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ABSTRACT

Forests are essential to climate change mitigation through carbon sequestration, transpiration, and turnover. However, the quan-
tification of climate change impacts on forest growth is uncertain and even contradictory in some regions, which is the result of
spatially constrained studies. Here, we use an unprecedented network of 1.5 million tree growth records from 493 Picea abies and
Pinus sylvestris stands across Europe to predict species-specific tree growth variability from 1950 to 2016 (R?>0.82) and develop
21st-century gridded projections considering different climate change scenarios. The approach demonstrates overall positive ef-
fects of warming temperatures leading to 25% projected conifer growth increases under the SPP370 scenario, but these additional
carbon gains are spatially inhomogeneous and associated with geographic climate gradients. Maximum gains are projected for
pines in Scandinavia, where growth trajectories indicate 50% increases by 2071-2100. Smaller but significant growth reductions
are projected in Mediterranean Europe, where conifer growth shrinks by 25% in response to warmer temperatures. Our results
reveal potential mitigating effects via forest carbon sequestration increases in response to global warming and stress the impor-
tance of effective forest management.

1 | Introduction by rapid warming and disturbances, including insect outbreaks,

soil erosion, forest fires, and tree mortality (Forzieri et al. 2021;

The productivity of the forest ecosystems is strongly determined
and influenced by regional climate conditions (Ammer 2019).
Given the rapid pace of climate change (IPCC 2021), signifi-
cant alterations in forest growth dynamics and subsequent car-
bon sequestration capacities are anticipated. European forests
currently absorb 7%-12% of the continent's carbon emissions
(Janssens et al. 2003), numbers which have been increasing since
the 1990s, reaching a total living biomass of nearly 110 gigatons
as of 2020 (FAO 2020). Vegetation model ensembles project in-
creases in terrestrial carbon sink capacity (Arora et al. 2020),
but the role of forests as carbon reservoirs is being challenged

Hartmann et al. 2022; McDowell et al. 2020; Patacca et al. 2023).
A comprehensive understanding and quantification of growth
dynamics and trends is crucial to assess the impact of changing
climate on forest sequestration and necessary adaptation strat-
egies. This resolution is further complicated by the wide range
of anticipated climate change scenarios projecting varying risks
on forest growth dynamics and changes of ecological, economic,
and societal forest services.

Within forest ecosystems in Europe, Norway spruce (Picea
abies(L.)H.Karst.)and Scots pine (Pinus sylvestris L.) represent
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two key conifer species and cover around 30 and 28 million
hectares, respectively (Caudullo, Tinner, and de Rigo 2016;
Houston Durrant, de Rigo, and Caudullo 2016), representing
the main habitat for numerous species and contributing sig-
nificantly to the continent's ecological biodiversity. Moreover,
both species hold considerable economic significance for the
European forestry industry, including timber production,
pulp and paper manufacturing, and renewable energy sources
(FAO 2020). Despite their high ecological plasticity and re-
silience (Bose et al. 2020; Martinez del Castillo et al. 2018),
these conifers face future challenges with increased risks
of droughts (Bottero et al. 2021; Lévesque et al. 2013), espe-
cially in pure and even-aged forests (Castagneri et al. 2022).
Prolonged periods of drought, heatwaves, and increased vul-
nerability to pests have accelerated forest decline, particularly
in areas with poor site conditions. Picea abies, generally less
drought-tolerant, has experienced extensive dieback during
the last years, especially in lowland regions, while Pinus syl-
vestris, though more resilient, has also suffered in regions fac-
ing severe water deficits (Hlasny et al. 2021; Seidl et al. 2017).
The current state of these forests is precarious, with many
stands showing reduced vitality, increased mortality, and
slower regeneration, highlighting the vulnerability of these
species to ongoing climate change (Hlasny et al. 2021; Senf
et al. 2020). Conversely, beneficial changes may arise from
changes in mean temperatures, leading to longer growing sea-
sons, enhanced photosynthesis rates, and accelerated nutrient
cycling (Keenan 2015; Morin et al. 2018).

The historical impact of climate variability is preserved in tree-
ring width records. Annual tree growth is determined by com-
plex ecological interactions influenced by numerous factors,
including inter- and intra-annual variation in climate, endog-
enous and exogenous disturbances, and size-related growth
trends (Cook 1987; Fritts 1972). Furthermore, secondary growth
variability is often linked to general tree health and perfor-
mance, reflecting the phenotypic plasticity of trees to adapt to
specific conditions crucial to overcome environmental changes
throughout their lifespan (Housset et al. 2018). Respectively, an-
nually resolved tree-ring records are essential to assess growth
changes over decades to millennia (Esper et al. 2018), outper-
forming other sources of forest growth records, such as national
forest inventories (Evans et al. 2022), both temporally and in
resolution. Relative estimations of annual biomass production
or carbon uptake based on tree rings are often used for compar-
isons against other methods, such as remote sensing, vegetation
models, or eddy covariance (Babst et al. 2014). Integrating tem-
poral measurements of secondary tree growth from tree-ring
data is indispensable for characterizing ecological complexity
and resolving some uncertainties regarding the effects of cli-
mate change on forest carbon dynamics (Domke et al. 2020;
Zald et al. 2016).

Recently, multiple statistical modeling techniques based on
tree-ring records have been developed and used in forest ecol-
ogy for retrospective analyses, evaluating tree growth, and
identifying the drivers of growth variability (Bosela et al. 2023;
Heilman et al. 2022; Jiang et al. 2024; Klesse et al. 2020).
Growth models are applicable across different temporal
scales, extending both into the past and the future (Sheng, Liu,
and Dong 2023; Wang, Taylor, and D'Orangeville 2023), often

employing space-for-time substitution approaches (Klesse
et al. 2020). Despite their versatility, these models predomi-
nantly operate at an individual spatial scale, typically focusing
on forest stands. Conversely, spatial projections of radial tree
growth variability remain scarce, particularly at large inter-
regional to continental scales, incorporating species distribu-
tion ranges (e.g., Bodesheim et al. 2022; JevSenak et al. 2024;
Martinez del Castillo et al. 2022). By using the data-driven
nonlinear regression approaches within generalized linear
mixed-effects models, tree-ring variability can be linked to
inferred relationships between climatic conditions and site-
level characteristics. Once size-related trends and endogenous
disturbances have been taken into account, spatial estimates
can be computed throughout the environmental space covered
by the tree-ring data, being comparable to other spatial forest
dynamic datasets as derived by remotely sensed observations
or mechanistic model estimates (Babst et al. 2021).

Here, we model spatiotemporal growth dynamics of Picea abies
and Pinus sylvestris forests across European ecological ranges
considering current and projected future climate. Compiling a
large dataset of 493 tree-ring chronologies from both species in
total enables us to reproduce species-specific growth estimates
and evaluate spatial patterns of temporal trends. The verified
growth models are applied to varying scenarios of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) to forecast fu-
ture changes in conifer growth performance until the end of the
21st century.

2 | Methods
2.1 | Tree-Ring Database

Our data originate from an extensive tree-ring dataset focused
on the species Picea abies and Pinus sylvestris, compiled from
the available records in the International Tree-Ring Database
(ITRDB) of the species in Europe and 117 additional sites. In
total, the network comprises 493 chronologies comprised of
more than 15.000 trees, spread over the geographical distri-
bution of the species (Figure 1). The network covers the cli-
mate niches and the elevation ranges of the species (i.e., from
1 to 2300m asl in Picea abies and to 1990m asl in Pinus syl-
vestris), across latitudes ranging from 41.5° to 68°N for Picea
abies (PCAB) and from 40° to 69.8° N in case of Pinus sylvestris
(PISY).

Tree-ring widths were converted into annual Basal Area
Increment (BAI), in cm? year~!, which is commonly used
for tree-growth modeling (Bosela et al. 2023; Camarero
et al. 2015; Di Cosmo et al. 2020; Heilman et al. 2022; Pretzsch
et al. 2021; Wang, Taylor, and D'Orangeville 2023). The rate
of BAI increase in mature stages tend to stabilize, as long as
the trees are not close to the biological senescence (Weiner and
Thomas 2001) and have reached their maximum height (Biondi
and Qeadan 2008). The BAI series of each tree was obtained by
the bai.out function of the dplR R package (Bunn 2008) from
the bark to the pith following the formula (Equation 1):

BAIL,,, = ﬂ(rfy - rgy&) )
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FIGURE1 | European distribution of Picea abies and Pinus sylvestris forests and location of tree-ring chronologies (a). Climatic space coverage
of the sites, shown in color compared with the shared species distribution shown in grey, considering the mean annual temperate (MAT) and

the mean annual precipitation sum (MAP) (b). Elevation coverage of studied sites (c). Distribution maps were obtained from the European Forest

Genetic Resources Programme EUFORGEN (www.euforgen.org). Map lines delineate study areas and do not necessarily depict accepted national

boundaries.

where Ty andr, y—1 are the stem radius corresponding to the tree
t for years y and y-1, respectively. In order to construct a rep-
resentative BAI series for each study site, we averaged the BAI

values at a yearly resolution for all samples.

2.2 | Gridded Variables

We considered a set of predictive variables known to impact tree
growth variability for the target species (Cienciala et al. 2018;
Lévesque et al. 2013; Treml et al. 2022; Tumajer et al. 2017).
These variables were required to be site-specific, with spatial
resolution at a detailed scale across Europe and projections
extending into the future. High spatial resolution (i.e., 0.5°)
temperature and precipitation time series from CHELSAcruts
(Karger et al. 2017; Karger and Zimmermann 2018) were down-
loaded at a monthly scale and used to calculate seasonal climate
aggregations for every year in the period 1950-2016. The starting
year of the period is defined based on the quality of climate data;
as CHELSAcruts uses the temporal signal from CRU TS 4.01
dataset (Harris et al. 2014), its quality is influenced by this data-
set as well. Problems arose in years before 1950, when weather
station density was low. De Martonne Aridity Index (DMI, De
Martonne 1926) was calculated to categorize the mean water
availability of each site, following the formula (Equation 2):

P
PMI= 1557 @
where P is the annual mean precipitation (in mm) and T (in°C)
the annual mean air temperature. The climate types defined
by DMI vary from arid (values from 0 to 10), semi-arid (10-20),
Mediterranean (20-24), semi-humid (24-28), humid (28-35),
very humid (35-55) to extremely humid (> 55). Soil property
information was extracted from the European Soil Database.
Quantitative information about soil depth available for roots
(measured in cm?) and water content availability (measured
in mm) were considered for the analysis (STU_EU_DEPTH_
ROOTS and STU_EU_T TAWC layers, respectively (Panagos
et al. 2022)).

Future climate projections were obtained from the Coupled
Model Intercomparison Project 6 (CMIP6) of the World Climate
Research Programme, which comprises scenario runs for the
21st century (Karger et al. 2017). The Shared Socioeconomic
Pathways (SSP) scenarios used are downscaled from five
Global Climate Models, based on a preselection given by the
Intersectoral Impact Model Intercomparison Project (specifi-
cations in CHELSA V2.1, Karger et al. 2017). Three contrasted
SSP scenarios representing different socio-economic develop-
ments and different pathways of atmospheric greenhouse gas
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concentrations were considered to estimate the future growth
performance of the species. The optimistic SSP126 (so-called
Sustainability) aligns with temperature increases of 2°C, re-
flecting a scenario where stringent climate protection mea-
sures are implemented, contrasting with SSP585 (Fossil-Fueled
Development) where increases up to 5°C are very likely to
occur by the end of the century (IPCC 2021). Scenario SSP370
(Regional Rivalry) was chosen as an intermediate and likely
pathway to illustrate the growth projections (data specifications
in Karger et al. 2021).

2.3 | Predictive Growth Model

Generalized linear mixed-effects models (GLMM) were used to
estimate the joint effects of climate, soil, latitude, and altitude
on tree growth. The complexity of the selected model is given by
the statistical properties of the target variable and the predictors.
GLMMs are particularly useful, as they combine the properties
of linear mixed models and generalized linear models, allowing
the inclusion of random effects and the analysis of non-normal
data (Harrison et al. 2018). Furthermore, mixed models are well
suited for long-term studies influenced both by factors that can
be assumed to be similar for many sites (e.g., the effect of climate
or soil properties) and by characteristics that substantially vary
from site to site (i.e., forest populations). These models explicitly
account for nested data structures, such as repeated measure-
ments from individuals within and across units of time (in this
case, individual tree measurements) (Zuur et al. 2009).

To effectively model non-Gaussian distributed time series data,
such as tree growth represented by the Basal Area Increment
(BAI), and considering the interdependence of observations,
the complexity of modeling choices increases in order to en-
sure the robustness of the selected model. A transformation of
the response variable is required to ensure the independence
and equal variance of errors (homoscedasticity), making the
variance around the fitted mean of each group homogenous
(Harrison et al. 2018; Zuur, Ieno, and Elphick 2010). In this case,
BAI values are normalized by a logarithmic transformation. All
explanatory variables also require standardization, which con-
siders the distribution of our data by transforming the linear
predictor within the model (Harrison et al. 2018) using either a
logarithmic transformation or a standardization function (data
transformation around the mean and scaled by its standard de-
viation). A compensated weight of each variable, avoiding ef-
fects related to the range of variables, is therefore guaranteed.

First, a full model for each species was fitted to predict the an-
nual BAI of a tree j in year ¢ in a site i as a function of mean
and seasonal climate, soil characteristics, latitude, and alti-
tude, assuming a gamma distribution of the response variable
(Equation 3).

BAL ;= Po+B,(Blog(DML,) + B,f(LAT;) +
Baf(ALT;) + B,f(SoilD; ) + Bsf(SoilW; ) + ©)
Bef(Tmax; ) + B;log (PP, ,) J* + (BA,_, | Code))

where f represents the coefficients associated with the inter-
cept (f,), log refers to a logarithmic link function, and f to a

standardization function applied to the variables. The initial set
of independent variables were DMI, LAT (latitude), ALT (alti-
tude), Tmax (seasonal maximum temperatures), and PP (sea-
sonal precipitation sums). As the influence of climate on tree
growth is known to fluctuate across environmental gradients
(Fritts 1972), we incorporated interactions between seasonal cli-
mate variables and the other independent variables. The basal
area of the tree in the previous year of each tree-ring formation
(BA) and tree identity (Code) were included as crossed random-
effect variables to account for the variance associated with tree
age and avoid the influence of particularities of each individual
tree. A total number of 2,241,365 and 805,043 individual tree-
ring measurements from the period 1950-2016 were used to
build the PCAB and PISY models, respectively.

The primary aim of our statistical modeling is prediction rather
than inference. Thus, the predictive performance of the selected
model is prioritized over its possible interpretability. However,
high collinearity among predictor variables can cause over-
fitting and problems in their interpretation, as different pre-
dictors can explain some of the same variance in the response
variable, and their effects cannot be estimated independently
(Montesinos Lopez, Montesinos Lépez, and Crossa 2022). We
reduced collinearity using a reiterative two-steps procedure in
which non-significant and high-intercorrelated independent
variables were excluded as a trade-off between goodness of fit
and parsimony. The first step is a backward deletion from a full
model including all available variables and interactions between
them, based on the variance inflation factor (VIF) and the p-
value. All non-significant (p < 0.05) variables from the full model
were excluded. Afterwards, the covariate with the highest VIF
was sequentially dropped until all VIFs were smaller than five
(threshold based on Menard 2001). The second step is a multi-
model inference method based on Akaike Information Criterion
(AIC) scores, where multiple models were built with all possible
variable combinations. The model showing the lowest AIC value
and largest Akaike weight (relative probability of each model
being the best one given the experimental data and the collec-
tion of models considered) was selected as the definitive model.
In the end, the PCAB model contained 12 independent variables
and 20 interactions, and the PISY model, 9, and 12 respectively
(Table S1). For quantifying the model's fit and performance (i.e.,
the ability to reproduce the growth variability), fitted BAI values
and residuals of the models were evaluated (Figures S1 and S2).

2.4 | Model Application

The GLMMs were used to assess tree growth variations across
the species’ distribution. Growth values were computed indi-
vidually for each grid cell, representing a theoretical tree with
a fixed basal area of 2100cm? (approximately 51 cm DBH) for
PCAB and 690cm? (approximately 30cm DBH) for PISY—re-
flecting the mean size of trees within the model. Annual Basal
Area Increment (BAI) values spanning the period 1950-2016
were calculated and subsequently averaged over two 30-year in-
tervals (1955-1985 and 1986-2016) to facilitate the comparison
of mean growth rates across Europe.

Future growth estimates were generated by applying the models
to the new climate conditions projected for the three selected
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SSP scenarios. Applicability domains were calculated for each
scenario, and areas that exceed seasonal climate conditions
outside the range used in each of the models were excluded
(Norinder, Rybacka, and Andersson 2016; Table S2). Certain in-
dependent variables, including latitude, altitude, soil properties,
and DMI, were assumed to remain constant over time. Although
DMI is expected to change under future scenarios due to pro-
jected shifts in precipitation and temperature, we chose to keep
it constant as a reference point to the initial water availability
conditions of each site. Projections were assessed for three fu-
ture periods (2011-2040, 2041-2070, and 2071-2100) and con-
trasted with the 1986-2016 growth means. Finally, we examined
the relative growth change for both species, spatially analyzing
their future performance over the shared species distribution,
where BAI variations below —5% and above 5% are considered
changes, while changes between —5% and 5% are deemed and
displayed neutral. This comprehensive approach allows us to
gain insights into tree growth's spatial and temporal dynamics
in response to projected climate scenarios. All data processing
and statistical analyses were performed in R v4.2.2 (R Core
Team 2020) using the packages dpIR v.1.7.4 (Bunn 2008), Ime4
v.1.1-32 (Bates et al. 2014), MuMIn v.1.47.5 (Barton 2023), and
maps v3.4.1 (Becker and Wilks 1993).

3 | Results

3.1 | Growth Models' Performance
and Limitations

The individual models developed for the species explained a
similar variance, even containing different variables and num-
ber of variables, and demonstrated a good agreement with the
observed growth values (R?=0.828 for PCAB and R?>=0.832
for PISY; Figure S1). The distribution of the model residu-
als was exanimated versus fitted values for the entire model
(Figure S2), as well as versus all explanatory variables to look
for patterns of possible bias of the model prediction across gra-
dients (graphs not shown). The residuals were evenly scattered
around the horizontal axis, indicating an overall constant vari-
ance across all levels of the fitted values (i.e., homoscedasticity)
and randomly distributed around the y=0 line. No systematic
pattern was detected between residuals and main explanatory
variables.

Complex models have some inherent challenges, such as collin-
earity among predictor variables and balance between model
fit and performance, that need careful consideration to yield
robust insights into tree growth dynamics. While these mod-
els offer promising possibilities for modeling tree growth (i.e.,
handling complex non-Gaussian distributed, data nested struc-
tures and repeated measurements, Harrison et al. 2018; Zuur
et al. 2009), addressing biases and uncertainties in future pro-
jections is key for refining their accuracy and reliability. Future
research should prioritize incorporating important factors play-
ing a role in tree growth, such as changes in CO, concentration,
competition, forest structure, mortality, or natural regeneration,
which can enhance the growth model performance (Sheng, Liu,
and Dong 2023). Moreover, integrating independent gridded
observations from remotely sensed data, such as satellite imag-
ery and LiDAR (light detection and ranging), holds promise for

enhancing tree growth modeling across large regions (Coops
et al. 2021).

3.2 | Spatial Patterns of Conifer Forest Growth

Comparison of the applied dendrochronological network
against the species’ complete distribution in Europe reveals an
adequate spatial coverage for model application (Figure 1la).
Although the mean climatic conditions within the range of the
two species slightly surpass the mean conditions of the sam-
pled sites (Figure 1b,c), the interannual variability of climate
ensures coverage across the full climatic range. Therefore, the
model can be applied to all combinations of average climatic
conditions in all locations where the range of applicability is not
exceeded (Table S2).

The spatial patterns of tree growth for Picea abies and Pinus
sylvestris derived from the fitted models over the period 1986-
2016 outline species-dependent growth variations across their
European distribution (Figure 2). The size of the standard tree
(see methods) varies between the two species, with the Picea
abies being three times larger than the Pinus sylvestris standard
tree, a result of the different average sizes of trees included in the
analysis. This difference only influences the magnitude of the
estimated growth, with no effect on the spatial patterns or tem-
poral changes in growth, thus enabling direct comparison of the
species across space and time. The mean expected growth for a
Picea abies tree with a Basal Area Increment (BAI) of 2100 cm?
is 11.5+2.3cm?, while for a Pinus sylvestris tree with a BAI of
690cm? is 5.1 +1.2cm?. These magnitudes are in line with the
mean growth of all BAI chronologies (Figure S3), despite the
high variance of growth across sites.

For Picea abies, the highest growth values are observed along
the western coastal regions of the British Isles and Scandinavia,
as well as in lowlands areas of Western Europe and the northern
Balkans (Figure 2a). Lower growth is recorded at the northern-
most extent of the species distribution in Scandinavia and the
Kola Peninsula. The overall Picea abies growth distribution pat-
tern follows a distinct west-to-east gradient in three sub-regions
(British Isles, Scandinavia, and continental Central Europe); in
contrast to the clear south-to-north gradient revealed for Pinus
sylvestris mean growth (Figure 2b). The highest annual pine
growth is recorded at the southern extent of the species' distri-
bution, gradually decreasing towards northern locations, and
reaches a minimum in the Scandinavian Mountains.

Across Europe, growth of both species in the most recent 30-
year period (1986-2016) only exhibits slight variations com-
pared to the mean growth observed in the preceding period
(1950-1985), with values of 10.9+2.1cm? for a standard Picea
abies tree and 5.0+1.3cm? for the standard Pinus sylvestris
tree during the earlier period. However, on the spatial scale,
regional differences within the species distributions can be ob-
served (Figure 3). A general increase in growth performance
is detected across most of Picea abies distribution area, apart
from the southern distribution of the species (e.g., Pyrenees,
French Alps, Carpathians, and Rhodope Mountains) and
in a region spanning Poland. The mean increase over time is
5.7% + 3%, ranging from 6.7% + 3.1% in cold areas (mean annual
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a) PCAB

b) PISY

<7.6 9.3

FIGURE 2 | Spatial patterns of tree growth for Picea abies (a) and Pinus sylvestris (b) over their distribution in Europe. Growth is expressed as
mean Basal Area Increment (in cm?) from 1986 to 2016, estimated for a standard tree with a fixed basal area of 2100 cm? for Picea abies and 690 cm?
for Pinus sylvestris. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

a) PCAB

FIGURE 3 | Relative changes of Basal Area Increment (in %) of Picea abies (a) and Pinus sylvestris (b) between 30-year period from 1955-1985 to

1986-2016. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

temperatures below 5°C) to 4.9% +3.9% in warmer areas (mean
annual temperatures above 5°C). The most substantial increases
are recorded in southern Sweden and in the Baltic region, where
tree growth is ~14% higher on average during the latter period.
A gradual shift in Pinus sylvestris growth spatial patterns is pres-
ent, characterized by decreases of up to 10% in southern Europe
and increases towards northern latitudes, but notably altered
across altitude (Figure 3b). During the most recent period, tree
growth is enhanced in high-elevation locations across southern
and Central Europe, particularly in regions such as the Pyrenees
and Alps. The mean growth increase in cold areas is 5.7% +2%
change, differing from 0.1% +4.3% change recorded in warm
areas, where the change is more variable. Overall, Pinus sylves-
tris exhibits growth increases in areas characterized by lower
average growth (Figure 2b) and experiences decreases in zones
with above-average growth, except in major mountain ranges
and high latitudes (> 55°), where this trend is not observed.

3.3 | Projected Growth Assessment of Future
Forests

Our results for the climate change scenarios SSP126, SSP370, and
SSP585 outline highly diverse growth projections across Europe.
The SSP370 scenario predicted increases in mean maximum
temperatures of 1.2°C+0.3°C, 2.3°C+0.5°C, and 3.5°C+0.6°C
for the periods 2011-2040, 2041-2070, and 2071-2100, respec-
tively, compared to the period 1985-2016. Mean annual precip-
itation is expected to increase moderately for the three future
periods (2011-2040: 32 +24mm?, 2041-2070: 33+ 52mm?, and
2071-2100: 22 +45mm?), although the changes vary consider-
ably across the species’ distribution, with decreases in precipi-
tation to expected for some regions (Tebaldi et al. 2021). Picea
abies is projected to experience a general growth increase up to
10% in the near future (Figure 4a), which increases to 15% to-
wards the end of the century (Figure 4c). While the magnitude
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FIGURE 4 | Projected growth changes of Picea abies (green) and Pinus sylvestris (purple) growth along Mean Annual Temperature (MAT)

gradients under SSP3-7.0 climate change scenario. Changes are expressed as relative differences of Basal Area Increment (in %) for the periods
2011-2040 (a), 2041-2070 (b), and 2071-2100 (c) relative to the 1986-2016 mean.

of this positive change is relatively low, it is homogenous across
the species' range, with exceptions observed in a limited number
of locations in the southern distribution (Figure S5). These re-
gional patterns are largely consistent across different scenarios.
The overall growth change is expected to reach 10% by the end
of the century under SSP126 (Figure S4). For SSP585, the pro-
jected changes show greater differences between the southern
and northern regions.

The projected BAI changes for Pinus sylvestris display greater
differences across the climatic gradient, being positive in colder
areas and negative in warmer regions (Figure 4). These contrast-
ing growth changes are projected to intensify with time under
the SSP370 scenario, as well as under even warmer conditions
(SSP585; Figure S6). In contrast to the projections for Picea
abies, the range of forecasted growth is wider for Pinus sylvestris
in any given climatic condition. For instance, at locations with
a mean annual temperature of 5°C, the estimated BAI changes
range from 6.4% to 10.4% for Picea abies, but from 2.8% to 16.3%
for Pinus sylvestris (1st quartile-3rd quartile), under the SSP370
scenario for the period 2071-2100 (Figure 4c).

Growth projection changes across the species-shared distri-
bution indicate the highly variable spatial response of each
species. During 2011-2040, the most substantial changes are
projected to occur in northern latitudes, where widespread
increases across the Scandinavian Peninsula are observed
(Figure 5a). While Pinus sylvestris displays the most notable
increase during this first period, Picea abies growth excels
from 2041 until the end of the century. Overall, the projected
climate conditions for the area above 55° latitude prove par-
ticularly beneficial for both species (Figure 5c). Changes in
Central Europe climate during 2011-2040, result in growth
changes between —5% and 5% with no significant outliers. For
the 1971-2100 period, however, mixed patterns of positive and
neutral growth changes for Picea abies, combined with neu-
tral and negative growth trends for Pinus sylvestris, are fore-
casted. Accordingly, only small areas over Europe located at
the southern edge are projected to be worse for both conifer

species in terms of tree growth, even considering different fu-
ture scenarios (Figures S7 and S8).

4 | Discussion

The dataset analyzed comprises a broad geographical distribu-
tion of Picea abies and Pinus sylvestris, including both core and
marginal populations. Despite certain spatial gaps, such as the
absence of data from eastern Central Europe for Pinus sylvestris
and the British Isles for Picea abies, the dendrochronological net-
work remains sufficiently diverse and well distributed to capture
the range of climatic gradients of the species (Figure S9). The
time-for-space substitution (reverse approach of space-for-time,
Costa et al. 2021) is applied; as multiple observations (i.e., sites)
over time intervals (i.e., tree-rings) are used for space replicates
(i.e., distribution of the species), as long as certain conditions are
met (i.e., range of climate variability, Table S2). The sufficient cli-
mate coverage of the study sites allows spatial upscaling through
modeling, and provides a unique perspective on the spatial dy-
namics of tree growth. Nonetheless, adding information from
these regions would be advisable for future studies analyzing
spatial patterns of forests at European scales.

The predictive variables used for modeling are highly rele-
vant for capturing the year-to-year tree growth variability for
these species (Lévesque et al. 2013; Treml et al. 2022; Tumajer
et al. 2017) and are primarily linked to seasonal climate fluc-
tuations. Additionally, the models integrate site-specific factors
such as soil properties, average moisture conditions, elevation,
and latitude, which can influence climate-growth relation-
ships of the species (Diers, Weigel, and Leuschner 2023; Morin
et al. 2018; Ponocnd et al. 2016; St. George 2014). There are other
highly relevant factors for understanding tree growth spatial and
temporal behavior, such as competition (Castagneri et al. 2022),
genetics (Moran et al. 2017), or disturbances (Vacek, Vacek,
and Cukor 2023). However, integrating these variables into the
models at continental scales is not feasible due to the lack of
spatially explicit information. Even when such relevant data is
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FIGURE 5 | Combined growth trends projections at shared Picea abies and Pinus sylvestris distribution across Europe. Colors represent
combinations of Basal Area Increment (BAI) trends (positive +, neutral =, negative —; see Methods) over the periods 2011-2040 (a), 2041-2070 (b),
and 2071-2100 (c) relative to the 1986-2016 mean. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

available spatially, as the soil characteristics (i.e., European Soil
Data Centre Panagos et al. 2022), there are still limitations in its
use related to resolution or the lack of harmonization across the
entire dataset.

Tree-ring-based growth models provide valuable insights into
future forest growth dynamics, but the interpretability of their
results is limited in different ways (Babst et al. 2018; Bosela
et al. 2023). These models likewise weigh the influence of past
and future climate conditions, potentially overlooking changes
in climate sensitivities over time. The multiple causes and sit-
uations that alter climate-growth relationships in trees are
diverse, such as ontogenetic dynamics (Carrer 2011), diver-
gence (D'Arrigo et al. 2008), non-stationary responses (Stolz
et al. 2021), or dynamic sensitivities (Peltier and Ogle 2020), have
not been included in this type of growth models. Additionally,
the aggregation of annually resolved tree-ring and climate data
into longer periods hides the shorter-term growth responses to
harmful extreme climatic events (such as droughts or late-frosts).
The impacts of such events can be significant and have medium
to long-term consequences, influencing growth trends and even
changing the climate sensitivity of trees (Anderegg et al. 2020;
Martinez del Castillo et al. 2024; Peltier and Ogle 2020), but are
not explicitly included in the modeling as the climate variables
are aggregated on a seasonal basis. On the other hand, future
extreme climate impacts are equally not addressed, as the mod-
els are applied to average climate conditions corresponding to

30-year aggregations. Important future forest challenges related
to short-term climate disturbances or increased mortality are not
included in this analysis, so extrapolation of future tree growth
and carbon storage in these forests is not direct, only an approxi-
mation. In addition, the complex interaction of the various biotic
and abiotic factors that drive forest productivity, such as forest
fires, insect outbreaks, forest management actions, and other
disturbances, may have counteracting effects on the overall car-
bon sequestration capacity. These limitations should be consid-
ered, although the main objective of the analysis is to describe
the general trends and patterns of tree growth spatially, and proj-
ect them over decadal aggregates of future climatic conditions.

The mean growth of the species differs significantly across their
shared distribution over Europe. Spatial patterns of growth for
Picea abies were influenced by water availability, with average
growth displaying a distinct West-East gradient across Europe,
mirroring the patterns of mean annual precipitation (Buontempo
et al. 2022). This pattern becomes evident in the British Isles and
the Scandinavian coast, where the predicted growth follows a
similar regional distribution as the total amount of precipita-
tion. Notably, for this species, both inter-annual growth vari-
ability and average growth are strongly associated with changes
in precipitation, becoming more evident in low-elevation areas
(D'Andrea et al. 2023). In contrast, spatial growth patterns of
Pinus sylvestris follow a clear north-south gradient, correlating
closely with mean annual temperature across Europe. Northern
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pine populations can benefit from warmer climates, extending
the growing season into longer periods with an increased pho-
tosynthesis activity and water-use efficiency, as long as mois-
ture is not a constrain (Assefa et al. 2024). In cold regions, the
wood formation activity of conifers is constrained at both the
beginning and the end of the season, limiting the growing pe-
riod to 2-3months (Jyske et al. 2014). Progressively, the dura-
tion of cell production is longer in warmer areas, where Pinus
sylvestris trees can be active for more than 5months (Martinez
del Castillo et al. 2016), allowing potentially the formation of
wider rings. Warmer winters in certain regions can produce a
shift from snowfall to rainfall that might have a bouncing effect
on tree growth, given the increased risk of root damage (Weigel
et al. 2021).

The growth dynamics of European forests have undergone sig-
nificant changes in recent decades due to increases in mean tem-
peratures and changes in precipitation (e.g., Diers et al. 2024;
Treml et al. 2022; Vacek, Vacek, and Cukor 2023), together with
increases in air quality and atmospheric CO, concentrations
(Pretzsch et al. 2023; Seidl et al. 2017). Moreover, the carbon
fertilization effect is emphasized when combined with nitrogen
deposition (Cienciala et al. 2018; Etzold et al. 2020), which has
progressively increased eutrophication, especially in Central
and Northern Europe (Holland et al. 2005). Our results high-
light these changes and suggest that mean tree growth of the
two species will likely increase under warming conditions, in
colder regions, peaking up to a 50% increase in the case of Pinus
sylvestris under the SSP370 scenario (Figure 4).

In temperature-limited boreal and mountain forests, the warm-
ing benefits are numerous and include an extension of the grow-
ing season, an improved tree growth and vigor, and expansion
of the forests' extension towards tree-line limits (Bastien-Olvera
et al. 2023; Takolander et al. 2019; van der Maaten et al. 2017;
Vitasse et al. 2021; Wang, Taylor, and D'Orangeville 2023). Our
findings similarly reveal a general increase in tree secondary
growth over the past 60years, alongside localized decreases
(Figure 3), trends that align with the ones projected for future
scenarios. The area in which tree growth is limited by tempera-
ture globally shrank between 1930 and 1960 and even further
between 1960 and 1990 (Babst et al. 2019), which agrees with
the general fading of temperature limitations and subsequent
enhanced tree growth (Cienciala et al. 2018). Subsequently,
the probability that precipitation exceeded temperature as the
main driver of tree growth has increased throughout the boreal
zone during the last decades (Babst et al. 2019). Our results sug-
gest that the potential negative impact of warming summers on
growth could be compensated by the positive effect of longer
growing seasons at cold sites, resulting in increasing growth
trends.

However, the beneficial compensation could be mitigated by in-
creasing drought exposure, particularly in regions where water
stress is already prevalent (Diaz-Martinez et al. 2023). The overall
growth decrease observed in locations with mean annual tempera-
tures exceeding 8°C aligns with projections indicating decreases
in growth and survival due to increasing heat stress and water
deficit in many parts of its distribution range (Allen, Breshears,
and McDowell 2015; Bauwe et al. 2016; Buras and Menzel 2019;
Camarero et al. 2015). In recent years, coniferous forests have

experienced a pronounced decline in growth, primarily attributed
to increasing temperatures, and exacerbated drought condi-
tions (D'Andrea et al. 2023; Sidor et al. 2015; Treml et al. 2022).
Increases in temperature at warmer sites could further challenge
the photosynthesis, transpiration, and overall physiological per-
formance of trees in the future (Leuschner 2020).

Over the past 30years, Picea abies displayed an overall increas-
ing growth across the distribution range, consistent with find-
ings from other regional studies (Cienciala et al. 2018; Pretzsch
et al. 2020; Tumajer et al. 2017). This trend aligns with projec-
tions suggesting future growth increases, particularly in moun-
tainous and cold-limited regions (Ponocnad et al. 2016; van der
Maaten et al. 2017). While rising temperatures are a key factor
influencing radial growth, their benefits are predominantly ob-
served in colder environments. Studies have shown that beyond
a certain threshold, typically around 13°C, the stimulating effect
of temperature on Picea abies growth diminishes, shifting to-
wards a limiting effect due to increased water stress (Deslauriers
et al. 2003; Sidor et al. 2015). This is consistent with our findings
of reduced growth at the warmer edge of the species’ distribution
in recent decades. Additionally, the species’ high sensitivity to
drought (Treml et al. 2022) further underscores the importance
of precipitation patterns and totals for this species, particularly
in low-altitude regions (D'Andrea et al. 2023). Assuming that the
physiological thresholds shaping the response of tree growth to
climatic conditions are temporally stable in the absence of sig-
nificant disturbances (Tumajer et al. 2017), our results support
the good performance of this species in response to changes in
average climate.

Pinus sylvestris exhibited growth increases primarily in colder
areas at high latitudes or in mountainous regions, which is
highly consistent with future projections. Growth conditions
have markedly improved over the last century at the species’
northern distribution limit (Vacek, Vacek, and Cukor 2023) and
in other locations such as northern Germany (Diers et al. 2024).
The future growth increases projected under additional warm-
ing beyond 4°C (SSP585) indicate that pines will not reach a tem-
perature threshold above which warming will be detrimental in
such cold areas, especially when combined with precipitation
increases (D'Orangeville et al., 2018).

Species comparison reveals differing levels of susceptibility be-
tween Europe's primary coniferous forests under varying cli-
mate change scenarios, with Pinus sylvestris exhibiting higher
sensitivity and greater response to climate warming than Picea
abies. Only small areas in the south are projected to experience
notable declines in both species, while widespread increases are
expected at colder locations. These regions have dense conifer
covers dominated by the studied species, indicating potential
enhancements in carbon sequestration capacity throughout the
21st century. Nonetheless, there are possible negative conse-
quences of rapid growth increases, including amplified risks of
disturbances such as fires and pest outbreaks and alterations in
competition dynamics (Seidl et al. 2017). Altered forest growth
dynamics must, therefore, be accompanied by adapted man-
agement practices (Sommerfeld et al. 2018) including mitigat-
ing thinning and assisted migration techniques (Koralewski
et al. 2015). The anticipated changes in forest productivity,
carbon sequestration capacity, and the anticipated spatial
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differences underscore the need for region-specific management
approaches to cultivate climate-resilient forests and safeguard
diverse European forest services.
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