
20-year temporal window from 1850 to 1999. Additionally, we also cal-
culated moving correlations between growth and the main climatic
drivers using a 20-year temporal window from 1910 to 1990. For
these analyses, we only used those chronologies that covered the entire
period.

2.7. Spatial and temporal synchrony patterns

The synchrony assessment allowed us quantifying the tree-ring si-
militudewithin- and between- tree populations and bioclimatic regions
(Shestakova et al., 2018). It also allowed us evaluating the global
incidence of large-scale atmospheric patterns across the Black pine dis-
tribution area. For this analysis, we only used the tree-ring index chro-
nologies of Black pine that covered the period 1900–1999 (Table A2).
We defined spatial synchrony (â) as the presence of a common signal
within and between the regions (West, Centre and East). To calculate
â, we used the DendroSync package in R (Alday et al., 2018) following
the methodology described in Shestakova et al. (2016). Firstly, we
used the dendro-varcov function to fit eight variance-covariance mixed
models of TRWi chronologies using “time” (varTime) and “bioclimatic
region” (varGroup) as random and fixed terms, respectively. These ar-
guments indicate the variable used to fit the variance-covariancematri-
ces, and the fitted models considered both, homoscedastic and
heteroscedastic structure (Alday et al., 2018). The fitted models were
evaluated using restricted log-likelihood (LogLik) statistics: Akaike In-
formation Criterion (AIC), corrected AIC (AICc) and Bayesian Informa-
tion Criterion (BIC) (Burnham and Anderson, 2002). We selected the
most parsimoniousmodel, which showed the lower values of these sta-
tistics. Secondly, we estimated within- and between-region synchrony
from the previously selected variance-covariance models using the
sync function. We quantified the degree to which the chronologies
contained a common growth signalwithin and between regions. Finally,
we used the sync.trend function to assess synchrony over time using a
20-year moving window and a lag of 5 years, and the BIC to select the
best VCOVmodel. Due to the low number of chronologies in the central
region, we only focused on the east-west differences.
3. Results

3.1. East-west Mediterranean dipole: bioclimatic variability and climate
patterns

The bioclimatic PCA showed differences in the Black pine niche
across the north-south and east-west distribution ranges (Fig. 1). The
PC1wasmainly related to the following bioclimatic variables: precipita-
tion of the warmest (bio_18) and driest (bio_17) quarters, and temper-
ature of the driest quarter (bio_9); whereas the PC2 was associated to
temperature seasonality (bio_4) (see Fig. A2). The PC1 mainly repre-
sented the precipitation gradient from north-east to south-west, while
the PC2 reflected the longitudinal east-west range. The sampled sites
of the three bioclimatic regions showed differences mainly in winter
precipitation, and spring and autumn temperatures, with higher values
(precipitation and temperature) in the east than in the west region;
however, in spring and autumn, precipitation and temperature were
lower and higher in the east than in the west, respectively (Fig. A3).
3.2. East-west Mediterranean dipole: growth variability

The PCA results based on growth data (TRWi) showed noticeable
differences in the three defined regions (Fig. 2). According to the PC1
(34.3%) and PC2 (12.8%) loadings for the common period 1954–1979,
the east sites showed a lower variability (PC1 loadings ranged from
−0.03 to 0.05) than the west sites (PC1 loadings ranged from 0.02 to
0.32). The west sites also showed a higher variability along the PC2
axis (PC2 loadings ranged from−0.18 to 0.20) than the east sites (PC2
loadings ranged from −0.10 to 0.06). Unsurprisingly, central popula-
tions showed intermediate positions in the PCA biplot. We found a neg-
ative and significant relationship between the PC1 loadings and the site
longitude (Fig. 2b) but it was positive and significant with the site lati-
tude (Fig. 2c), and no relationship with elevation was found (Fig. 2d).
Longitudinal differences between west and east sites considering the
PC1 loadings were significant (p b 0.001) in both, bioclimatic patterns
and growth variability (Fig. A4). We found positive and negative rela-
tionships between the PC1 and site longitude considering climate and
growth, respectively (Fig. A4).

http://climexp.knmi.nl
https://crudata.uea.ac.uk/cru/data/pci.htm


Fig. 1. Loadings of the first (PC1) and second (PC2) Principal Components of different bioclimatic variables extracted from the Black pine distribution Mediterranean area (10 × 10-km
resolution for the period 1970–2000). In the upper plot, circles represent the studied stands and red, green and blue colors represent western, central and eastern Black pine
populations, 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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3.3. Climate-growth relationships: local and large-climatic forcings

Tree growth in thewest and east regionswas driven by similar tem-
perature and precipitation variables (Fig. 3). Tree growth was mainly
enhanced by wet conditions during late spring and early summer
(May–June) and previous autumn (September), while warm tempera-
tures in late winter and early spring (February and March) enhanced
growth (Fig. 3; Fig. A5). On the other hand, high temperatures in the
prior autumn (September and October) and late spring and early sum-
mer (May–June) negatively influenced growth (Fig. 3; Fig. A5). June and
summer precipitation enhanced growth in both regions, but in the
southern populations of the west sites showed less importance
(Fig. A6). In general, in the east region, tree growth was more sensitive
to the main climatic drivers (Fig. 3). Overall, current May and June and
prior autumn-winter conditions were key drivers of growth in the
west and east sites. Finally, the relationships between tree growth and
SPEI were positive and in many cases significant (p b 0.05), although
in the west region we observed a high variability (Fig. 3).

Local climate was significantly influenced by large-scale climatic
forces, NAO and MOI were negatively and significantly correlated with
winter, spring and autumn precipitation in the west sites and their in-
fluence was less important towards the east (Table A3). Precipitation
was influenced more by NAO and MOI than temperature, although
NAO and MOI were also significantly correlated with winter and spring
temperature in the east and west sites, respectively. NAO and MOI ef-
fects on local climate were significantly correlated (r = 0.58; p b

0.01), althoughMOI influencewas higher. On the other hand, in general,
SOI effects were opposite to those of the NAO (r = −0.13; p = 0.52).

We found a more important response of growth to MOI than NAO
and SOI (Fig. 3, A7 and A8). In the western region, February, August
and summer MOI were positively and significantly correlated with
TRWi, and negatively with the previous September, December and au-
tumn, and especially current May and spring MOI (Fig. 3). In the east
populations, previous October and autumn, and current April and May
MOI were positively correlated with TRWi, and February, August and
winter MOI were negatively correlated. Moreover, we found different
relationships in the east-west populations consideringwinter and sum-
mer MOI. While in western population winter and summer MOI were
positively correlated with TRWi, in the eastern forests the correlations
were negative and significant.

In general, we found a weak response of growth to NAO and SOI
(Figs. A7 and A8). We found negative relationships between previous
September NAO and TRWi in the west sites, and positive associations
with February, June and previous November NAO indices (Figs. A7 and
A8). Overall, in thewest region, the NAO index correlatedmore strongly
to growth in previous winter and current early-spring months. In the
east sites, most correlations between TRWi and the NAO or SOI were
not significant. We only found positive correlations between growth
and previous October and December SOI, and negative associations
with previous September SOI. Overall, SOI only showed negative corre-
lations with TRWi for months before the year of tree-ring formation in
west sites (Figs. A7 and A8).

3.4. Growth patterns and synchrony

In the analysis of growth synchrony, the selected model was the
heteroscedastic variant of the compound symmetry (mHeCS; Table 1).
The results using the second qualified model (the heteroscedastic vari-
ant of the narrow evaluation model; mHeNE) were similar (Fig. A9).
Considering the period 1900–1999, the within-region growth syn-
chrony decreased westwards (Table 2). On the other hand, we did not
find differences in growth synchrony between regions.



Fig. 2. a) Relative position of the mean series of ring-width indices (TRWi, period 1954–1979) or chronologies of Black pine across the Mediterranean Basin. Red, green and blue fonts
represent sites from west, central and east regions, respectively. The loadings of the first (PC1) and second (PC2) components of a Principal Component Analysis (PCA) are plotted and
also their associated variance. The PCA was created using the variance-covariance matrix resulting from the comparison of all TRWi chronologies. The upper-right inset shows the PC
loadings considering only the sites that cover the period 1910–1990. The other plots show the relationships between PC1 and b) longitude, c) latitude, and d) elevation. Significant (p
b 0.05) correlations are also indicated with corresponding linear fits (dotted lines). Correlation of PC1 with longitude was negative (r = −0.64; p b 0.001), but it was positive with
latitude (r = 0.43; p b 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

6

The analysis of temporal trends showed that synchrony was always
higher within the east chronologies, and there were similar within-
group tendencies in the west and east regions before the 1970s. In the
1970s, synchrony increased in the west sites, while it decreased in the
east sites (Fig. 4a). Afterwards, growth synchrony in the east and west
sites increased and decreased, respectively, displaying opposite trends.
Analyzing the between-group east-west synchrony, we detected a re-
duction in the growth synchrony after the 1950s and a tipping point
of changes from positive to negative synchrony values in the 1970s
(Fig. 4b). The TRWi correlations in a 20-yearmovingwindow supported



Fig. 3. Relationships between tree growth vs. climate (mean temperature and total precipitation), the Mediterranean Oscillation index (MOI), and the SPEI (June SPEI calculated at 9-
month long scales; upper right boxes in each panel) in the west (W, n = 24) and east (E, n = 13) Black pine populations using those chronologies covering the period 1910–1990.
Months abbreviated by lowercase and uppercase letters correspond to the previous and current years, respectively. Seasonal (Wi, winter; Sp, spring; Su, summer; Au, autumn) climate
and MOI data were also analyzed. The dashed and dotted lines show the 0.05 (blue) and 0.01 (red) significance levels, respectively. We excluded the central area from this analysis
due to the low number of sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Evaluated variance-covariance models for the studied tree-ring Black pine network ac-
cording to restricted log-likelihood (LogLik) statistics: Akaike Information Criterion
(AIC), corrected AIC (AICc) and Bayesian Information Criterion (BIC). The smallest AIC,
AICc and BIC values represent a better fit. N is the number of parameters in the fitted
model and Df are degrees of freedom. The model in bold was selected. We analyzed the
period 1900–1999, which encompasses a high number of chronologies in the three biocli-
matic regions (west, centre and east).

Model N Df AIC AICc BIC LogLik

Homoscedastic
mBE 3913 42 −1691.0 −1690.1 −1428.0 −1775.0
mNE 3913 44 −1985.8 −1984.8 −1710.3 −2073.8
mCS 3913 44 −1975.4 −1974.4 −1699.8 −2063.4
mUN 3913 47 −1988.5 −1987.4 −1694.2 −2082.5

Heteroscedastic
mBE 3913 83 −1691.3 −1690.1 −1428.0 −1775.0
mHeNE 3913 87 −2487.0 −2485.9 −2199.0 −2579.0
mHeCS 3913 86 −2486.6 −2485.6 −2204.8 −2576.6
mHeUN 3913 90 −2490.0 −2488.8 −2183.2 −2588.0

Model abbreviations: Broad Evaluation model, mBE; Narrow Evaluation model, mNE;
Compound Symmetry model, mCS; unstructured model, mUN; heteroscedastic variant
of mNE, mHeNE; heteroscedastic variant of mCS, mHeCS; heteroscedastic variant of
mUN, mHeUN.
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these results and indicated a significant (P b 0.05) and negative correla-
tion between east and west sites after the 1970s (Fig. A10), while cen-
tral sites were positively correlated with the west sites in the last
decades. Lastly, TRWi chronologies were significantly (P b 0.05) associ-
ated at distances of up to ca. 550–700 km, suggesting that this can be the
Table 2
Tree-ringwidth index chronologies (TRWi) synchrony (âc) within
and between the three defined bioclimatic regions (west, centre
and east) of Black pine across the Mediterranean Basin. The ana-
lyzed period is 1900–1999. Different letters indicate significant
differences (P b 0.05; Mann–Whitney tests). Values are means ±
SE.

Group Within-group âc

West 0.175 ± 0.020 a
Centre 0.335 ± 0.032 b
East 0.414 ± 0.034 c

Between-group âc
Centre/west 0.029 ± 0.004
Centre/east 0.045 ± 0.006
West/east 0.032 ± 0.004



Fig. 4. Synchrony within sites considering the two main bioclimatic regions (east, n = 13
sites; and west, n = 22 sites). Shadow areas indicate the uncertainly ranges (standard
error) (a). Synchrony among east and west study sites through time using a 20-year
moving window (b). In these analyses, we only used the chronologies covering the period
1900–1999. Owing to the scarce number of sites in the central area, we excluded it from
this analysis.
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maximum distance of the spatial coherence in Black pine growth across
the MB (Fig. A11).

3.5. Drought severity in west vs. east sites

Drought episodes were more pronounced in the east than in the
west MB, although in both regions drought severity is intensifying
after the 1970s according to the SPEI (Fig. 5).

Drought severity and timing were different in the MB west and east
Black pine regions. The June drought index (SPEI) revealed that differ-
ent and uncoupled drought periods were noticeable in the MB (Fig. 5).
In the west sites, we observed dry conditions (low SPEI values) in the
1950s and 1980s, after a relatively wet and cold period lasting from
the 1960s to the 1970s (high SPEI values). On the other hand, in the
east sites two dry periodswere observed in the 1970s and 1990s. There-
fore, long-term drought changes were uncoupled in the east-west dis-
tribution area of Black pine, and mainly after the second half of the
20th century.

The uncoupled regional droughts in the west and east Black pine re-
gions were also associated with changes in key climatic variables for
growth (Fig. A12). Overall, we detected different trends in the accumu-
lated precipitation during the growing season (from previous October
to current June; see Fig. A12).
3.6. Temporal trends in climate-growth relationships

Moving correlations between radial growth, and selected tempera-
ture, precipitation and SPEI variables showed noticeable differences in
the east and west sites after the 1950s and particularly after the 1970s
(Fig. 6). The SPEI showed positive correlations with growth in both re-
gions, although after the 1970s it increased its influence on growth, es-
pecially in the west sites. May precipitation was equally important for
growth in east and west sites after the 1970s, whilst correlations of
growth with June precipitation showed positive and negative trends
after the 1970s in west and east sites, respectively. February tempera-
ture decreased in importance for growth after the 1950s in the east
sites, by contrast the west sites showed an increasing relevance of this
variable for growth after the 1970s. Finally, March temperature en-
hanced growth similarly in west and east sites.

4. Discussion

The presented results support our initial hypothesis that severe and
uncoupled regional droughts and local climate variability triggered the
loss of growth synchrony of Black pine forests across their Mediterra-
nean distribution range. Inter-annual variability of air temperature
(IPCC, 2014) and the incidence of severe regional droughts, mainly
after the 1970s climate shift towards drier conditions (Carnicer et al.,
2019; Conversi et al., 2010), caused changes in the significance of cli-
mate on growth and increased the desynchronization of Black pine
growth across the MB. Our study identifies multiples evidences
supporting this idea. First, the analysis of key bioclimatic indicators
(1970–2000) showed contrasting microclimatic environments in the
north and south regions (Fig. 1), but also, and more importantly, in
the east and west MB dipoles (Seim et al., 2014). Second, the analysis
of inter-annual growth variability elicited the existence of different
growth patterns associated to the arrangement of the studied sites
along the species longitudinal range (Fig. 2). Third, the analysis of
growth synchrony detected a shift or tipping point in the 1970s, when
the synchrony between east and west sites became negative, climate
warmed and drought severity intensified (Figs. 4 and 5). Fourth, we de-
tected a shift in the importance of significant climate variables on Black
pine growth, particularly after the 1970s (Figs. 5 and 6). In eastern MB
temperatures are higher and precipitation is lower in late spring-early
summer (May and June) and in late summer-early autumn (September
and October), and therefore droughts are more pronounced than in
western MB (Fig. 5). Our combination of biogeographical and
dendroecological assessments allowed us determining the driving
mechanisms of Black pine growth across the MB, and revealing the cli-
mate drivers of the observed loss of synchrony between east and west
regions.

4.1. East-west Black pine populations show different long-term, inter-
annual growth variability

The PCA results of both regions (Fig. 1) and growth variability
(Fig. 2) yielded a clear separation between the east and west Black
pine populations, whichwas in linewith the climatic sub-regions previ-
ously defined (Dünkeloh and Jacobeit, 2003;Maheras and Kutiel, 1999),
and mainly linked to differences in winter precipitation and summer-
autumn temperatures (Fig. A3). The arrangement in the Mediterranean
east-west dipole appeared to be more important for high-frequency
growth variability than other characteristics such as site elevation
(Fig. 2), which is in agreement with previous results by Dorado-Liñán
et al. (2019). These authors concluded that species adaptation to site
conditions prevails over species-specific determinism in forest response
to climate change. In fact, this contingency on local conditions agrees
with the differentiation into subspecies across theMBwidely described
in Black pine (Barbéro et al., 1998). Of course, there is a common
macroclimate signal across the entire Black pine distribution area. This



Fig. 5.Drought changes in the twomain regions ofMediterranean Black pine forests. June Standardized Precipitation Evapotranspiration Index (SPEI) calculated at 9-month long scales for
all the study sites in the twomainMediterranean bioclimatic regions (east and west) of Black pine forests. We considered 5-year intervals from 1910 to 2014 to calculate the box-plots of
SPEI values. The lines indicate the long-term trends as a spline of west (red line) and east (blue line) sites. Kendall's tau (T) statistics and significance levels are noted in the upper right-
hand corners of each plot. Periodswith significant differences are highlighted (***; p b 0.001). The F-values are also indicated, and the periodswith the highest differences, which represent
uncoupled regional droughts, are shown in red fonts. (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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is reported (1) by thefirst component of both PCA,which enclosed a sig-
nificant percentage of common variance, and (2) by the similar influ-
ence of temperature and precipitation on growth in both eastern and
western populations; we interpreted these results as the common sig-
nal at species level (Andreu et al., 2007). But at the same time there
are differences in growth variability and microclimatic environment
that might be related to genetic differences associated to different accli-
mation responses (Sánchez-Salguero et al., 2018).
4.2. Black pine growth is enhanced bywet autumns, warmwinters, andwet
and cold springs

Water availability before the start of growing season is decisive for
Black pine radial growth and, in extension, for other Mediterranean
pines (e.g. Andreu et al., 2007; Campelo et al., 2013).Most of the ecolog-
ical niches inhabited by Mediterranean pine species are characterized
by shallow soils and short springs limited by earlier water deficit if pre-
ceded by dry and warm winters. Adequate precipitation levels during
winter recharge soil water reserves and positively influence subsequent
growth in spring before the summer-drought onset (Camarero et al.,
2013). May and June precipitationmitigate the late-springwater deficit
especially in dry years, promoting the production of early and latewood
(Martín-Benito et al., 2008). Our findings also remark the importance of
theprevious-year thermal conditions (winter)which significantly influ-
enced growth responses the following year, and probably enhance the
carbohydrate synthesis and storage in plant tissues improving wood
formation (Andreu et al., 2007).

Our results agreewith previous dendroecological research performed
in Black pine forests from several Mediterranean countries including
France (Amodei et al., 2013; Andreu et al., 2007; Lebourgeois et al.,
2000), Spain (Camarero et al., 2013; Génova and Fernández, 1998-
1999; Génova and Moya, 2012; Linares and Tíscar, 2010, 2011;
Martín-Benito et al., 2008, 2010, 2011; Sánchez-Salguero et al., 2013)
and Turkey (Akkemik and Aliye, 2005; Janssen et al., 2018; Touchan
et al., 2003). These studies set up a high importance of winter tempera-
ture with a positive effect on growth, and a negative effect of spring–
summer temperature leading to enhanced evapotranspiration and
drought stress (Génova and Fernández, 1998-1999; Martín-Benito et al.,
2010, 2011). As Seim et al. (2014) found in several conifer species across
theMB, we also observed a higher sensitivity to summer temperatures of
east Black pine populations and in general a stronger climate response
than their west counterparts. In this point, it should be mentioned that
our study and the majority of tree-ring studies are based on sampling
dominant trees whereas a recent analysis suggested that growth-
climate relationships are less influenced by the choice of sampling
methods than assessments of forest growth (Nehrbass-Ahles et al., 2014).

4.3. Atmospheric circulations patterns influence Black pine growth

The large-scale atmospheric circulation index that better explained
local climate and high-frequency growth variability of Black pine in



Fig. 6. 20-year running Pearson correlations between growth and the main climatic
drivers for Black pine: SPEI (June SPEI calculated at 9-month long scales), May (P5) and
June (P6) precipitation, and February (T2) and March (T3) temperature for the period
1910–1990. Values are arranged for the first year of each 20-year long interval. Intervals
with incomplete growth data were not considered. Red and blue symbols and lines
indicate mean correlations for west and east region, respectively. The standard error is
also shown. Significant level (P b 0.05) is indicated by dashed lines. The grey vertical
line indicates the climate shift of the 1970s. (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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the east-west MB populations was the MOI (Fig. 3 and Table A3). Both
NAOandMOI showed a similar influence onwinter-spring precipitation
(Dünkeloh and Jacobeit, 2003), althoughMOI reflected better the dipole
behaviour of the atmosphere in the MB (Criada-Aldeanueva and Soto-
Navarro, 2013; Xoplaki et al., 2003). Negative phases of MOI and NAO,
i.e. low differences in the pressure at the two stations, promoted wet
springs andwinters in southwesternMBandnorth Africa, whilewinters
were warmer in the eastern MB (Table A3). Previous studies found
strong links between MOI negative phases and anomalous wet condi-
tions over the central/western MB and hence negative correlations
with winter and spring precipitation (Criada-Aldeanueva and Soto-
Navarro, 2013). Moreover, in line with our results, precipitation
anomalies linked to extreme positive or negative MOI phases has been
observed only in a reduced area of the MB (Criada-Aldeanueva and
Soto-Navarro, 2013). Despite the local climate influence on growth
was quite similar in both regions, MOI captured the local climate differ-
ences in the east-west dipole and also the indirect effects on growth as
result of different atmospheric pressure patterns that at long-term
leaded the existence of different subspecies. The use of MOI in ecology
is still scarce despite previous climatic studies have indicated the suit-
ability of MOI to assess the behavior of climate in the MB (Dünkeloh
and Jacobeit, 2003; Maheras et al., 1999; Martín-Vide, 2002), especially
on precipitation variations (Criada-Aldeanueva and Soto-Navarro,
2013).

Diverse researches have pointed out positive relationships between
forest growth and winter NAO in the western MB (Camarero, 2011;
Camarero et al., 2013; Chen et al., 2015). However, in Black pine, taking
into consideration all sites (n=77), and the distribution-wide analyses,
we did not find a significant and robust NAO signal. Nevertheless, the
1970s tipping point or climate shift towards drier conditions has been
previously linked to changes in theNAO and aweakening of the Atlantic
Ocean overturning circulation (Caesar et al., 2018). These atmospheric
changes in winter affect precipitation and determine the soil water
availability for the next growing season, especially in the western MB
sites (Camarero, 2011). Such late-winter soil moisture determines the
annual tree radial growth, whose rates usually peak in spring
(Camarero et al., 2013). In consequence, despite the lack of major evi-
dences about the influence of atmospheric patterns on the year-to-
year growth variability, large-climatic patterns may have a decisive in-
cidence on the long-term growth trends, as previous studies indicated
(e.g. Dorado-Liñán et al., 2017, 2019; Piovesan and Schirone, 2000).
4.4. Severe and uncoupled regional droughts after the 1970s reduced
growth synchrony

Abrupt changes in growth synchrony are usually connected to the
influence of major climate drivers such as droughts, particularly in
arid regions as most of the MB (Shestakova et al., 2016). Severe
droughts during important growth phases (spring) or prior seasons
(winter) induce deep growth reductions in Mediterranean tree species
(Camarero et al., 2015, 2018). Uncoupled drought regimes in the east
and west MB regions caused a progressively uncoupling of Black pine
growth after the 1950s, but especially after the 1970s (Fig. 4b). On the
other hand, the 1970s climate shift towards drier conditions also in-
duced changes in the growth-climate relationships (Fig. 6). Warmer
winter and spring conditions may provoke an earlier onset of cambial
activity, inducing a longer growing season, and rising growth rates
whenever water availability is not too low (Begum et al., 2013). In
light of our results, we observed an increasing growth dependence on
most of the key climate variables, including SPEI, in west sites (Fig. 6),
which suggests higher growth sensitivity to climate due to drier condi-
tions. This result is in line with a recent study, which reported an in-
crease of the importance of SPEI and other climate drivers for growth
in several Spanish conifers, included Black pine (Shestakova et al.,
2016). Notably, we observed a diminishing growth dependence on
June precipitation and February temperature in the east sites, suggest-
ing a growth shift towards a higher importance of May precipitation
and January temperature (Fig. 6), and thus indicating divergent regional
growth dynamics. Although the MB has experienced a conspicuous
warming after the 1950s (IPCC, 2014), the dimensions of temperature
changes and their impacts on growth are contingent on local conditions.
More importantly, the changes in the influence of themain climate var-
iables related to growth and the loss of synchrony seems in linewith the
increase in severity and frequency of regional droughts and the increase
in air temperature as observed in Mediterranean forests (Gazol et al.,
2018). Shestakova et al. (2016) also observed an increase in growth syn-
chrony in Eurasian different conifer forests due to a higher drought
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severity after the 1950s, although they noted that regional components
were also relevant as we evidenced here.

The climate shift of the 1970s towards drier conditions was charac-
terized by a transition from cool-wet to warm-dry conditions linked to
changes in the winter atmospheric circulation and NAO phases
(Hurrell, 1996). In line with our results, a recent study has pointed out
the climatic shift in the 1970s (east MB) and 1980s (west MB) and in-
vestigated its causes, which we associate with the loss of growth syn-
chrony (Carnicer et al., 2019). In Black pine populations from Turkey,
negative growth trends have been reported after the 1970s, which
were highly correlated with the increase in temperature and drought
in summer (Janssen et al., 2018). Andreu et al. (2007) suggested a
higher growth synchrony in Iberian pine forests during the second
half of the 20th century due to harsher climate conditions. Other au-
thors have pointed out an increase in climatic extreme events during
the last 50 years in Spain (Manrique and Fernandez-Cancio, 2000),
which agreeswith the observed increase in pointer years in thewest re-
gion (Génova, 2000). In the same way West European beech and oak
populations displayedmore negative growth trends than eastern popu-
lations and these negative growth trends were exacerbated after sum-
mer drought intensified in the 1980s (Dorado-Liñán et al., 2017). In
fact, the regional droughts in the 1970s and 1980s probably outweighed
the positive growth trends found before across the MB.

In the west sites, the growth synchrony was exacerbated in the
1970s (Fig. 4) while the more severe drought was in the 1980s
(Fig. 5), although probably affected growth since the late 1970s, when
east-west correlations started to be negative. The slight uncoupling be-
tween drought and the increments in growth synchrony in the west
sites may be also explained by the use of a 20-yearwindow in this anal-
ysis. Possibly, the impact of the 1980s drought on growth, after years of
favorable weather conditions, triggered different responses within each
MB region, resulting in a loss of synchrony afterwards. This is in agree-
ment with the high growth variability between sites found in the west
as compared to the east region (see Fig. 2).

4.5. Mediterranean Black pine populations and longitudinal precipitation
gradient in a context of warmer and drier climate conditions

Climate impacts on Mediterranean tree growth populations may be
dissimilar, because some species prove contrasting east-west responses
to climatic variability across the MB (Dorado-Liñán et al., 2017, 2019;
Seim et al., 2014). It is expected that due to the shorter latitudinal
range in relation to the longitudinal gradient, the spatial variability in
precipitation may attain a higher importance than temperature gradi-
ents. In this sense, significant associations between Black pine TRWi
chronologies were found at distances up to ca. 550–700 km, and similar
results were found in the MB considering other pine species (Richter
et al., 1991; Rolland, 2002; Seim et al., 2014; Shestakova et al., 2016).
Therefore, our results, as well as previous research in other Mediterra-
nean pine species, ratify the importance of regional climatic compo-
nents, mainly precipitation and drought constraints on growth.
Probably, these differences were also magnified by the complex topog-
raphy in Mediterranean mountains (Linares and Tíscar, 2011).

The longitude-related differences of Black pine growth were linked
to those previously observed along latitudinal gradients, not only in
thewest populations, which have showed die-back events and negative
growth trends in the last decades (Carnicer et al., 2011; Sánchez-
Salguero et al., 2012), but also in the eastern populations (Janssen
et al., 2018). The higher frequency of negative growth years in the
west populations could be associated to more severe regional droughts
across Iberian Peninsula (Gazol et al., 2018).

Therefore, and in the light of our results, climate warming may lead
to multiple consequences for Mediterranean forests. On one hand, the
loss of tree vigor and an increase in themortality rates in southern pop-
ulations due to the lack of water availability associated to the increase in
regional droughts in the second half of the 20th century (Camarero
et al., 2018). On the other hand, there is an increasing loss of growth
synchrony at the longitudinal edges of distribution of Mediterranean
tree species as a result of multiple and uncoupled regional droughts, al-
thoughmajor and global droughts and global climatewarming could in-
duce a recovery of growth synchrony across the MB. Therefore, if the
climatic patterns keep on as in the last decades, we can find a complex
geographical mosaic of species provenance and population-specific
growth responses across latitudinal and longitudinal ranges (sensu
Sánchez-Salguero et al., 2018).

5. Conclusions

To conclude, our study established multiple evidences of how local
and regional climate variables, atmospheric patterns and droughts in-
fluence Black pine growth across the MB considering the east-west cli-
mate dipole. The MOI explained high-frequency growth variability of
Black pine along the east-west MB dipole. The assessment of tree-
growth variability across its longitudinal distribution range revealed a
shift in the 1970s coincident with severe regional droughts reducing
tree-ring growth differently inwest and east Black pineMBpopulations.
This climate shift towards drier conditions desynchronized growth of
east and west Black pine populations. To understand how regional and
local climate forcing influence forest growth is fundamental to consider
the whole biogeographical area and bioclimatic variability of tree
species.
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