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• 1 km2 gross volume growth forecasts for
stands of Oak, Scots Pine under RCP
4.5/8.5

• Forecast reductions for Scots Pine stands
larger in southern than northern Europe

• Parts of southern Europe show Oak
stand growth increases relative to
historical
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A B S T R A C T

European climatic change has been proposed to induce many changes to forests, about factors such as tree species
distributions, site productivity, groundwater availability, outbreaks of forest pests, and damage from wind-
breakage of trees. Novel approaches to empirical tree growth modelling using re-measurements over large
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RCP 8.5

climatic gradients capture variability associated with long-term climatic conditions as well as weather during the
growth period.
Using the latest version of the individual tree-based forest simulator, PrognAus, which has been outfitted with

a climate-sensitive basal area increment module, we forecast growth of trees in pure and mixed stands of Pinus
sylvestris L. and Quercus spp. across a network of 23 European sites between 2017 and 2100 under current
climate and RCP 4.5 and RCP 8.5 climatic scenarios. By training a stand-level static reduced model (SRM) from
these local level results, we forecast widespread future growth changes for stands of Pinus sylvestris and Quercus
spp. across Europe.
Our SRM predicts stand gross-volume relative growth (ratio of the gross volume production in a given growth

year to the gross volume production until the start of the growth year) with a generalized additive mixed model
(GAMM). We decomposed overall growth into tensors capturing variation associated with stand species mixture
type (pure P. sylvestris, mixed P. sylvestris- Q. spp., pure Q. spp.), age, and weather conditions during the growth
year and the preceeding year. Wall-to-wall predictions based on the SRM are presented for a high-resolution 30-
arcsecond grid spanning most parts of Europe.

1. Introduction

Climate change mitigation and adaptation are current issues of major
global concern. Within the United Nations Framework Convention on
Climate Change (UNFCCC, 1992), the sector Land Use, Land-Use
Change, and Forestry (LULUCF) has been considered of outstanding
importance due to its large potential for mitigating climate change,
despite major technical challenges to assessing the sector's contribution
to overall greenhouse gas budgets remaining (Shukla et al., 2019). Some
parties to the UNFCCC, such as the member states of the European
Union, have recently decided upon specific measures to increase the
carbon sink in their LULUCF sectors pursuant to limiting global average
temperature increases below 1.5 ◦C above pre-industrial level (European
Union, 2023; UNFCCC, 2021). The impact of forest management may be
substantial in countries with large forest holdings and has been inten-
sively debated, particularly in countries where forests and forestry are
instrumental components of fossil fuel abatement strategies (Kauppi
et al., 2022; Petersson et al., 2022; Skytt et al., 2021). Assisted migration
to mitigate or avoid losses is frequently suggested, however few studies
approach the subject of species suitability or species potential to deliver
forest ecosystem services through a continuous time-frame (e.g. Mauri
et al., 2023; Wessely et al., 2024).

Still, Scots Pine (Pinus sylvestris) may experience notable contractions
throughout the northern European Plain without commensurate range
expansion taking place already during near future (2041–2060) periods
from moderate future scenarios such as the CMIP6 SSP2.45 (Dyderski
et al., 2025). This moderate scenario corresponds to an end-of-century
level of 4.5 Wm− 2 net increase in radiative forcing relative to the
1750 historical baseline. Meanwhile, large northward expansions of
Sessile (Quercus petraea (Matt.) Liebl.) and Pedunculate Oak (Quercus
robur L.) into the boreal forest belt are expected (ibid.).

Equating potential distributional change into commensurate changes
in the productive capacity of species is not without issue as it must be
considered that conditions for growth are continuously changing due to,
e.g., stand management, changing weather patterns, nutrient deposition
(anthropogenic or other) and follow-on legacy effects.

Thus, future environmental conditions constitute central input to
modelling future growth, and are frequently obtained as aggregations
from suitable ensembles of general circulation models, GCMs
(Sanderson et al., 2015). GCM results are based on scenarios including
future emissions and uptakes of greenhouse gases. Such scenarios
include the SRES (IPCC Special Report Emissions Scenarios) and the
representative concentration pathways (RCPs). Newly published Shared
Socioeconomic Pathways link previous and new RCPs to narratives of
societal development. The results from climate experiments are there-
fore ordered by GCM (model), initial conditions, spin-up phase, physics,
and scenario – frequently coordinated under CMIP (Coupled Model
Intercomparison Project) auspices. As a result, variation between GCM
results can be expected for the same scenario, the effects of which for
studies on potential future tree species distributions are explored further

by i.a. Goberville et al. (2015).
The RCPs depart from a common baseline of about 380 ppm CO2 in

2005 before diverging to different paths. As an example, the RCP 4.5
scenario (end-of-century levels of net change in radiative forcing since
1750 at 4.5 Wm− 2) is consistent with a future in which carbon emissions
peak mid-21st-century and then decline to be roughly halved by 2100
for an average CO2 concentration of ca. 540 ppm. In contrast, RCP 8.5
assumes continued large greenhouse gas emissions, leading to average
CO2 concentrations during the 21st century being about 940 ppm (IPCC,
2013, Table All.4.1). The explored RCP scenarios (4.5, 8.5) can be best
compared to CMIP6 scenarios SSP2.45 and SSP5.85 or SSP4.85.

Increases in the atmospheric concentration of carbon dioxide is the
largest contributor to the total amount of radiative forcing since 1990
(NOAA, 2024). Concomitant productivity increases, ‘carbon fertilisa-
tion’, sensu Norby et al. (2005), does appear to have had some impact
already. Argles et al. (2023) suggest that between 1973 and 2017 it
could have contributed to about 7 % increased growth. It can be hy-
pothesized that plant growth at the same time would instead be hin-
dered due to, e.g., poor adaptation, nutrient imbalances, and shortage of
water, suggesting that any positive effects may be transient (Jonard
et al., 2015; Sperry et al., 2019; Terrer et al., 2018). For example,
Pretzsch et al. (2014) found that climatic conditions alone were insuf-
ficient to reproduce observations of increased growth in young stands of
Picea abies L. (H. Karst.) and Fagus sylvatica L. in Central Europe, but that
the combined effect of climate, enhanced atm. [CO2] and increasing
levels of nitrogen deposition did.

A later study (Pretzsch et al., 2023a) identified time-trends across
Europe (1975–2017) for a climatic index correlated with site produc-
tivity (Paterson, 1956): particularly strong trends over time were found
for the Scandinavian peninsula (positive), and the northern Iberian
peninsula (negative), whereas at intermediate latitudes and the Balkans
only a weak positive trend was identified. Nemani et al. (2003) found
growth to be radiation-temperature limited (Fennoscandia), radiation
limited (intermediate latitudes), or temperature-water limited (Spain)
(ibid., Fig. 1). During the same period, changes in temperature, vapor
pressure deficit and solar radiation contributed to increases in net pri-
mary production, especially in central Europe (ibid., Fig. 2). Overall, a
review by Boisvenue and Running (2006) found support for the hy-
pothesis that forest growth had increased during the latter half of the
20th century for “Northern Europe, most of Central Europe, some parts
of Southern Europe”.

As environmental factors continue to change, modelling can be used
for investigating the consequences on growth across different climatic
projections (Fontes et al., 2010). Matías et al. (2017) observed that basal
area growth of Pinus sylvestris L. populations had increased rapidly be-
tween 1960 and 2011: however, the slope of this increase weakened
towards higher latitudes and lower altitudes. The SRES-A1B scenario
was projected to entail large increases across the entire latitudinal dis-
tribution range of P. sylvestris, but increases were expected to be smaller
at low altitudes, especially approaching the mid-21st century. Bergh
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et al. (2010) suggested relative increases in gross stem volume produc-
tion for P. sylvestris in southern Sweden of up to 20 % under the SRES-A4
scenario compared to a reference climate (1961–1990); however, they
expected increasing water stress throughout southern Sweden. More
recent work suggests some mortality stemming from summer drought
stress to P. sylvestris in southern Sweden may be offset by decreasing late
winter and spring drought under future climatic scenarios (RCP 2.6, 4.5,
8.5) (Aldea et al., 2024).

Using the FINNFOR process-based model (Kellomäki and Väisänen,
1997), Briceño-Elizondo et al. (2006) predicted large growth increases
under climate change in northern Finland and moderate increases in
southern Finland. Similar results were obtained by Kellomäki et al.
(2018) with the model SIMA. Bouwman et al. (2021) used 3-PGmix (e.g.,
Forrester and Tang, 2016) to predict the growth of P. sylvestris, and
Quercus spp. (i.e. Q. robur L. & Q. petraea (Matt.) Liebl.) across the
Netherlands up until 2050, projecting declining levels of growth,
particularly for Q. spp.

Nölte et al. (2020) found limited increases to stem growth (3–8 %)
for Q. petraea in south-west Germany under an 80-year simulation with
the RCP 4.5, RCP 8.0 scenarios, mostly attributed to lengthening of the
growing season. More generally for Germany, Gutsch et al. (2016) used
static reduced models (SRMs, i.e. simplifications of complex models) of a
process-based model and found that the net primary production of
P. sylvestris and Q. spp. would increase during a near future period
(2031–2060) following scenarios based on the SRES-A1B (roughly cor-
responding to RCP 6.0), particularly on water-limited or high-elevation
sites, and that in areas with limited change, uncertainty increased
dramatically. Further south, Ameztegui et al. (2017) projected decreases
in growth for Q. spp. in northeast Spain, and suggested that moderate
thinning could be a means to mitigate productivity losses due to water
stress.

Several of the studies referred to above provide a general picture of
declining growth in stands of P. sylvestris and Q. spp. in southern and
central Europe, but of increasing growth in northern Europe under
future climatic conditions. However, the studies are based either on i)
process-based models, or ii) signal-transfer hybrid models sensu Fontes
et al. (2010). Spatial evaluations of growth under different climatic

scenarios with statistical hybrid models outfitted with functional re-
lationships to climatic variables are scarcer. However, by coupling a
climatic modulator to stand-level increments from an individual tree
model, Vallet and Perot (2018) found only minor changes for stands of
Q. petraea or P. sylvestris in Orleans, France. The authors predicted that
both species would experience slight increases in basal area increment
during the first half of the 21st century, but that the increment of
Q. petraea would stabilise around its historical level during the second
half of the 21st century (under RCP 2.6, 4.5 and 8.5). P. sylvestris was
forecast to undergo a slight decline of growth, which stabilised at around
95 % of the historical level. In contrast, Goude et al. (2022) suggested,
based on a + 2◦ Kelvin 20-year pulse scenario, that temperature is
currently limiting basal area growth of P. sylvestris on northern sites of
Sweden, whereas water deficit hinders growth along the south-eastern
coastline of Sweden (ibid, Fig. 7a). Finally, Vospernik et al. (2024)
projected broad reductions across Europe in development of standing
volume in unmanaged stands of P. sylvestris and Q. spp. under the RCP
4.5 and RCP 8.5 scenarios with a linear mixed model. However, this
approach was unable to inspect temporal trends and was limited to
forecasts for a limited number of sites, although generalised results
across latitudinal and longitudinal gradients were presented.

Almost all the reviewed articles have had a local or regional focus.
Few studies address changing growth conditions across larger
geographical scales, although studies like Vospernik et al. (2024)
address changes for sites distributed across a large portion of Europe. As
mentioned in this study (ibid.), basal area may be the most climatically
impacted growth component of trees and stands. We thus hypothesize
that by parametrizing a static reduced model from the site-specific re-
sults obtained in Vospernik et al. (2024), interesting patterns of growth
changes across Europe might be revealed, which could follow from
regional differences in anticipated climate change that go beyond simple
interpolations across latitudes and longitudes. Through static reduced
modelling in this context, we could generalise the results from a complex
growth model through a simpler model, which, however, still could
apply fine-grained local level inputs of climate variables, available from
RCP projections.

Thus, the main objective of this study was to generalise the results

Fig. 1. An overview of the workflow we applied. BAI stands for basal area increment, CMIP5 for Coupled Model Intercomparison Project Phase 5, GCM for General
Circulation Model, IBM for Individual Based Model, and AT NFI for Austrian national forest inventory.
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based on forecasts for monospecific and mixed stands from Vospernik
et al. (2024) to provide a wall-to-wall map across Europe of the growth
consequences for different stand types of P. sylvestris and Q. spp. under
the scenarios RCP 4.5 and RCP 8.5, whilst contrasting this against the
historical period 1922–2005. These results could be important for dis-
cussions about suitable management of European forests for mitigating
climate change, and for adapting forestry to the consequences of
changing conditions.

2. Material and methods

Based on the results from Vospernik et al. (2024) we obtained tree
level data from plots for P. sylvestris, Q. spp., and their mixture for
different locations across Europe (see 2.1). For these stands, climate-
sensitive forecasts were made at individual tree level with the latest
version of PrognAus (Monserud and Sterba, 1999; Nachtmann, 2005;
Vospernik, 2021), and the results subsequently aggregated to the stand
level.

We modelled the stand level outputs from PrognAus as a discrete
annual process using climatic variables developed within the CMIP5
project headed by theWorld Climate Research Programme (Taylor et al.,
2012). For this purpose, we applied a flexible generalised additive mixed
model, GAMM (Hastie and Tibshirani, 1986). With the estimated model,
we made wall-to-wall predictions across Europe on a 30-arcsecond
resolution grid (east-west resolution ~0.93 km at equator, ~0.46 km
at 60◦N). Areas with climatic conditions too far from the downscaled
ensemble data experienced at the sites in Vospernik et al. (2024) were
excluded to avoid model extrapolation (white areas, Fig. 9). In a final
step, the results were clustered to obtain more easily interpretable pat-
terns of growth change of P. sylvestris and Q. spp. stands across Europe.
Fig. 1 provides an overview of the methodological approach applied.

In the following, we first give a brief summary of the data and

methods applied in the study by Vospernik et al. (2024). Then, we
describe the developed Generalised Additive Mixed Model, GAMM, and
relevant input data from the climatic scenarios. Last, we describe how
our outputs were clustered.

2.1. An overview of the application of PrognAus for individual sites

As described in Pretzsch et al. (2020) 23 triplet sites were invento-
ried in late 2017. Each ‘triplet’ is a plot with one single-layered, even-
aged sub-plot at maximum density each of P. sylvestris, Q. spp., and their
mixture P. sylvestris – Q. spp. Plots were situated on a gradient from
xeric/nutrient poor to mesic sites of moderate nutrient status. For each
tree diameter at breast height (1.3 m), tree height, crown-length, and
local coordinates were recorded. Stand ages were computed from a
cored subsample of trees spanning the diameter-distribution. For
detailed information on the triplets we refer to previous studies (Engel
et al., 2021; Pretzsch et al., 2020; Steckel et al., 2020; Vospernik et al.,
2023, 2024).

For summary information on the initial conditions in the subset of 15
triplets used in this study, we refer to Table I in the supplementary data
of Vospernik et al. (2024).

As in our previous study, i.e. Vospernik et al. (2024), we do not
differentiate between Q. petraea and Q. robur. This is because the species
are not differentiated in PrognAus – the individual tree-based model we
build the study on, and furthermore, the species were not distinguished
by the inventory of the study sites. Across most of their ranges
throughout Europe, the species are sympatric, and can interbreed with
fertile offspring (Q. x rosacea Bechst.) (Petit et al., 2004).

The development of plots, assumed to be unmanaged, was then
forecast for different climatic scenarios (Historical, RCP 4.5, RCP 8.5)
with single-year time steps with the latest version of the IBM PrognAus,
outfitted with the climate-sensitive basal area increment model

Fig. 2. Violin plots depicting the density of deviations of the GAMM from results of the PrognAus IBM simulations. Outliers >3 standard deviations from the mean
are plotted as points. Note the different scales for the different species groups.

C. Vigren et al.
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developed by Vospernik (2021). Other variables were forecast with
routines which were not developed to be climate-sensitive: height
increment (Nachtmann, 2005); crown ratio (Hasenauer and Monserud,
1996) and mortality (Monserud and Sterba, 1999). Ingrowth was not
considered, as ingrowth in the stands utilised for the study was expected
to contribute very little to overall growth. Note that Nachtmann's (ibid.)
height increment functions do not depend on basal area increment, and
thus changes to the height-diameter relation can be predicted. As
regards any error propagation from growth modules included in Prog-
nAus, which are fit to data from the Austrian NFI, no clear answer can be
given for the latest formulation with the updated basal area increment
function as of the time of writing. An earlier setup of PrognAus showed
evidence of both cancellation and continued propagation of errors from
the independently developed models (Vospernik et al., 2010).

Because this type of modelling addresses a representation of indi-
vidual trees under several different climate scenarios, the computer
intensive simulation lends itself poorly for studies aiming to provide
wall-to-wall forecasts. Thus, we chose to generalise the modelling results
with a static reduced model, as described in the next section.

2.2. The GAMM formulation and feature variables

For the static reduced model, we used the stand-level growth ratio as
the response variable. As the gross volume production includes both
standing live volume as well as losses due to mortality, the stand-level
growth ratio (GR) is always positive,

GRl =
Gross Volume Incrementl

Gross Volumel− 1
(1)

where the gross volume is produced in a stand until the end of a period
given by the index. The time steps used were single years. We expect GR
to take a right-skewed distribution of real positives as when the carrying
capacity of live volume on a site is approached, either due to environ-
mental constraints or with respect to the maximum packing density of
the trees, the denominator (gross volume production up until the period)
becomes increasingly large compared to the numerator (growth volume
during the period), and the resultant GR becomes small.

We considered growth as being the product of factors pertaining to
site, species, stand and climate, (Newnham, 1964, Kahn, 1994). We thus
represent the climatic variables of interest as a modifier of the potential
growth, the state of which is then dependent only on site, species and
stand characteristics. Consequently, we model our data with a log link
and a gamma distribution (Γ(⋅)), implying that the additive components
have a multiplicative effect on the untransformed target variable and
ensuring that it is always a real positive.

In general terms, a GAM can be expressed as

g(E(Y) ) = α+
∑p

i=1
fi(Xi), (2)

where the mean of the target variable, transformed through the link
function g, is a sum of an intercept, α, and p smooth functions. In our
case, we used a log-link. Each of the p smooth functions fi is a sum of k
simpler, fixed basis functions (bij), in our case thin-plate regression splines;
these can be expressed as

fi(x) =
∑k

j=1
βij • bij(x) (3)

where the βij – terms need to be estimated.
To account for the hierarchical nature of the data, random effects

were introduced to the model. The final GAMM formulation was:

ln
(
E
(
GRmlq

) )
= Zmqb+ βm0 + fm1

(
βm1,Xmlq1

)
+ fm2

(
βm2,Xql

)

Xmlq1 =
{
Volumemlq,Agemlq

}
,Xql =

{
Precql,Precql− 1,Tempql,Tempql− 1

}

b ∼ N (0,ψ)

GRmlq ∼ Γ
(
E
(
GRmlq

)
,ϕ

)
(4)

In (4), l is the index of the growth year, m the species mixture, q a
triplet block location, Prec is the total precipitation during the year (mm
m− 2), and Temp is short for the mean monthly mean temperature (◦C).

The terms fm1 & fm2 are species mixture-specific tensors, a type of
smooth which allows for anisotropic relations between covariates (such
as when they are on different scales). The first tensor expresses the de-
pendency of GR on stand state variables (gross production at the
beginning of the growth year l and age during the growth year l). The
second expresses the interactions between the climatic growth condi-
tions of the growth year l and the preceding year l-1. Due to the flexible
tensor structure, we did not transform these variables to represent cli-
matic indices (details of the climatic variables are given in section 2.4).

Finally, the remainder of the GR not attributable to the parametric
species-wise intercepts, βm0, interactions between gross volume and age,
or climatic factors represent the variation in GR as the result of differing
inherent site productivities among the simulated stands – which can
reasonably be considered as a random gaussian variable: our random
effect. Note that the Zb random intercepts are at the level of each indi-
vidual stand.

2.3. Model fitting

The GAMM was fit by mgcv [v. 1.9–0] by means of fast REML
smoothness selection (Wood, 2011). The number of basis functions was
increased until saturation. Regarding the choice of the number of basis
functions, see Appendix A.1. Goodness of fit was assessed as the pro-
portion of the null deviance explained by the model, which was 93.8 %.
A plot of predicted versus observed values is shown in Fig. A3-1.

Smooth functions of several additional environmental variables were
fit to the residuals of our final model, to assess if inclusion of additional
variables could improve the model. In all cases, the deviance explained
was below 5 %.

Of the parametric coefficients (intercepts), only the coefficient for
P. sylvestris-stands was significantly (p < 0.05) different from the base
intercept, corresponding to a base growth rate of 75 % of that of Q. spp.
The random effects tasked with controlling the hierarchical structure of
the data were found to be non-normal, as assessed from the QQ-plot (not
shown in article), although this departure from normality would prob-
ably be of limited importance, c.f. Simpson (2024).

In conclusion, the model evaluations showed that the estimated
GAMM provided an appropriate generalisation of the IBM results (Fig. 2)
for all the stand types. However, Q. spp. stands showed some notable
outliers exceeding 3 standard deviations, although on average the pre-
dictions aligned with the results from the IBM model. All predictions
were carried out for stands where the random effect was assumed to be
null. This is not to be confused with the marginal model, which for our
model would be dependent on the variance of the random-effects and
thus would be inappropriate with respect to our joint random-effect
formulation.

2.4. Climatic scenarios

To predict growth on a pan-European scale, we retrieved precipita-
tion rate (kg m− 2 s− 1), minimum and maximum daily near-surface air
temperature (tasmin, tasmax) (K) from downscaled monthly climatol-
ogies at 30 arc-seconds spatial resolution developed for the CMIP5
project, e.g. Taylor et al. (2012), for four of the compared general cir-
culation models (GCM's). These were ACCESS1.3 (Australian Community
Climate and Earth-System Simulator, Bi et al., 2013), CMCC-CM (Centro
Euro-Mediterraneo sui Cambiamenti Climatici Climate model, Scoccimarro
et al., 2011), MIROC5 (Model for Interdisciplinary Research on Climate
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version 5, Watanabe et al., 2010) & CESM1-BGC (Community Earth Sys-
tem Model version 1.0 with Biogeochemistry, Lindsay et al., 2014). The
simulations retrieved were: Historical, RCP 4.5 and RCP 8.5. The cli-
matologies (Karger et al., 2019, 2020) were downloaded from chelsa-cl
imate.org. Points for further processing were selected from the global
datasets based on the geographic criteria [− 13 < longitude < 30 and 35
< latitude < 65]. Grid cells falling outside country borders as delineated
by the Natural Earth Admin 0 dataset (v. 5.11, boundary lakes not
included) were removed. Points falling inside the British Isles were
removed at the authors discretion, as data underpinning the GAMM only
included locations in mainland Europe.

2.4.1. Data processing & feature engineering
Pre-processing required calculating an annual proxy variable for

temperature: the mean monthly mean temperature (mean temperature),
i.e. the arithmetic mean of the mean of the monthly mean maximum and
minimum near-surface air temperatures (A4). Similarly, monthly pre-
cipitation rates were aggregated to annual precipitation (mm / m2).

To harmonise the length of simulations, the period 1922–2005 was
selected for the historical scenario whilst the period 2017–2100 was
used for the two forecast scenarios (RCP 4.5, RCP 8.5) with changing
climatic conditions. Since information of the previous growth year is
required, note that the simulation length is 82 years (1923–2005;
2018–2100).

For each cell in the climatic grid, the simple mean of the climatic
variables from the GCM's for each year was taken as input to iteratively
calculate the gross volume production at the end of the next period for
each stand type using the developed GAMM. To ensure comparability
between the species types while considering the different ecological life-
history traits as expressed in terms of a more rapid or conservative
accruement of biomass, the initial age of the evaluated predictions was
set to 60 years (above the lower quartile for all inventoried stands), and
the initial gross volume production set to mean live standing volume per
hectare of each stand type.

2.4.2. Handling extrapolation
To limit extrapolation, every prediction from a development series of

the iterative procedure was required to be within a given distance from
the nearest data point simulated with the PrognAus IBM. Since data
become very sparse in high dimensions, wemodified a procedure (mgcv::
exclude.too.far) [v. 1.9–0] by Simon Wood (2011) to exclude grid points
for prediction which are situated >0.1 in Euclidian distance from the
nearest data point on the unit plane (min-max scaling) from any two
interacting climatic covariates (A5).

In total, the number of potential grid points in the area of interest was
222′785. Of these, 219′770 points were within the limits set to avoid
extrapolation (98.6 %). In total, this left 164.2 M data observations
(219′770 grid points * 3 climatic scenarios * 3 stand types * 83 simulated
years).

2.5. Time-series development

Since Europe encompasses a relatively wide range of climates, we
identified regions predicted to undergo similar growth trajectories to
simplify interpretation of results by decision-makers in assessing
regional trends over time.

For each grid point, predicted gross volume production of the different
combinations of climate experiments and species, was then considered
to constitute a record constituting 82 rows (years) by 3 (species) * 3
(climatic scenarios) columns.

To identify similar regions projected to develop similarly, the grid
points were clustered to minimise the within-group sum of squares by
the k-means algorithm AS 136 (Hartigan and Wong, 1979) as imple-
mented in ‘stats::kmeans’. The tested number of clusters was 1–15; the
scree-plot is shown in the appendix (fig. A.6). The final number of
clusters chosen was 5 – grid point cluster attribution is shown in the

results (Fig. 9).
For interpretable output, graphic summaries from these clusters were

retrieved in terms of:

1. Smoothed development of the gross volume production per scenario
and species (see appendix fig. A.7).

2. Species-wise climatic tensor term contribution to the linear predictor
(linear combination of the predictive terms) from the cluster-average
mean temperature and annual precipitation as well as their corre-
sponding values from the previous growth year, Figs. 8–12.

3. Smoothed development of the gross volume production per scenario
and species relative to the historical species-wise development,
Fig. 13.

Note that the response of the tensor term cluster average climatic
variables will not correspond exactly to the tensor term response average
of the individual raster cells.

2.6. Impact assessment of GCM scenario variability

To assess the impact of between model scenario variability to gross
volume production as assessed by our model, we took the following
approach: note that in eq. (4), the tensor regulating the climatic
response, fm2

(
βm2,Xql

)
, can be evaluated independently of all other

terms for a given climatic scenario and species-mixture. It represents the
average climatic response in our dataset for a given year combination. In
any scenario, a higher cumulative climatic response (sum) indicates
more favourable conditions for total volume production.

We assume that this response sum for a given scenario and species-
mixture is normally distributed between GCM's.

Sqmsg =
∑

l∈sg
fm2

(
βm2,Xqlsg

)

Sqmsg ∼ N
(
μ,σ2

)

Where S is the sum of the evaluation of the climatic tensor f2 for species-
mixturem across all years, l, given annual climatic variables X for a site q
under scenario s by model g.

As outlined in section 2.4.2, we again retain only model, scenario
climatologies with all values within a given distance of the nearest data-
point from the scenarios the triplet sites were exposed to during simu-
lation with PrognAus. The number of available models G can thus vary
between 0 and 4.

We then for grid-point calculate the mixture-wise mean scenario
response sum μSqms

, and, if possible, its corrected sample standard devi-
ation σSqms .

μSqms
=

∑
g∈sSqmsg

|g|

σSqms =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

|G| − 1
∑

g∈G

(
S(g)qms − μSqms

)2
√

We are then interested in the probability that the true mean ratio R of
the response sum μSqms

for a given mixture, location and compared sce-
nario (s1: Historical, s2: RCP 4.5 or RCP 8.5) is greater than (more
favourable for gross volume production) 1 or <1 (less favourable for
gross volume production). Note that these two probabilities are com-

plements, and the statement is equivalent to P
(

μSqms2
− μSqms1

> 0
)
.

We define the difference of the means μD = μSqms2
− μSqms1

and its

standard deviation as σD =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2μSqms2

+ σ2μSqms1
− 2ρσSqms1

σSqms2

√
, where ρ is

the sample Pearson correlation coefficient. The standardized difference
is then Z =

μD
σD
.

Since Z follows a standard normal distribution, the probability that
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the difference is positive is P
(

μSqms2
− μSqms1

> 0
)

= Φ(Z). Where Φ(Z) is

the cumulative distribution function of the standard normal
distribution.

3. Results

In the following, we first present results in terms of gross total pro-
duction, i.e. aggregated growth across the projection period for different

parts of Europe. Second, we compare gross volume production and asso-
ciate uncertainty stemming from inter-model (GCM) variability for the
different climate scenarios with that of the reference scenario. Third, we
present the clustering into regions and present the developments in each
of these.

In Fig. 3, the gross volume production at the end of the simulation
period is presented for the three scenarios. In Fig. 4, comparison with the
historical scenario is made in relative terms.

Fig. 3. Gross volume production at the end of the simulation period (m3 ha− 1). Growth in response to scenario-wise yearly mean climate variables across
included GCMs.

C. Vigren et al.
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Fig. 4. Gross volume production at end of the simulation period expressed as a proportion of the gross volume production at the end of the historical scenario.
Growth in response to scenario-wise yearly mean climate variables across included GCMs.

C. Vigren et al.



Science of the Total Environment 969 (2025) 178858

9

The areas of highest gross production for P. sylvestris for the historical
scenario were predominantly located in central and northern Europe
(Fig. 3). A particularly productive zone was apparent on either side of
the middle and upper Rhine valley, and in the foothills of the large
European mountain ranges. Substantial reduction of these areas
appeared already under the RCP 4.5 scenario, and this reduction was
accentuated under the RCP 8.5 scenario (Fig. 4). Particularly areas in
southern France, the Pannonian basin, the Wallachian plain and Danube
delta demonstrated severe reductions in total production relative to the
historical scenario. Interestingly, the lowlands of these same areas
showed increases (5–10 %) for Q. spp. under the RCP 4.5 experiment,
which were generally maintained also during the RCP 8.5 scenario.
Projections for the Netherlands, Belgium, northern France, Luxembourg,
Germany, Poland, and the Czech Republic showed a widespread decline
(5 to 15 %) across stand types (Fig. 4).

Rather than comparing the potential development of any single
stand, we show (Fig. 5), the ratio of the mean climatic response sums
across the included GCM's. This disregards in such respect the timing at
which any individual stand from our data may be at its peak level of
gross volume production. Note the greater extent of the map coverage,
as we are no longer filtering the time-series to at least maintain a
maximum distance from each tensor, but only the climatic response
tensor. It becomes apparent that the mean climatic response, taken over
the entire scenario, indicates a general increase in productivity across
the southern Nordics and Baltic states for all species-mixtures, and that,
this is a development with strong agreement between the models
(Fig. 6). However, as can be seen in Fig. 6, the Swedish and Finnish areas
north of 60th parallel are reflected in increasingly few models, and in
some cases only in a single model, for which no uncertainty between the
GCM's could be computed (grey color).

For P. sylvestris dominated mixtures in continental north-western
Europe and on the northern European plain we see the largest area of
signed change between the RCP 4.5 and RCP 8.5 scenarios, where a weak
positive trend under RCP 4.5 to the historical scenario changes sign
when the more severe RCP 8.5 scenario is compared.

Meanwhile, stands of the Q. spp. species-mixture show a widespread,
positive improvement in the climatic response sum across the future
scenarios (Fig. 5), with strong agreement between the included models
(Fig. 6). Note again the exception north of the 60th parallel, where there
is scarce coverage from the climatology the triplets underlying our SRM
were simulated under.

The disparity between Fig. 4, the ratio of the gross volume produc-
tion of a stand during the GCMmodel average climatology during future
scenarios (RCP 4.5, RCP 8.5) compared to the historical, and Fig. 5, the
ratio of the mean climatic response sum across GCMs during future
scenarios compared to the historical, could reasonably point at the
importance for the result of matching the stage of growth, i.e. gross
volume-age tensor of eq. (4), with periods of more suitable weather.

3.1. Cluster results

The grid clusters were challenging to group by any contemporary
bioclimatic zone, owing to large changes in climate, and we therefore
introduced group-names specific to this study. These were (Fig. 7): 1)
Boreal, 2) Continental, 3) Hemiboreal-Orotemperate, 4) Franco-
Pannonian, and 5) Mediterranean.

Inspecting the clusters further (Figs. 6–10), we can observe that there
is a very large variation around trends in total annual precipitation. The
largest differences in the climatic response (multiplicative climatic
modulator extracted from linear predictor) seem thus to be associated
with periods of change in the mean monthly temperature, which will be
explored further in the sections 3.1.1–3.2 below.

Note that we here denote changes in absolute terms as the percentage
point (p.p.) change, since we have a reference level of 1 (100 %) for the
mean response of the climatic modulator across the data material. It was
thus considered to be more easily compared to the figures than the

percentual change. For example, in the Boreal cluster, Fig. 8, a decline
from a modulator term value of about 1.4 during the 1920s to 1.05 in
2100 would be referred to as a loss of 35 percentage points (1.4–1.05),
rather than a 25 % decline, which does not relate as clearly to the figures
displaying the value of the modulator.

3.1.1. Boreal cluster
The Boreal cluster (Fig. 8) displays small differences between the

climate modifier of the stand types during future scenarios but indicate
that there has been a particularly advantageous historical period relative
to the species climatic baselines up until the millennium shift. Q. spp.
andmixed stands ofQ. spp.-P. sylvestris responded particularly positively
to periods of colder weather (below ~4.5 ◦C). P. sylvestris stands are
slowly responding less positively to the annual weather as temperature
increases.

3.1.2. Continental cluster
Continental sites (Fig. 9) show extremely similar climatic responses

between the species compared to their respective climatic baselines. A
slight positive response compared to baseline (c. 5 %) is maintained
during the entire historical scenario and up until around 2030, but drops
thereafter as temperatures rise above c. 11 ◦C. Under the RCP 4.5 sce-
nario, temperatures then vary around 12 ◦C and all species perform at c.
95 % of the climatic baseline, whilst under the RCP 8.5 scenario tem-
peratures continue to increase to almost 14 ◦C. A large differentiation
among the stand types then ensues, where P. sylvestris demonstrates a
rapid decline of about 20 p.p. between 2050 and 2100. The productivity
of mixed stands of Q. spp.-P. sylvestris declines some 5 p.p. during the
same timeframe, whilst Q. spp. manages to turn the negative trend and
again perform above the climatic baseline after c. 2075.

3.1.3. Hemiboreal – Orotemperate cluster
Among the Hemiboreal-Orotemperate pixels (Fig. 10), the stand

types maintain particularly distinct climatic responses (P. sylvestris > Q.
spp. – P. sylvestris > Q. spp.) up until c. 2040, when a loss of c. 5 p.p. for
P. sylvestris and mixed stands of Q. spp.-P. sylvestris begin to be incurred
up until 2100. Q. spp. is slightly less affected, c. 2.5 p.p. This begins
around the time that temperatures rise above 9 ◦C. Whilst temperature
rise mellows out at c. 10 ◦C in the RCP 4.5 scenario, during the RCP 8.5
scenario it continues to rise to 12.5 ◦C, up from c. 7 ◦C largely main-
tained during the historical period. This entailed larger losses, all species
finally performing at around 90–95 % of climatic baseline year 2100.
P. sylvestris stands stand out, dropping upwards of 20 p.p. between 2030
and 2100.

3.1.4. Franco-Pannonian cluster
The Franco-Pannonian cluster showed a strong differentiation in the

climatic responses between the stand types (Fig. 11). Between 2000 and
2050 there was an almost linear increase in the climatic modifier for Q.
spp. of about 10 percentage points (p.p.) from 0.95 to 1.05. A slightly
stronger reaction for the RCP 8.5 scenario than for RCP 4.5 was
observed. Meanwhile, mixed stands of Q. spp.-P. sylvestris demonstrated
a decline in their climate modifier response of c. 5 p.p. between 1990
and the 2010's. Declines were observed for P. sylvestris in both scenarios,
from about 0.95 to 0.8 between 1990 and 2050, as mean monthly mean
temperatures increase from about 11 ◦C to 14 ◦C. Further temperature
increases, towards 17 ◦C under the RCP 8.5 scenario, result in a dramatic
loss of a further 20 p.p. between 2050 and 2100.

3.1.5. Mediterranean cluster
Stands in the Mediterranean cluster demonstrate distinct differences

between stand types with respect to their climatic reactions (Fig. 12).
Whereas mixed stands ofQ. spp.-P. sylvestris are largely nonresponsive to
the mean climatic changes, maintaining a productivity of around 90 %
of baseline, Q. spp. stands react positively to simulated changes –
incurring an increase in the climate modifier up until c. 2050. For the

C. Vigren et al.
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Fig. 5. Quotient of Mean climatic response sums across GCMs of future scenario (RCP 4.5, RCP 8.5) against historical scenario.
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RCP 8.5 scenario, there is a rapid decline in the modifier response when
the temperature exceeds 16 ◦C, amounting to 35 p.p. (from 1.1 to 0.75).
P. sylvestris stands begin to decline from a maintained climate response
of about 0.85 from the 1980s down to 0.6 around 2060 under both
future scenarios. Under the RCP 8.5 scenario, where temperatures
continue increasing beyond 15 ◦C, there is a further decline down to a
climatic modifier response of 0.5 at 2060.

3.2. Relative differences between climatic scenarios

In terms of the total production incurred at a given stand age (Fig. 13,
relative; figure of absolute development available in appendix, Fig. A8),
the particularly advantageous climatic situation for the Boreal cluster
under the historical scenario rapidly incurs a heavy relative debt on Q.
spp. and mixed stands of Q. spp.-P. sylvestris. However, there is little
differentiation between the two future scenarios relative to the histori-
cal.Q. spp. manages to achieve some 77.5 % of its total production of the
historical scenario at 2100, whilst the mixed stands ofQ. spp.-P. sylvestris
are somewhat more competitive, maintaining 87.5 %.

In the Continental and Hemiboreal-Orotemperate clusters the dis-
tance between the stand types' gross volume production remains roughly
the same during the simulated periods. At the same time, there is a
change of order between the stand types as P. sylvestris experiences more
severe declines both due to life-history trade-offs (Fig. A8), but also due
to compounding losses from the climatic response term relative to the
historical scenario. Close inspection of facets 2, 3 in Fig. A8 indicate that
for both the Continental and Hemiboreal-Orotemperate clusters, Q. spp.
was expected to surpass the total production of P. sylvestris at stand ages
of 110–120 years during the historical scenario. The stand age at which
this occurs is lowered under the two future scenarios by c. 5 years.

During the future scenarios (RCP 4.5, RCP 8.5), Boreal Q. spp. stands
come to surpass P. sylvestris much later (c. 25 years; facet 1, Fig. A8),
most likely due to the loss of the, for Q. spp., conducive climate during
the historical period. In contrast, much like in the Continental and
Hemiboreal-Orotemperate clusters, Franco-Pannonian and Mediterra-
nean Q. spp. stands surpass the total production of their P. sylvestris
counterparts some 20 (FP) to 10 (Med) years earlier.

Fig. 6. Probability (0–100 %) of climatic response sum of future scenario (columns) exceeding, or becoming less suitable, than the historical scenario, by species-
mixture (rows). Marked in grey are areas with only scenarios from a single GCM within a suitable distance from the climatologies which the triplet sites were exposed
to during simulation. For full resolution, the reader is referred to the electronic print of this article.
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4. Discussion

In this study, we present detailed spatially explicit forecasts of the
future growth of P. sylvestris and Q. spp. across large parts of Europe.
This was achieved by training a climate-sensitive static reduced model
on the detailed tree- and stand level results from individual sites. Growth
declines were foreseen for P. sylvestris for all studied parts of Europe,
larger in the south than in the north. For Q. spp., the patterns were more
complicated, with growth increases in several parts of central and
southern Europe, demonstrating the importance of spatially explicit
modelling beyond simple longitudinal and latitudinal interpolation.
This type of results has a potential to guide local and regional level forest
management in adapting to climate change, e.g. species selection when
thinning or planting.

In making the results from Vospernik et al. (2024) spatially explicit
we had several options. One option was to interpolate based on
geographical proximity and other covariates, but given the location of
the study sites, such interpolation would consider a relatively small re-
gion and imply a poor use of the information. A stand- or cohort-level
aggregation viz. (Cao, 2014; Ekö, 1985; García, 2017) accounting for
the greater-than-the-sum-of-parts emergent nature of mixtures could be
applied to the problem – but we considered it would be inappropriate to
publish an interim set of differential equations before we have

acceptable climate-sensitive mortality models, as a result of the risk for
misplaced implementation. Therefore, developing a climate-sensitive
static reduced model was considered the most appropriate alternative.
In doing so, we evaluated whether to fit specific models to each mixture
category, but evaluations indicated that no notable improvement in the
goodness of fit of the models was obtained (the deviance was found to be
98.9 % of that of the compound model). Further details are given in the
appendix, e.g. related to simulated residuals pertaining to the gamma
distribution and differences of variances between groups. Note that to
facilitate replicability of our results, precipitation rates for predictions
were not modified for realism as described in preceding papers
(Vospernik et al., 2023, 2024). We suggest that future studies involving
empirical forest models could benefit from developing API's (application
programming interfaces) to substantially reduce labour associated with
forecasting sites – potential gains for development of SRM's would
involve the ability to run initial stands at many different locations, and
thus better represent the complex model (reduction of potential bias,
variance) which could stem from unequal representation of continuous
covariates.

In the following, we first contrast our findings with those of
Vospernik et al. (2024), before comparing our results with other previ-
ous studies.

Fig. 7. Cluster attribution of grid points: 1) Boreal, 2) Continental, 3) Hemiboreal-Orotemperate, 4) Franco-Pannonian, and 5) Mediterranean. Dark background for
areas with climatic conditions too far from training data.

C. Vigren et al.



Science of the Total Environment 969 (2025) 178858

13

4.1. Comparison with Vospernik et al. (2024)

Compared to Vospernik et al. (2024), our findings demonstrate more
clearly the importance of the geographic locale. Whilst both longitude
and latitude were highly significant predictors in Vospernik et al. (ibid.),
the linearity of the terms placed strong limitations on the fidelity of the
linear mixed model. The cluster-wise reductions in gross volume pro-
duction at the end of the simulation period in response to the average
climate from this study are of the same magnitude as the expected re-
ductions at corresponding latitudes reported in Vospernik et al. (ibid.)
and reinforces that in the Mediterranean and Franco-Pannonian regions,
strong reductions were simulated for P. sylvestris, but more tempered
reductions are observed also for the P. sylvestris – Q. spp. stand mixture.
However, in this study the Mediterranean and Franco-Pannonian

regions show a notably higher gross volume production of Q. spp. stands
under future climate experiments (RCP 4.5, RCP 8.5) than under the
historical scenario. Likewise, in terms of the total gross volume pro-
duction, Q. spp. remains competitive with P. sylvestris in Boreal and
Hemiboreal-Orotemperate clusters at higher ages. Relative to the his-
torical scenario, future climate experiments yield responses in total
volume production, which are quite similar but entail slightly more
severe reductions for P. sylvestris in RCP 8.5 compared to in the RCP 4.5
scenario. Q. spp. and P. sylvestris – Q. spp. stand types show very similar
responses during the future scenarios, but in contrast to Vospernik et al.
(2024), Q. spp. does show increases in total volume production relative
to the historical scenario in the Franco-Pannonian and Mediterranean
clusters.

Fig. 8. Boreal cluster. Upper panel: Climatic response term corresponding to the lower panel. P. sylvestris (red), Q-P (green), Quercus spp. (blue). Lower panel:
smoothed means of the clusters mean monthly mean temperature, red (◦C) and total annual precipitation, blue (mm m− 2). Before 2006, single solid lines show the
historical development. After 2006: the solid line depicts the RCP 4.5 scenario and the dashed line the RCP 8.5 scenario.

Fig. 9. Continental cluster. Upper facet: Climatic response term corresponding to the lower facet. P. sylvestris (red), Q-P (green), Quercus spp. (blue). Lower facet:
smoothed means of the clusters mean monthly mean temperature, red (◦C) and total annual precipitation, blue (mm m− 2). Before 2006, single solid lines show the
historical development. After 2006: the solid line depicts the RCP 4.5 experiment and the dashed line the RCP 8.5 experiment.
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4.2. Comparison of results to regional studies

4.2.1. Nordics
Kellomäki et al. (2008) simulated the development of Finnish NFI

permanent sample plots by linking environmental modifiers from a
physiological model to predict tree growth. Given a business-as-usual
management regime for the years 1990–2099 with the SRES A4 emis-
sion scenario, implying rises of atm. CO2 concentrations from 352 ppm

to 841 ppm. The results showed considerable increases of stocking levels
(86%) towards the end of the period compared to current stocking levels
in northern Finland. For southern Finland, no major changes were
identified in terms of stocking. The growth (m3ha− 1 yr− 1) increased in
northern Finland from 2.2 to 4.6 m3ha− 1 yr− 1 (109%), while in southern
Finland the increase was only 12 %. Species-wise results were not pre-
sented, but P. sylvestris was described to increase its growth throughout
the entire country, although less so in south-western and south-eastern

Fig. 10. Hemiboreal-Orotemperate cluster. Upper facet: Climatic response term corresponding to the lower facet. P. sylvestris (red), Q-P (green), Quercus spp. (blue).
Lower facet: smoothed means of the clusters mean monthly mean temperature, red (◦C) and total annual precipitation, blue (mm m− 2). Before 2006, single solid lines
show the historical development. After 2006: the solid line depicts the RCP 4.5 experiment and the dashed line the RCP 8.5 experiment.

Fig. 11. Franco-Pannonian cluster. Upper facet: Climatic response term corresponding to the lower facet. P. sylvestris (red), Q-P (green), Quercus spp. (blue). Lower
facet: smoothed means of the clusters mean monthly mean temperature, red (◦C) and total annual precipitation, blue (mm m− 2). Before 2006, single solid lines show
the historical development. After 2006: the solid line depicts the RCP 4.5 experiment and the dashed line the RCP 8.5 experiment.
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Fig. 12. Mediterranean cluster. Upper facet: Climatic response term corresponding to the lower facet. P. sylvestris (red), Q-P (green), Quercus spp. (blue). Lower
facet: smoothed means of the clusters mean monthly mean temperature, red (◦C) and total annual precipitation, blue (mm m− 2). Before 2006, single solid lines show
the historical development. After 2006: the solid line depicts the RCP 4.5 experiment and the dashed line the RCP 8.5 experiment.

Fig. 13. Total gross volume production by cluster and stand type during the RCP 4.5 & RCP 8.5 scenarios relative to the historical scenario (smoothed).
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parts due to drought. Similar results were reported by Kellomäki et al.
(2018), Kellomäki and Väisänen, 1997), and Briceño-Elizondo et al.
(2006). In our study, growth of P. sylvestris did not increase in southern
Finland, suggesting that underlying soil types may not be as responsive
as, i.e. fresh till sites, or that such differences may occur due to differ-
ences in temporal resolution of the chosen climatic scenarios. However,
in alignment with our results, a study by Mäkinen et al. (2017) found
that apart from the most recent years, no major changes in the site index
of P. sylvestris during the last 50 years in southern and central Finland
were identified. Site index is the expected height of the 100 stems with
the thickest diameter per hectare at a reference age, and very strongly
correlated with gross production capacity, explaining 80–90 % of vari-
ation in the rotation maximum mean annual increment cf. (Mensah
et al., 2022).

In alignment with the results from Goude et al. (2022), we find
limited impact on the growth of P. sylvestris in the parts of southern
Sweden which were included in our study. However, we found slightly
larger effects for the RCP 8.5 simulation, where the reduction amounted
to up to 10 % along the south-eastern Swedish coastline (Fig. 4).

In particular, we note the evidently advantageous climatic condi-
tions for Q. spp. inferred to have been present in southern Scandinavia
during the previous century, coincident with colder periods (Fig. 8). This
follows the northern boundary native distribution of Q. spp. (Eaton
et al., 2016). We interpret this with some caution, as although it is
within a stringent range criterion of our model, it may be outside the
applicable range of the climate covered by the data underpinning the
BAI-model and other routines in PrognAus. In any case, the distribution
of temperate forest tree species is suggested to be restricted primarily by
reproductive success, rather than survival (Morin et al., 2007) and
growth. de Rigo et al. (2016) in Eaton et al. (ibid.) estimate the areas
covered by the Boreal cluster to involve ‘mid-low’ to ‘low’ survivability.
Comparing the response of the climatic smooth from our simulations for
the Boreal Cluster to core samples from sample trees taken by the
Swedish NFI dated to 1936–2005 (Diameter-weighted ring-width index
(2010,2020)), we find a correlation coefficient of ~0.3 for P. sylvestris
(60◦N,62◦N], and ~ 0.4 for Q. robur (all of Sweden), see appendix sec-
tion A.9. This is promising, given that the BAI-model had an R2 of 0.198
for P. sylvestris, and 0.459 for Q. spp. (Vospernik, 2021).

4.2.2. Continental Atlantic Europe
Vallet and Perot (2018) coupled transversal NFI data with longitu-

dinal information from increment-cores by adopting a growth-potential
modifier approach parametrised from the longitudinal information to
adjust a basal area increment function from French NFI data. They found
no significant mixture-effect of combining P. sylvestris and Q. petraea.
Compared to the mean productivity 1950–2005, they found a slight
(peak c. 5 %, Fig. 3 ibid.) increase under RCP 4.5, 8.5 for Q. petraea
around 2030, the gains of which were lost around 2060. For P. sylvestris
the same peak appeared earlier in time in the RCP 8.5 experiment but
was much weaker for the RCP 4.5 case. In contrast to Q. petraea, P.
sylvestris continues to decline down to c. 95 % of the mean productivity
1950–2005 by 2100.

Whilst the trendline for Orléans forest, Fig. 3 in Vallet and Perot
(2018) indicates a slight increase in productivity compared to
1950–2005 between c. 2000 and 2050, peaking at c. 5 % gain around
2025, our study shows that the climatic modifier in response to the mean
climate in the Franco-Pannonian cluster is slightly stronger for Q. spp.
than shown by Vallet & Perot (ibid.), and does not decrease towards
2100. P. sylvestris, on the other hand, demonstrates a much larger loss of

productivity in our study. However, although based on the same climatic
scenario, comparisons with our study are complicated given the large
local variability within each group and potential differences in soil
types.

Compared to results from the Netherlands, (Bouwman et al., 2021),
we find that Q. spp. in the continental cluster is the least negatively
affected of the 3 stand types under both climatic scenarios. Although the
climatic scenarios utilised are not directly comparable, and Bouwman
et al. (ibid.) instancing slightly younger (45 years) stands, we observe
only minor reductions up until 2050, where P. sylvestris is slightly more
affected (fig. 16). As can be seen in terms of the gross volume production
(fig. 17), P. sylvestris is indeed the more productive species until c. 2060,
although this is primarily because of the starting conditions.

4.2.3. Germany
Nölte et al. (2020) outfitted the 3-PG model, e.g. (Landsberg and

Waring, 1997), with a leaf-phenology model to account for lengthened
growing seasons. Without accounting for increases in atm. [CO2], RCP
4.5 and RCP 8.5 provided an average + 2.7 % and + 3.8 % increase,
respectively, in mean annual increment during the period 2020–2100
compared to the period 1935–2015 for stands of Q. petraea in south-
western Germany. Further, Nölte et al. (ibid.) noted that variation
within sites (for different climatic scenarios) was large and variation
between sites was very large relative to the effect, highlighting the
complexity of fairly representing change-at-scale in the presence of large
variation between and within sites. Our results for the same area suggest
a future of no change or mild decreases of 5–10 %.

4.2.4. Western Mediterranean
Our results for the development of stands of P. sylvestris in the

western Mediterranean area indicate that reductions in productivity
related to climatic change found by Pretzsch et al. (2023a) will continue
under both of future climatic pathways evaluated (RCP 4.5, RCP 8.5).
Furthermore, the decrease in climate vegetation productivity index
(ibid.) 1975–2017 and the concomitant decrease in the productivity of
unthinned stands of P. sylvestris is also present in our study, and of
roughly comparable magnitude (loss amounting to ca. 10 p.p. in the
climatic-response smoother between 1975 and 2015, Fig. 12).

4.3. Limitation of analysis

We have demonstrated how results from models of high complexity
can be utilised for constructing a simpler static reducedmodel, at least to
categories where the functional relationships to the investigated vari-
ables can be hypothesized to be maintained – and provide reasonable
results, especially for generalising detailed results from individual study
sites to larger regions.

The assumption of a maintained functional relationship within se-
mantic species-groups can be expected to require considerable increases
in model complexity for species more predisposed to local subspeciation.
As shown by Kellomäki et al. (2018), categorical division of sites is
practical for application and may thus continue to be implemented in
future works, although ultimately will constrain a model within specific
reaction norms (even if site-specific categories may come to change, e.g.
floristic composition, depth to ground water, etc.). Simulations are thus
constrained by the assumption of these holding constant.

As for the uncertainty about future conditions, notwithstanding the
uncertainty inherent to the GCMs, we must bear in mind that due to the
discrepancy between the temporal (month) and spatial (10's km2)
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resolution of the output, and the scale at which the effects experienced
by plant populations are present (days-weeks, local-regional), the fre-
quency and impact of extreme events may be inherently misrepresented
(Lindner et al., 2014). More generally, the long-term mortality may be
difficult to assess (Bugmann et al., 2019). Further, mortality is impacted
by the species-mixture, cf. Pretzsch et al. (2023b).

We suggest that after the inclusion of climate-sensitive mortality
routines, the effect of management interventions, e.g. thinning, could be
evaluated regarding the potential to avoid undue mortality and identify
value impact of climatic scenarios on combinations of species, site, and
management, and that these evaluations include uncertainty stemming
both from structural differences between stands, as well as variation
within comparable climatic experiments by GCM's, e.g. (Gutsch et al.,
2016; Nölte et al., 2020).

5. Conclusion

With a static reduced model (GAMM), we present the first applica-
tion where an individual tree growth simulator has been applied to study
potential growth at the subcontinental scale. Broad reductions of the
growth of P. sylvestris stands across Europe were forecast, with re-
ductions from inconducive climatic conditions throughout the Medi-
terranean and Franco-Pannonian regions already underway and
expected to continue under both RCP 4.5 and RCP 8.5 scenarios. In the
Hemiboreal-Orotemperate and Continental regions, the choice of cli-
matic scenario holds sway over the development expected in the second
half of the 21st century. Our results suggest the growth of P. sylvestris
and Q. spp. in the southernmost regions of the present-day boreal biome,
which has been widely expected to increase in productivity, may be
limited by precipitation. Several localised regions across southern
Europe suggested potential growth increases for Q. spp. compared to the
historical reference period. Matching the growth pattern of the species-
mixtures to temporal periods of potentially beneficial climates can have
a notable effect on the outcome. Future studies looking at the potential
productivity of tree species-mixtures are recommended to take such
temporal effects into account.
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Appendix A

A.1. On the assigned amount of basis functions

The number of basis functions is essentially arbitrary. As long as it can adequately model the underlying relation between the covariates and the
dependent variable the exact amount is not important. The number of smooths included for the life-history tensor of each species was set to 8: resulting
in a maximum possible degrees of freedom, k’, of 8*8–1= 63. The climatic response for each species was provided 5 functions per marginal smooth, i.
e., k’ = 5*5*5*5–1= 624. Since for the fittedmodel, k’ far exceeded the effective degrees of freedom for each tensor, we concluded the amount of basis
functions provided is adequate, when interpreted in combination with the summary statistics (see results). Further increasing the number of basis
dimensions would be a significant computational burden. The full rank of the model then appears as: 135 + 3*624 + 3*63 + 3 = 2199.

A.2. Observed versus predicted values
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Fig. A2. Observed versus predicted GR values (ln-ln scale). The red line shows the 1:1 correspondence.

A.3. Further model diagnostics

Fig. A3-1. Simulated residuals from the estimated Gamma distribution.
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Fig. A3-2. Residual frequency versus expectation.

As can be observed in the diagnostic plots generated by DHARMa [v. 0.4.6] (Hartig, n.d.) (fig. A.3), the model appropriately fits the simulated
responses. Quantiles of simulated Gamma residuals from the estimated distribution are close to the observed data (Fig. A3-1, left), albeit somewhat
leptokurtic. This slightly increased variance stems at least partly from the lower deviance explained from the Quercus spp. group (Fig. A3-2., right).

A.4. On preprocessing of climatic data

Since said dataset is comprised of monthly values, the length of which from the technical specification is unclear, these were in accordance with
Climate and Forecast Metadata Conventions assumed to hold a standard-length of 1/12 year, where a year in the standard (Gregorian) calendar is
given as 365.2425 days. The time dimension was interpreted in the same way when expressed in terms of ‘months since …’.

A.5. Modified procedure for limiting extrapolation

Our modified procedure works as follows:
For each of our two sets of interactions (tensors), a plane is constructed from each unordered combination of covariates from results of the PrognAus

IBM (our training data). This plane [0,1][0,1], contains all of the min-max normalised observations, scaled along their respective covariate axis
between the minimum observation (0) and the maximum observation (1). Given a prediction point, which is not limited to [0,1], the Euclidian
distance to the nearest observation in the training data must not exceed a distance of 0.1 (10 % of the range of the covariate, if the difference between
the points were to lie along a single axis). Should this be true for any of the unordered combinations from either of the sets of interacting terms, the
prediction point will be deemed to be too far from the underlying information, and the entire development series of which the prediction point is a part
is discarded. Since the climatic data is shared among the plots simulated with the PrognAus IBM, and the climatologies from the GCM's are independent
of the stand state – and known beforehand, we could exclude series containing climates too far from the training data before predictions were initiated
for the series remaining. Age and total production were not known a-priori, since simulating the development of the stand by means of our developed
GAMM is dependent on the previous states, and the observations of age and total production from the training data furthermore are specific to the
different species. This is thus done in post.

A.6. Cluster scree-plot
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A.7. Behaviour of model tensors

Fig. A7-1. Life-history tensor for each stand type. Base rate intercepts have been added to emphasize stand type differences. Contour lines connect states of equal
output (GR, %). Coloured area indicates region within a distance of 0.1 on the scaled unit square of the covariates (gross volume production, age).

A.7.1. Gross volume production- age
Rapidly flattening inverse sigmoid slopes of growth rate (%) shown by the contour lines with increasing standing volume and age are typical for

sigmoidal volume trajectories and is demonstrated by all stand types (Fig. A7-1). Slope of the contour lines indicate that P. sylvestris is somewhat more
sensitive to gross volume production than the age of the stand, whereas Q. spp. stands show a more balanced response (equivalent limitation at young
ages). Q. spp. stands show some rapid changes at particularly high or low volumes during intermediate to advanced ages, possibly indicating some
overfitting.
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Fig. A7-2. Climatic smooth for the Q. spp. stand type – 4 terms. On abscissa: Total annual precipitation (mm). On ordinate: Mean monthly mean temperature (◦C).
Facets along abscissa and ordinate: subjectively chosen monthly mean temperature of previous year (◦C) and total annual precipitation of previous year (mm),
respectively. Contour-lines connect states of equal output.

A7.2. Climatic modifier

Faceting values will be referenced as follows in text: dry (500 mm), moderately dry (750 mm), wet (1000 mm); cold (7 ◦C), moderately warm
(10 ◦C), hot (14 ◦C). As an example to aid the reader interpret the faceted plots over the response of the climatic smooths for the different stand types:
To find the expected Growth rate of a given Q. spp. stand where the previous year was wet (1′000 mm total annual precipitation) and cold (Mean
monthly mean temperature of 7 ◦C), and a growth year which has been moderately dry (750 mm) and quite hot (14 ◦C), inspect the left-bottom facet at
the coordinates x = 750, y = 14 to obtain a GR of 1.4–1.5 (40–50 %) higher than the average climatic effect for a growth year.

Horizontal contour lines for Q. spp. climatic responses (Fig. A7-2) following moderate to hot indicate that GR is being primarily constrained by too
high temperatures during the growth year. In contrast, particularly following a wet year, there is a large potential response to growth given a
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combination of both high mean monthly mean temperatures and large amounts of annual total precipitation.

Fig. A7-3. Climatic smooth for the Q. spp. – P. sylvestris stand type – 4 terms. Layout as for fig. 15.

Much like Q. spp. (Fig. A7-2), the GR of the Q. spp. – P. sylvestris stand type (Fig. A7-3) shows a strong aversion to high temperatures following hot
years. Following a moderately warm year, there is a stable preference for cool, wet years. After cold years (left facet), there is a positive reaction to
higher temperatures, if the amount of precipitation supplied during the previous and current year are sufficient.
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Fig. A7-4. Climatic smooth for the P. sylvestris stand type – 4 terms. Layout as for Fig. A7-2 and Fig. A7-3.

P. sylvestris (Fig. A7-4) clearly demonstrates GR being limited by both high mean monthly mean temperatures and low amounts of precipitation
after a moderately warm to hot year. Growing years following cold years are only limited primarily by high temperatures, but across a wide range of
the scale show strong responses to larger amounts of total annual precipitation. Following a wet and cold year there is even a positive response to a hot
year, provided there is ample precipitation.
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A.8. Absolute gross volume production development GAM smoothers

Fig. A8. GAM smoothers for absolute development of total production (gross volume production in cubic meters per hectare). Facets: 1) Boreal 2) Continental 3)
Hemiboreal-Orotemperate 4) Franco-Pannonian 5) Mediterranean.

A.9. Swedish NFI Diameter-weighted Year-Ring Index, baseline (2010− 2020) vs. Cluster 1 Simulation Results

NFI year-ring data from sample trees available from 1935.
In images: Solid dot, solid line: NFI year-ring index (baseline 2010–2020).
Triangle, dashed line: Cluster 1 climatic tensor response.
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Fig. A9–1. Q. spp.

Fig. A9–2. P. sylvestris.
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Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.scitotenv.2025.178858.

Data availability

Data will be made available on request.
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