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Abstract

Aim: The aim was to decipher Europe-wide spatio-temporal patterns of forest growth
dynamics and their associations with carbon isotope fractionation processes inferred
from tree rings as modulated by climate warming.

Location: Europe and North Africa (30-70° N, 10° W-35° E).

Time period: 1901-2003.

Major taxa studied: Temperate and Euro-Siberian trees.

Methods: We characterize changes in the relationship between tree growth and car-
bon isotope fractionation over the 20th century using a European network consisting
of 20 site chronologies. Using indexed tree-ring widths (TRW,), we assess shifts in
the temporal coherence of radial growth across sites (synchrony) for five forest eco-
systems (Atlantic, boreal, cold continental, Mediterranean and temperate). We also
examine whether TRW, shows variable coupling with leaf-level gas exchange, inferred
from indexed carbon isotope discrimination of tree-ring cellulose (A13Ci).

Results: We find spatial autocorrelation for TRW, and A™>C, extending over a maxi-
mum of 1,000 km among forest stands. However, growth synchrony is not uniform
across Europe, but increases along a latitudinal gradient concurrent with decreas-
ing temperature and evapotranspiration. Latitudinal relationships between TRW; and
Al?’Ci (changing from negative to positive southwards) point to drought impairing car-
bon uptake via stomatal regulation for water saving occurring at forests below 60° N
in continental Europe. An increase in forest growth synchrony over the 20th century
together with increasingly positive relationships between TRW, and A1‘°’Ci indicate
intensifying impacts of drought on tree performance. These effects are noticeable in
drought-prone biomes (Mediterranean, temperate and cold continental).

Main conclusions: At the turn of this century, convergence in growth synchrony
across European forest ecosystems is coupled with coordinated warming-induced
effects of drought on leaf physiology and tree growth spreading northwards. Such
a tendency towards exacerbated moisture-sensitive growth and physiology could
override positive effects of enhanced leaf intercellular CO, concentrations, possibly

resulting in Europe-wide declines of forest carbon gain in the coming decades.

KEYWORDS
carbon isotopes, climate change, dendroecology, drought stress, European forests, latitudinal
gradients, Pinus, Quercus, stomatal control, tree rings
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1 | INTRODUCTION

Understanding the physiological mechanisms underlying variations
in forest productivity is a key priority in global change research.
Factors such as tree age, forest structure and management, nutri-
ent availability and pollution influence the carbon budget of for-
ested areas. During the last decades, however, climate change and

increased atmospheric CO, (,,,,CO,) have greatly altered the pro-

atm
ductivity of European forests (Nabuurs et al., 2013). To explore
these dynamics, research efforts have usually been confined to local
ecosystems, with some representative woody species and their in-
teractions examined at small spatial scales (but see e.g., Girardin et
al., 2016; Pretzsch et al., 2014). This approach is hampered by site-
dependent effects and limited significance of these environmental
conditions. A comprehensive understanding of tree functioning is
urgently needed across broad regions in order to assess the poten-
tial and limits of forest carbon uptake globally (Chown, Gaston, &
Robinson, 2004). Through the analysis of meaningful functional
traits (Violle, Reich, Pacala, Enquist, & Kattge, 2014), the interpre-
tation of spatio-temporal patterns of forest growth variability can
provide comprehensive insights into the environmental responses
that may change the services of forests for carbon storage in forth-
coming decades (Anderegg et al., 2016).

The mechanisms and processes influencing forest growth are
extremely variable (Gibert, Gray, Westoby, Wright, & Falster, 2016).
Despite this complexity, regionally coherent multispecies responses
have been linked to global change effects on forest ecosystems
using tree-ring networks. For example, Babst et al. (2013) found
well-defined biogeographical patterns in climate response of forest
growth across Europe following latitudinal/elevational gradients,
and Shestakova et al. (2016) reported a c. 50% warming-induced en-
hanced growth synchrony in Iberian conifer forests during the 20th
century. Indeed, dendroecological studies rely on the presence of
common signals archived in tree populations, which are often de-
rived from ring-width series reflecting variations of environmental
factors (Fritts, 2001). Instead, stable isotopes are proxies of eco-
physiological traits that are valuable to assess plant carbon and
water relations at large spatio-temporal scales (Frank et al., 2015;
Werner et al., 2012). In particular, the ratio of the heavy to light car-
bon isotopes (*3C/*2C) of organic matter depends on factors con-
trolling the photosynthetic rate (A) and stomatal conductance (g,)
of the plant (Farquhar, Ehleringer, & Hubick, 1989). Given that the
carbon isotope discrimination (A'3C) of tree rings reflects more di-
rectly the complex array of tree responses to the environment than
classical traits, such as ring width (Gessler et al., 2014; Treydte et al.,
2007), the interannual variation in tree-ring A3C is often used ret-
rospectively to recover information on leaf-level physiological pro-
cesses (e.g., Andreu-Hayles et al., 2011; Berninger, Sonninen, Aalto,
& Lloyd, 2000; Shestakova, Aguilera, Ferrio, Gutiérrez, & Voltas,
2014). This is especially relevant in temperate forests thriving in
near-optimal conditions, where tree growth fluctuations may not

be as sensitive to climatic factors as stable isotopes (Hartl-Meier
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et al., 2015). Indeed, additional information can be gained by anal-
ysis of carbon isotopes in comparison to ring widths (Cernusak &
English, 2015). Both proxies provide evidence on how trees respond
to climate change and increasing ,, CO, (Andreu-Hayles et al., 2011;
Saurer et al., 2014).

In drought-prone environments, tree-ring AYC can be related
mainly to the stomatal control of CO, fluxes, integrating environmen-
tal conditions affecting stomatal conductance (Gessler et al., 2014).
In such conditions, radial growth (sink activity) and AC (source
activity) are linked by two primary factors, stomatal regulation and
water availability, with the feedback of sink activity on source ac-
tivity being signalled through the phloem (Kérner, 2015). However,
radial growth and AYC are progressively affected by changes in ir-
radiance, temperature or nutritional stresses when water becomes
less limited (Livingston et al., 1998; Rossi et al., 2016). By combin-
ing ring width and A'®C, information on tree performance can be
gained that underlies biogeographical interactions, because such
traits share spatial responses to drought events (Voelker, Meinzer,
Lachenbruch, Brooks, & Guyette, 2014).

In the present study, we attempt to investigate the degree of
association between stem growth and photosynthetic carbon iso-
tope fractionation across European forests using a unique tree-ring
network. So far, only the isotope data of this network have been
analysed (Treydte et al., 2007), but not radial growth, nor their re-
lationships. In this regard, Treydte et al. (2007) reported strong
similarities in the response of carbon and oxygen isotope records
to summer moisture conditions, suggesting a tight link at the leaf
level mediated through variation in stomatal conductance caused by
the combined effect of varying temperature and precipitation condi-
tions (Scheidegger et al., 2000). We used 20 chronologies assembled
from old trees comprising conifers (mainly Pinus) and oaks (Quercus)
spanning the 20th century and ranging from Mediterranean to bo-
real latitudes (37- 69°N). Indeed, latitudinal gradients are extremely
relevant for the analysis of large-scale patterns of trait variability
and their relationships with ecosystem functioning (Violle et al,,
2014). We hypothesize that, on a continental scale: (a) temperature
exerts (as a consequence of its large spatial homogeneity) a greater
influence than drought on the spatial signals imprinted in tree rings;
(b) the relationship between ring width and A3C reflects the relative
significance of carbon assimilation and stomatal regulation on tree
performance, with positive relationships reflecting photosynthe-
sis limited by stomatal conductance at low- and mid-latitude sites,
and negative relationships suggesting temperature- or light-limited
carbon uptake at high-latitude sites; and (c) widespread warming-
induced drought stress triggers a tighter stomatal control of water
loss that strengthens the relationship between growth and ARC at
low- and mid-latitude sites, as the stomatal sensitivity to drought
becomes more limiting for carbon uptake. Therefore, we predict
more synchronous growth linked to coordinated stomatal responses
across species and regions as the climate becomes warmer and drier
along the latitudinal gradient. On the basis of the combined analysis

of radial growth and AC, the assessment of spatio-temporal tree
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responses to environmental changes may improve our knowledge of
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changes in growth and physiology experienced by European forests
throughout the 20th century.

2 | MATERIALS AND METHODS

2.1 | Tree-ring network

We used a tree-ring dataset from the pan-European network
ISONET (European Union, EVK2-2001-00237). It comprises 23 sites
and provides a comprehensive coverage of the biogeographical con-
ditions that are found across Europe into northern Africa (Treydte
et al., 2007). The sites consist of old-growth forests (mean + SD
age = 454+196 years) from the two main genera in Europe (Pinus
and Quercus) plus Cedrus atlantica (Morocco) (Table 1). Three sites
were discarded from the original network because they were lo-
cated > 1,000 km apart from the nearest site (one site in southern
Italy) or because they could not be assigned properly to a climate
type consistent with that of nearby sites (two sites from high-eleva-
tion forests of the Alps) (for details, see subsection 2.4). The for-
ests extend from cool dry summer (Mediterranean basin) to humid
temperate (western-central Europe), cold continental (north-central
Europe) and subarctic (Fennoscandia) climates (Table 1; Figure 1).
The sampled trees are temperate oaks [Quercus petraea (three sites)
and Quercus robur (five sites)] and Euro-Siberian pines [Pinus nigra
(two sites), Pinus sylvestris (eight sites) and Pinus uncinata (one site)]
plus Cedrus atlantica (one site), which has its phylogenetic origin in
northern Eurasia (Qiao et al., 2007). Sampled stands show broad
latitudinal (from 32°58 to 68°56' N) and elevational (from 5 to
2,100 ma.s.l.) gradients. High-elevation sites are concentrated in
southern Europe. Mean annual temperature (MAT) varies between
-1.2 and 11.5 °C among sites, with January being the coldest month
(range -14.1 to 5.1 °C) and July the warmest month (11.9-19.6 °C).
Mean annual precipitation (MAP) is highly variable, ranging from
432 to 1,517 mm across sites (Climatic Research Unit, CRU TS 3.21;
Harris, Jones, Osborn, & Lister, 2014). Water deficit (i.e., evapotran-
spiration exceeding precipitation) occurs for 1 up to 7 months (from
March to October) depending on the geographical location (Table 1).
Conifers are the dominant species in boreal and Mediterranean
zones (i.e., high-latitude or high-elevation sites), whereas oaks are
mainly found in humid western and central European lowlands. The
distance between sites varies from c. 50 to 4,500 km.

2.2 | Ring width and carbon isotope information

Increment cores were extracted from dominant trees (site
mean = 46 trees; median = 28; Supporting Information Table S1), and
tree-ring width (TRW) series were produced and cross-dated at the
site level following standard dendrochronological procedures (Cook
& Kairiukstis, 1990). The TRW was measured under a binocular mi-
croscope with precision of 0.01 mm. Visual cross-dating and ring-

width measurements were validated using the program COFECHA

(Holmes, 1983). Individual series were then subjected to detrend-
ing with the Friedman supersmoother spline with variable span
tweeter sensitivity a = 5 (Friedman, 1984) and posterior autoregres-
sive modelling. This procedure aims to eliminate biological growth
trends and potential disturbance effects and generates stationary
series of dimensionless residual indices (TRW)) that preserve a com-
mon interannual variance (i.e., high-frequency variability potentially
related to climate). Finally, site chronologies (20) were obtained by
averaging the indexed values of the series using a bi-weight robust
mean (Cook & Kairiukstis, 1990). These procedures were performed
using the program ARSTAN (Cook & Krusic, 2013). The quality of
the resulting site chronologies was evaluated by calculation of the
mean inter-series correlation (Rbar) and the expressed population
signal (EPS) statistics. An EPS value of 0.85 was used to evaluate
adequacy of the sample size for capturing a trustworthy population
signal (Wigley, Briffa, & Jones, 1984). All chronologies were found to
be well replicated during the 20th century (Supporting Information
TableS1).

At least two accurately dated intact cores with clear ring bound-
aries and absence of missing rings from four or more trees per site
were selected for subsequent carbon isotope analyses. Detailed in-
formation on sample preparation and a-cellulose extraction can be
found in the paper by Treydte et al. (2007). In general, the whole
ring was analysed for conifers, whereas only latewood was used for
oaks. Treydte et al. (2007) reported that the type and magnitude of
climate signals recorded in the isotopic network did not show ob-
vious species-specific differences. To account for changes in 5t3C
of atmospheric CO, (613Cair) attributable to fossil fuel combustion,
carbon isotope discrimination (A*°C) was estimated from §'C_;_ and
a-cellulose §*°C in plant material (6*3C), as described by Farquhar
et al. (1989). Indexed A'®C chronologies (A13Ci) were obtained fol-
lowing the same procedure as described for ring width. Hence, any
physiological long-term trend (e.g., decadal-scale variability driven
by potential changes in the response of trees to increased CO,;
McCarroll et al., 2009; Treydte et al., 2009) was assumed to be re-
moved from the series. In this way, we focused on the physiological
basis of growth responses to high-frequency climate variability. The
TRW, and A13Ci chronologies were used as input for statistical anal-
yses. The study period was 1901-2003.

Additionally, basal area increment (BAI) was calculated as a proxy
for above-ground woody biomass accumulation. For this purpose,
individual ring-width series were converted into BAI records and
detrended using the regional curve standardization (RCS) method
(Briffa & Melvin, 2011). This approach aimed at eliminating age/size
effects but preserving long-term growth changes driven by environ-
mental conditions (Peters et al., 2015). Next, the residual indices of
BAI series were averaged at the site level using a bi-weight robust
mean. Temporal trends in the resultant BAI chronologies were esti-
mated through the slope of the linear regression of BAIl records over
the 20th century, and significant trends were determined using the
non-parametric Kendall © rank correlation coefficient (Supporting

Information Table S1).
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FIGURE 1 Geographical distribution of sites, definition of groups of chronologies, synchrony of radial growth (d), and relationship
between TRW, and Ale’Ci chronologies (r,) at the group level across Europe. Each dot identifies a chronology composed of n > 20 trees
according to the codes shown in Table 1 (oak codes are shown in italic). Each coloured encircled area identifies a group of chronologies that
are separated in pairs up to 1,000 km apart and belong to a particular climate type as indicated in Table 1 (see Figure 2c for the distance
threshold where significant radial growth patterns are shared among chronologies). At least three sites of the same climate type form a group
(total number of groups, n = 5). Values of d and r, are estimated using indexed chronologies for the period 1901-2003 as described in the
Supporting Information (Appendix S1.1). Growth synchrony (d) is shown within a rectangle at the within-group level and within an ellipse at
the between-group level. Only chronologies belonging to pairs of groups that are geographically close (i.e. neighbour groups) have between-
group synchrony values statistically different from zero for the entire study period (as shown in the figure). The correlations at the group level
(ry) are tested directly in a bivariate mixed model using restricted maximum likelihood (REML), and estimates are shown in the insets together
with their standard error (SE). The scatterplots show year-level estimates (BLUPs) of TRW, and A13Ci extracted from the bivariate model.
Significant correlations (those having confidence intervals that do not straddle zero, 90% confidence interval approximated as r,, + 1.64SE)
are indicated with lines. The high SEs are partly explained by the errors of BLUP predictions that are carried forward in the bivariate analyses
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FIGURE 2 Spatial patterns of indexed tree-ring traits across Europe for the period 1901-2003: (a, c) indexed tree-ring width (TRWi);
and (b, d) indexed carbon isotope discrimination (A13Ci). Left panels show pairwise correlations of tree-ring chronologies as a function of
geographical distance. The patterns are summarized by regressing the correlation coefficients (r values) involving pairs of chronologies

(y axis) on their corresponding distance (x axis) by using negative exponential functions. Dot colours indicate pairwise correlations involving
two conifer chronologies (green), two oak chronologies (orange), and one conifer and oak chronology (blue). Asterisks after the correlation
coefficient (r,,) indicate the level of significance based on a Mantel test (***p < 0.001). Right panels show spatial structure of tree-ring traits
across European forests. The spatial autocorrelation of the tree-ring network was characterized by six consecutive distance classes (listed
on the x axis). Mean r values and their statistical significance (p) within each distance class were estimated from 1,000 randomizations.

Significant correlation coefficients (*p < 0.05) are indicated

2.3 | Meteorological data

Monthly mean temperature, precipitation and potential evapo-
transpiration (PET) were used for climate characterization.
Meteorological variables were obtained from the nearest grid point
of each site of the high-resolution climate dataset (Climatic Research
Unit, CRUTS 3.21; Harris, Jones, Osborn, & Lister, 2014). The CRU
provides climate series on a 0.5°x0.5° grid-box basis, interpolated
from meteorological stations across the globe, and extends back to
1901. However, it should be noted that climate data mainly originate
from low-elevation stations, and this leads to remarkable differences
in elevation between stations and sampling sites in mountainous
Mediterranean areas. To account for this discrepancy, we applied
lapse rate adjustments to the CRU dataset for the Mediterranean
sites (< 45° N), following Gandullo (1994). Potential evapotranspira-
tion was estimated from CRU records using the Hargreaves method
(Hargreaves & Samani, 1982).

Bootstrapped correlations between TRW, or A13Ci chronol-
ogies and monthly temperature, precipitation and the standard-
ized precipitation-evapotranspiration index (SPEI3, a 3-month
integrated drought index integrating evaporative demand and
water availability; Vicente-Serrano, Begueria, & Lépez-Moreno,
2010) were computed over the period 1901-2003 to examine

site-specific responses to climate. We used SPEI3 because June-
August is the period of highest climate responsiveness across the
network for both TRW, and, especially, A13Ci. To ensure that re-
sults were driven by local climate rather than by long-term trends
(e.g., global warming), the climatic series exhibiting a linear trend
over time were detrended by fitting a straight line and keeping the
residuals of these linear fits or, otherwise, they were simply sub-
tracted from the grand mean. Climate relationships were analysed
from the previous October to the current September of tree-ring
formation.

2.4 | Analysis of spatio-temporal patterns of tree-
ring traits: methodological steps

The following steps were applied to characterize the nature and
strength of common tree-ring patterns present in the network: (a)
we described the spatial structure of indexed tree-ring traits (TRW,
and A13Ci) across Europe through correlogram analyses; (b) we in-
vestigated the temporal coherence of TRW, among chronologies of
the same or different climate type (i.e., within- and between-group,
respectively) through variance-covariance (VCOV) modelling; and
(c) we quantified the relationships between TRW, and A13Ci at the
group level through a bivariate random model.
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The spatial structure of tree-ring traits was characterized for site
pairs to determine how far common tree-ring patterns extend
over Europe. This was done independently for TRW, and A'3C,
as follows: (a) correlation coefficients (r) calculated between all
possible pairs of site chronologies, calculated over the period
1901-2003, were regressed on their geographical distance using
a negative exponential function; (b) the statistical significance of
these pairwise correlations was assessed within distance classes
located 500 km apart (a compromise between number of classes
and statistical power) using the modified correlogram technique
(Koenig & Knops, 1998). After (b), six classes were defined rang-
ing from < 500 to > 2,500 km, with chronologies farther than
2,500 km apart combined into a single class. The same analyses
were performed for MAT and MAP in order to evaluate the geo-
graphical extent of temporal coherence in such factors.

2.4.2 | Temporal coherence of tree-ring width

The investigation of TRW, variability among chronologies (growth
synchrony, d) was performed through variance-covariance (VCOV)
modelling following Shestakova et al. (2014, 2018) (Supporting
Information Appendix S1.1). This approach tests for the presence
of different tree-ring patterns for pre-established groups of chro-
nologies, where particular groups can be defined based on existing
knowledge (Shestakova et al., 2018). Here, the 20 chronologies were
divided into four groups, classified according to particular climate
types following the Képpen climate classification (Képpen & Geiger,
1936): boreal (Dfc), cold continental (Dfb), humid temperate (Cfb)
and Mediterranean (Csb) (Table 1). Additionally, the humid temper-
ate climate sites were split into Atlantic (for western Europe chro-
nologies) and temperate (for central Europe chronologies) groups.
These two groups resulted from a restriction of the maximum dis-
tance among sites belonging to the same group to 1,000 km (i.e.,
the spatial range of common tree-ring patterns continent-wide as
inferred from correlograms). Therefore, five different groups were
defined. Each group consisted of three to five neighbouring forest
stands that ensured a solution to mixed model estimates.

A number of VCOV models accommodating between- and
within-group variability were evaluated and compared using Akaike
and Bayesian information criteria for model selection, which favour
parsimonious models (Burnham & Anderson, 2002). The VCOV mod-
els were broad evaluation (constant variance across groups denoting
a common growth pattern, or common synchrony, continent-wide),
narrow evaluation (a banded main diagonal matrix denoting no com-
mon pattern or perfect asynchrony between groups), unstructured
(a completely general covariance matrix indicating lack of system-
atic common patterns in the network), compound symmetry (a ma-
trix having constant variance and covariance designating the same
within-group pattern and the same between-group pattern) and
variants of a Toeplitz structure [a matrix allowing for different (co)

variances (denoting different patterns or synchrony values) accord-
ing to the ordinal proximity or neighbourhood among groups]. These
models are described in detail in Supporting Information TableS2.
Estimates of growth synchrony (d) were derived using the best
VCOV model for the entire period (1901-2003) (Shestakova et al.,
2018). In addition, the evolution of changes in d was studied for suc-
cessive 50-year segments (i.e., half the study period) lagged 5 years
by fitting the same VCOV models to each segment. This was done
to characterize shifts in common TRW, variability over time. In this
case, the best-fitting model was independently selected for each
segment to allow for changes in data structure over time.

Relationships between TRW, andA“C‘ at the group level

The temporal (yearly) relationship between TRW, and A13Ci (here-
after, ry) was investigated at the group level through a bivariate
random-effects model (Supporting Information Appendix 51.2)
(Shestakova et al., 2017). Broadly speaking, this approach estimates
the extent to which TRW, and A'®C,, determined for the same set
of chronologies, contain overlapping information as a result of plant
processes related to carbon uptake and water use. Hence, the rel-
evance of a physiological trait (A13Ci) potentially linked to regional
forest growth is quantified by estimating how much of TRW, vari-
ability across chronologies is associated with the variability of iso-
topic records. This quantification is relevant for studying the variable
role of a physiological tracer for productivity across large areas. The
bivariate analysis was performed for the entire period (1901-2003).
We also evaluated the changes in r, between TRW, and A13Ci chro-
nologies for successive 50-year segments lagged 5 years.

Finally, the changes in growth synchrony (d) and in the relation-
ship between TRW, and A13Ci (ry) were evaluated across groups as
a function of biophysical variables through simple correlations. We
used geographical information (latitude, longitude and elevation) and
the following climatic records averaged across sites for every group
(period 1901-2003): MAT, MAP and PET, following Hargreaves and
Samani (1982). These relationships were assessed through cor-
relation analysis for the complete period 1901-2003 and the split
1901-1950 and 1951-2003 periods.

3 | RESULTS

3.1 | Absolute growth trends and climate responses
of indexed chronologies

Five sites showed positive BAl trends (slope b, p < 0.05) for the period
1901-2003, whereas no significant trend was detected for the remain-
ing sites (Table 1). In particular, growth acceleration was observed at
two oak sites and at three pine sites from mid and high latitudes of
continental Europe. The analysis of climate responses revealed that
high summer temperatures increased TRW, in Fennoscandia princi-
pally (Supporting Information Figure S1a). Conversely, drought stress
often constrained TRW, at central and southern latitudes, as indi-
cated by negative correlations with summer temperature and posi-
tive correlations with summer precipitation (Supporting Information
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Figure S1a,b). Furthermore, strong (r > 0.4) positive correlations with
SPEI3 that often extended from May to September denoted seasonal
drought control of forest growth (Supporting Information Figure Sic).
In addition, the positive TRW, responses to high winter temperatures
observed at some mid- and low-latitude sites suggested co-limita-
tion by cold winters and dry summers. In comparison, more clear-
cut, strong (|r|> 0.4) climate signals were detected continent-wide
for Alg’Ci records, which were influenced by summer temperatures
(negatively), summer precipitation (positively) and, especially, sum-

mer SPEI3 (positively) (Supporting Information Figure S1d-f).

3.2 | Spatial consistency of tree-ring signals

The correlations between pairs of chronologies for TRW, decreased
with increasing distance between sites. This effect accounted for
29% of the variability of inter-site correlation coefficients if sub-
ject to exponential decay (Figure 2a). The highest correlations were
found between Quercus stands from central Europe and between
Pinus stands from north-eastern Europe (r 2 0.30). For A13Ci, we also
found an exponential decrease in common signal with distance for
site pairs, which accounted for 28% of the variability of inter-site cor-
relation coefficients (Figure 2b). Significant spatial autocorrelation
was observed up to 1,000 km for TRW,, with a mean correlation of
0.22 and 0.12 for sites within distances of 0-500 and 501-1,000 km,
respectively (Figure 2c). Spatial autocorrelation was also found for
A13Ci up to 1,000 km (Figure 2d). A principal component analysis
performed on TRW, returned five principal components (PCs) that
accounted for 50% of the total variance. The first PC, which ex-
plained 12.9% of variance, had positive loadings for all chronologies,
except for one Iberian site with P. sylvestris and the Moroccan site
with C. atlantica (Supporting Information Figure S2). The highest PC1
loadings corresponded to western and central European chronolo-
gies, indicating larger growth similarities compared with peripheral
chronologies, located farther away from each other. The second PC,
which explained 11.0% of variance, was also related to the geograph-
ical location of chronologies: positive PC2 loadings corresponded
to south-western chronologies, whereas north-eastern chronolo-
gies had negative loadings (Supporting Information Figure S2).
The remaining three PCs accounted for < 10% of variance and
showed mixed spatial signals, indicating species-specific differences
with the influence of local conditions on tree growth.

Likewise, the analysis of spatial autocorrelation of climate pa-
rameters revealed that the common signal declined with distance
(Supporting Information Figure S3a,b) and extended > 2,500 km
for MAT (linear function) and up to 1,000 km for MAP (decay
function) (Supporting Information Figure S3c,d). There was also
a significant negative relationship between the most distant sites
(> 2,500 km) for MAP.

3.3 | Tree growth synchrony across Europe

The five climate groups identified for the network consisted of
three to five chronologies sharing growth patterns (Figure 1). A
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heterogeneous Toeplitz structure with two bands was the best
VCOV model for the period 1901-2003, indicating covariation be-
tween neighbouring groups only (Supporting Information Table S3).
Growth synchrony (@) varied considerably across groups, ranging
from 0.06 + 0.01 (Mediterranean) to 0.36 + 0.06 (boreal) (mean + SE)
(Figure 1). The d values were unrelated to the average distance be-
tween sites at the group level, with groups showing the lowest and
highest d having inter-site distances of 785 + 118 and 913 + 119 km
(mean + SE), respectively. The variable number of chronologies at
the group level did not influence d. At the between-group level, the
highest @ was found between boreal and cold continental forests
(0.11 £0.02), with progressively decreasing common signals between
group neighbours observed southwards (Figure 1). Differences in
synchrony among groups were geographically structured and re-
lated to latitude (r = 0.96, p < 0.01) and longitude (r = 0.89, p < 0.05),
but not to elevation (Supporting Information Figure S4).

To check for geographical consistency of synchrony gradients
across Europe, we examined an independent, larger set of ring-
width chronologies obtained from the International Tree-Ring
Data Bank (Grissino-Mayer & Fritts, 1997) having the same spe-
cies representation (n = 80; 52 Pinus chronologies and 28 Quercus
chronologies). In this case, we also detected a strong latitudinal
gradient in d (r = 0.83, p < 0.05). Consequently, we assumed that
this trend was essentially independent of the particular tree-ring
network examined. The observed geographical gradient in growth
synchrony was also analysed in relationship to the potential
climatic drivers of forest performance across Europe. Notably,
climate variables explained most of the geographical variation in
d among the five groups: strong negative relationships between
d and PET (r=-0.96, p < 0.01), MAP (r=-0.92, p < 0.05) and MAT
(r=-0.81, p < 0.10) were consistent with a gradual decrease in
evapotranspirative demand, temperature and (elevation-driven)

precipitation with increasing latitude.

3.4 | Temporal changes in growth synchrony

The synchrony patterns changed markedly across Europe over the
20th century. The value of d increased at low and mid latitudes (i.e.,
in Atlantic, Mediterranean and temperate forests), whereas it de-
creased at high latitudes (especially in boreal, but also in cold continen-
tal forests) (Figure 3a). Such divergent geographical trends modified
the relationship between d and biogeographical factors, resulting in
geographically gentler d gradients across the continent after 1950
(Supporting Information Figure S4). At the between-group level, dif-
ferent trends were observed depending on the combination of groups.
For neighbouring groups, we found a substantial decrease in synchrony
between boreal and cold continental forests, whereas synchrony re-
mained steady or increased for other group combinations (Figure 3b). A
modest, albeit sizeable common signal emerged among the more geo-
graphically distant group pairs after 1960 (dc. 0.05-0.10) (Figure 3c).
In fact, synchrony among forest types converged across Europe in the
second half of the century. In contrast, we did not find changes in syn-
chrony patterns of climate parameters (MAT and MAP) throughout the



10 SHESTAKOVA ET AL.
_I_ Global Ecology Adoumalof
Wl LEY and Biogeography Mool
0.6 — 0.30 0.30
(a) Within-group level (b) Between-group level (c) Between-group level
0.5 0.25 A ; 0.25 - 4
(neighbours) (no neighbours)
0.4 0.20 A 0.20 -
(mo 0.3 1 O‘O/O\O\O_@\O\ “UQ 0.15 A ‘(Bo 0.15 +
0.2 - O50<5-~p 0.10 A 0.10 |
re) Q
O-O T T T T T T T T T T T T 0-00 0-00 -
> o 2 O o O 2 o 9 o0 o 9
¥ © © N @ 9 3 ¥ o © N & o
w"g’ 033’ 059,’ 053’ 0.;,” 058’ w"s) N.'S,” 058’ o"g’ o"g) 059,’ 033’
ST N 4 5 ¥ O o) ST N 4 5 ¥ 6
g 9 9 9 9 9 ] v 9 9 9 9 9
Time period Time period Time period
—O— Boreal (B) —o— B/CC —O0— B/T
—O— Cold continental (CC) —O0— CC/T —O— CC/A
—O— Temperate (T) —O0— T/A —0o— T/M
O~ Atlantic (A) o A/M o B/A
—O— Mediterranean (M) —O0— CC/M
—0— B/M

FIGURE 3 Temporal trends in growth synchrony at within- and between-group levels for the period 1901-2003. Growth synchrony

(@) is estimated for 50-year periods lagged by 5 years, following Equations 5 and 6 as described in the Supporting Information (Appendix
S1.1). All calculations are based on indexed ring-width (TRW,) chronologies. For the sake of visual clarity, the estimates of d are represented
separately for chronologies belonging to the same group (i.e., within-group level; a), for chronologies belonging to pairs of groups that are
geographically close (i.e. neighbour groups; b), and for chronologies belonging to pairs of groups that are geographically distant (c). Grey lines

denote the SE. Note the change in scale of the y axis between panels

20th century (results not shown). Therefore, the observed changes in
growth synchrony could not have been driven by concomitant fluctua-

tions in synchrony of climate factors.

3.5 | Tree growth patterns as related to
isotopic signals

The temporal variability shared by TRW, and A13Ci (ry) was inves-
tigated at the group level. We found very different, geographically
structured relationships. The association was mainly positive (for
Atlantic, cold-continental and temperate forests) or very positive
(for Mediterranean forests), being significantly negative for boreal
forests (Figure 1), hence following a latitudinal gradient (r=-0.96,
p < 0.01). Conversely, r, was non-significant for either longitude or
elevation. In addition, r,, was correlated with climate variables at the
group level, with the strongest positive association being found for
both PET (r = 0.94, p < 0.05) and MAP (r = 0.82, p < 0.10). An analysis
across climate types involving all site chronologies of Quercus spp.
confirmed that the positive relationship observed in Central Europe
was taxa independent (r, = 0.32, SE = 0.21).

The association between TRW, and A“‘Ci changed markedly
across Europe throughout the 20th century (Figure 4). The r, turned
from negative to non-significant in boreal forests, and changed from
non-significant to positive in cold-continental (recently), temperate
and Mediterranean forests. As a result, TRW, and Al?’Ci mainly be-
came positively related across Europe. The latitudinal pattern of r,
was also stronger in the second half (r=-0.95, p < 0.05) than in the
first half of the century (r=-0.58, n.s.). This relationship became
more dependent on PET after 1950 (r = 0.95, p < 0.05) than before
1950 (r = 0.68, n.s.).

—O— Boreal (B)
—O— Cold continental (CC)
—O— Temperate (T)
O— Atlantic (A)
—O— Mediterranean (M)

Time period

FIGURE 4 Temporal trends of relationships between TRW, and
A13Ci chronologies at the group level for the period 1901-2003.
The correlations (r,) are estimated for 50-year periods lagged

5 years, following Equation 7 as described in the Supporting
Information (Appendix S1.2). All calculations are based on indexed
ring-width (TRW,) and carbon isotope (A13Ci) chronologies. Grey
lines denote the SE of r,. Significant correlations (correlation
coefficients with 90% confidence intervals not embracing zero)
are depicted by filled dots

4 | DISCUSSION

This study yields evidence for geographically structured patterns of
forest growth and its associations with carbon isotope fractionation
processes across Europe. Common tree growth and physiology are
shared by stands that are < 1,000 km apart from each other. This
outcome provides the geographical extent to which climate fac-

tors influence tree performance continent-wide; indeed, no other
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environmental driver is likely to act on the same spatial scale at the

high-frequency domain (Fritts, 2001).

4.1 | Geographical structure of climatic controls of
tree-ring signals in European forests

Differential growth responses to climate were evident across the
network, with temperature-sensitive growth at northern latitudes,
precipitation-sensitive growth at central-southern latitudes, and
mixed signals in temperate and high-elevation European forests
(Babst et al., 2013). Conversely, the extent of common summer
climate signals present in carbon isotopes suggests a tight stoma-
tal control of water losses and, indirectly, photosynthetic activity
at peak season across most of Europe (Cullen, Adams, Anderson,
& Grierson, 2008). These results suggest a partial decoupling be-
tween leaf- and stem-level processes (Jucker et al., 2017) as the
result of different potentially contributory processes: (a) envi-
ronmental constraints governing sink activity (i.e. meristematic
growth) before affecting source activity (i.e., carbon uptake),
particularly during drought or low temperatures (Kérner et al.
2015); (b) temporal shifts between foliar dynamics and xylogen-
esis (Seftigen et al., 2018); and (c) changes in carbon allocation
patterns with increasing temperature, which may vary between
different biomes and functional groups (Way & Oren, 2010).

4.2 | Interpreting ring-width patterns continent-wide

Our results show a marked geographical organization of 20th cen-
tury growth patterns across Europe. The most conspicuous changes
in synchronous tree growth occur along a north-south gradient,
with d increasing northwards concurrent with a thermal gradient
of decreasing temperature and reduced evapotranspiration. This
agrees with our hypothesis of more synchronous growth in cold-lim-
ited, high-latitude forests owing to the greater spatial homogeneity
of temperature effects on tree growth in northern Europe (Dithorn,
Schneider, Gunther, Glaser, & Esper, 2016). This is in contrast to the
geographically complex drought events occurring in central and
southern Europe (Orlowsky & Seneviratne, 2014), hence resulting
in substantially less synchronous growth occurring at large spatial
scales (Shestakova et al., 2016). It should be noted that the mixture
of sites with different species (oaks or pines) at the mid-latitude
climate types may have intrinsically reduced the magnitude of syn-
chronous growth in central Europe. Likewise, the inclusion of a cedar
chronology might have constrained synchrony at the southernmost
(Mediterranean) group, although C. atlantica has a stomatal behav-
iour similar to P. nigra (Froux et al., 2002). Species-specific climate
responses are indeed relevant to delineate valid biogeographical
patterns of tree performance, as shown Europe-wide (Babst et al.,
2013). Perhaps owing to the limited density of our network, we could
not clearly identify such differences (Supporting Information Figure
S1), but the investigation of a denser dataset with nearly the same
species representation confirmed such a broad latitudinal gradient
(Supporting Information Figure S5). Thus, the results of a common
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sampling effort of limited representativeness compare well with re-
cords compiled from miscellaneous investigations having particular
goals, geographical scopes and sampling strategies.

Notably, d increased after 1950 except in Fennoscandia, hence
weakening the northward trend of enhanced synchrony observed
during the preceding period. It suggests warming-induced climatic
forcing spreading across central and southern Europe, irrespective of
species and local site conditions (Supporting Information Figure S6).
This exogenous factor enhances synchrony, probably as the outcome
of common tree sensitivity to increased water stress. The results are
in line with previous findings of high-frequency adjustments of ring-
width patterns in response to amplified drought effects on growth
in temperate and semi-arid regions (Latte, Lebourgeois, & Claessens,
2015; Shestakova et al., 2016). In contrast, climate warming could
progressively mitigate low-temperature constraints on tree perfor-
mance occurring in boreal forests (Dithorn et al., 2016). This leads
to an increasing importance of local (stand-level) effects on tree
growth over time, hence triggering regional asynchrony (Shestakova
et al., 2019). We interpret these phenomena as a sign of increasing
drought impacts on forest growth dynamics expanding northwards
across Europe, which are concurrent with temperature trends across
the study area (+0.15 to + 0.35 °C/decade between 1960 and 2015;
European Environment Agency, 2016).

4.3 | Carbon isotope fractionation points to spatial
patterns of forest growth in Europe

We also investigated leaf-level physiological mechanisms linked to
geographically structured temporal growth variability by modelling
the common temporal signal present in TRW, and A13Ci through bivar-
iate random-effects analysis. This approach is appropriate for inves-
tigating common constraints on forest growth and leaf physiology
acting over large (continental) climate gradients, because site-level
impacts on tree-ring traits (e.g., differential management, competi-
tion, soil depth and fertility) are explicitly set aside in the analysis.
For the entire study period, the positive relationship between
TRW, and A13Ci at low and mid latitudes indicates that leaf-level
physiology and tree growth are commonly driven by water stress,
to a greater or lesser extent, south of c¢. 60° N in Europe (Figure 1).
Therefore, it suggests that stomatal limitation of carbon assimilation
is imprinted in tree growth over most of the study area (including
e.g., France, Austria, Germany and Poland) during the 20th century.
This observation is seemingly independent of differences in stomatal
behaviour between oaks and pines (Roman et al., 2015). Regardless
of the different amplitude of AYC fluctuations determined by iso-
hydric and anisohydric strategies, the observed high-frequency sig-
nals share similar characteristics across taxa, as already reported by
Treydte et al. (2007). Conversely, the negative relationship between
TRW, and A13Ci in Fennoscandia indicates that photosynthesis and
meristematic activity are constrained by low temperatures/sunshine
hours (Gagen et al., 2011). At cool, moist sites, the main control
over water-use efficiency is assimilation rate, which can be limited

by either enzyme activity (photon flux) or enzyme production (leaf
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temperature or nitrogen availability). These limitations would in-
crease AC at the expense of decreased carbon uptake, which may
reduce radial growth. Undoubtedly, our results must be weighed
against the limited spatial density of the sampling network, but they
allow the delineation of broad geographical trends that have so far
been difficult to ascertain continent-wide, in part owing to the un-
systematic and sparse nature of data collection (Saurer et al., 2014).
Besides, the observed trends agree with previous studies performed
across smaller areas showing strong positive TRW, versus A¥C cor-
relations for trees growing in water-limited conditions, but weak
correlations at wetter and colder sites (del Castillo, Voltas, & Ferrio,
2015; Voelker et al., 2014).

4.4 | Strengthening of A3 C-growth relationships in
response to climate change

The relationship between tree growth and carbon isotope fractiona-
tion was not stable during the 20th century, with a general tendency
towards increasing A¥*C-growth coupling across Europe. Alongside
the increase in growth synchrony observed in the Atlantic, temperate
and Mediterranean groups, a change from non-significant to positive
correlations across most continental Europe suggests intensified
drought impacts on tree physiology since the 1970s. Remarkably,
present-day climatic influences on continent-wide tree growth are
predominantly related to water conservation strategies, as reflected
in cellulose A'®C. In this regard, we found evidence of growth en-
hancement in the network (positive BAI trends), but only in five high-
and mid-latitude stands (> 50° N) composed of either Quercus spp. or
P. sylvestris. In these sites, the increasing trend could be produced by
an increase in photosynthetic rates or in meristematic activity, which
are likely to be driven by a combination of rising CO,, temperature
and surface radiation. In contrast, drought stress seems to override
a positive effect of enhanced leaf intercellular CO, concentration in
the remaining sites, and particularly < 50° N (e.g., the Mediterranean
group, where the relation TRW, versus AC has became strongly
positive since 1970), resulting in no change in productivity (Andreu-
Hayles et al., 2011). However, such warming-induced drought ef-
fects influencing stomatal regulation are insufficient to provoke the
20th century Europe-wide decrease of forest transpiration, as dem-
onstrated for the same network (Frank et al., 2015). Alternative fac-
tors (e.g., lengthened growing seasons or increased leaf area) might
counterbalance the impacts of leaf-level gas exchange processes on
whole-tree physiology (Frank et al., 2015).

In Fennoscandia, the negative ring-width dependence on AC
vanished after 1950. This suggests that an earlier photosynthetic
limitation of growth or, alternatively, a reduced meristematic activ-
ity determining low carbon uptake (as driven by low temperatures,
high cloudiness or both factors) attenuated in recent decades. In the
western Mediterranean, this dependence changed abruptly from
zero to nearly one after 1970. Previously, growth synchrony among
the Mediterranean chronologies was absent, rendering a null signal
shared by ring width and ASC. After 1950, the common growth sig-
nal was low but relevant; this signal was essentially related to AC

fluctuations, resulting in a highly positive correlation (albeit with a
high SE; Figure 1). This correlation may be interpreted in terms of
a tight stomatal control of common radial growth in high-moun-
tain Mediterranean forests, but it could also imply drought-driven
reductions of sink activity controlling photosynthesis (Muller et al.,
2011). However, the limited number of chronologies and the sud-
den change in tree performance during the 20th century might call
these interpretations into question. A recent study carried out in
Iberian mountain forests allows the downscaling of our results to
a local area (Shestakova et al., 2017). These authors reported that
multispecies tree growth at c. 1,500 mis more associated with a
tighter stomatal control of water losses (inferred from A*3C) since
the 1980s, hence resembling lower-elevation stands. These results
reinforce our view, although more data supporting this evidence are
still needed on a regional scale. Unfortunately, studies on long-term
shifts of radial growth related to switches of the main environmental
drivers of photosynthetic carbon gain are still scarce (Voelker et al.,
2014).

To conclude, we report on a shift in forest growth dependence
from low temperatures to low moisture occurring southwards
continent-wide and associated with latitudinal changes of tree
carbon isotope fractionation processes. Leaf-level physiology and
radial growth of trees are ultimately linked via carbon allocation
strategies. Common signals imprinted in ring width and stable
isotopes have been reported, either along geographical gradients
(i.e., phenotypic plasticity; del Castillo et al., 2015), over time
(i.e., temporal covariation; Voelker et al., 2014; Shestakova et al.,
2017; this work) or at the intraspecific level (i.e., genetic correla-
tion; Fardusi et al., 2016). These lines of evidence support (direct
or indirect) effects of carbon uptake processes on above-ground
growth. However, carbohydrates are used for various processes
other than growth (e.g., maintenance, respiration, reproduction),
and carbon availability might seldom limit tree growth (Palacio,
Hoch, Sala, Kérner, & Millard, 2014; but see Wiley & Helliker,
2012), which suggests that the relationship between productivity
and stable isotopes might not be straightforward (Jucker et al.,
2017). Alternative physiological mechanisms related to above-
ground growth might interact with photosynthetic processes; for
example, a critical turgor disrupting cell growth or the appear-
ance of hydraulic constraints under drought (Sperry, 2000), or the
weakening of meristematic growth under low temperatures (Rossi
et al., 2016). These mechanisms would need to be assessed care-
fully against stable isotope signals.

Together with climate change, the increasing _, CO, might have
played a role in the observed shift in growth synchrony and the stron-

atm

ger relationship between A'3C and TRW,. Disentangling the relative
effects of climate and CO, fertilization on spatially structured tree-
ring information is challenging because both low- and high-frequency
signals influence the behaviour of tree physiology, carbon allocation
and above- and below-ground growth. Additional factors inter-
acting with climate change and _, CO,, such as increasing nutrient
limitations (Jonard et al., 2015) or atmospheric deposition (de Vries,
Dobbertin, Solberg, van Dobben, & Schaub, 2014), should also be
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considered. A previous study on the same tree-ring network demon-
strated that CO, fertilization has increased water-use efficiency of
European forests in the 20th century (Saurer et al., 2014). However,
these increments were not spatially uniform and, notably, the stron-
gest increase was reported in response to summer drought for tem-
perate forests in central Europe, an area in which we observe a large
rise in growth-A®C coupling. These findings point to an increase of
water stress spreading northwards across Europe, which could result
in declines of forest carbon gain in the coming decades. Therefore,
broad-scale climatic variation influences tree ecophysiology and pro-
ductivity in previously unrecognized ways and points to coordinated
shifts in forest growth dynamics and a progressive convergence in

the response of trees to the new climate conditions across Europe.
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