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Forests provide important ecosystem services and renewable materials. Yet, under a
future climate, optimal conditions will likely shift outside the current range for some
tree species. This will challenge the persistence of populations to rely on inherent
plasticity and genetic diversity to acclimate or adapt to future uncertain conditions.
An opportunity to study such processes is offered by Scots pine (Pinus sylvestris L.),
a forest tree with a large distribution range including populations locally adapted to a
wide variety of environments, which hinders a range-wide assessment of the species
to climate change. Here we evaluate tree height growth uncertainty of Scots pine
marginal populations in Spain and the Nordic countries linked to their genetic adaptation
promoted by different climatic drivers. Our aims are to: (i) review the main climatic drivers
of Scots pine adaptation across its range; (i) undertake provenance-based modeling
and prediction of tree height under current and future climate scenarios including
four representative concentration pathways (RCPs) and five general circulation models
(GCMs) at two extremes of its climatic niche; (iii) estimate uncertainty in population tree
height linked to the main drivers of local adaptation that may change among RCPs
and GCMs in the Nordic countries and Spain. Our models revealed that tree height
adaptation is mostly driven by drought in Spain and by photoperiod in the Nordic
countries, whereas the literature review also highlighted temperature as a climatic driver
for the Nordic region. Model predictions for the Nordic countries showed an overall
increase in tree height but with high uncertainty in magnitude depending on the RCPs
and GCMs whereas predictions for Spain showed tree height to be maintained in the
north and reduced in the south, but with similar magnitudes among RCPs and GCMs.
Both models predicted tree height outside the data range used to develop the models
(extrapolation). Predictions using higher emission RCPs resulted in larger extrapolated
areas, constituting a further source of uncertainty. An expanded network of Scots pine
field trials throughout Europe, facilitated by data collection and international research
collaboration, would limit the need for uncertain predictions based on extrapolation.

Keywords: adaptation, tree height, mixed-effect models, climate change, Spain, Nordic countries of Europe,
provenance, Pinus sylvestris (L.)
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INTRODUCTION

Climate change is reshaping species distributions at an
unprecedented pace. Evidence of range contraction has been
observed in European forests, for example, caused by the increase
in drought-related tree mortality rates in climatically marginal
populations (Archambeau et al., 2020; Changenet et al., 2021),
as well as the maladaptation of climatically marginal populations
to current climate conditions observed in North American and
European forests (Pedlar and McKenney, 2017; Fréjaville et al.,
2020). To survive under new climates, climatically marginal
populations can persist in situ through genetic adaptation
or phenotypic plasticity (Valladares et al., 2014; Aitken and
Bemmels, 2016). However, these two evolutionary processes
have different implications for long-lived species such as trees.
Plasticity imparts a rapid response to new environments without
changes in the genetic structure (Nicotra et al., 2010) and can
help some marginal populations to survive under climate change
(Garate Escamilla et al., 2019), whereas genetic adaptation occurs
over generations, implying that trees may not be able to adapt
to rapid environmental changes but rather carry the burden
of maladaptation (Pedlar and McKenney, 2017; Fréjaville et al.,
2020). Generally, conifers present higher adaptation rates for
tree growth than broadleaf species (Benito Garzon et al., 2019),
and that broadleaves tend to express high plasticity (Sdenz-
Romero et al., 2017; Garate Escamilla et al., 2019). Whether this
characteristic would confer an advantage to broadleaf species
over conifers to survive under fast climate change is still unclear
because phenotypic plasticity may delay adaptation processes in
the long term (Chevin et al., 2010). Furthermore, the drivers
triggering adaptation may change across species ranges as a
consequence of different climatic pressures, at least in trees
covering large distribution areas. This can present different odds
for a population to survive under future climates (Atkins and
Travis, 2010). Therefore, understanding the climatic drivers of
adaptation in the leading and trailing edges of species ranges
is key to assessing the vulnerability of marginal and peripheral
forest populations to climate change.

Genetic field trials (also called provenance tests) are controlled
experiments where seed from natural populations is planted
across large geographical gradients. Although field trials were
originally planted for breeding purposes, they have proved to be
a useful resource to understand the likelihood of survival under
climate change (Matyds, 1994) providing accurate indicators of
plasticity and local adaptation of fitness-related traits among
provenances. As such, field trials have been extensively used
to improve breeding programs (Gray et al, 2016), quantify
phenotypic plasticity (Matesanz and Ramirez-Valiente, 2019;
Vizcaino-Palomar et al., 2020), perform species range predictions
accounting for local adaptation and phenotypic plasticity (Benito
Garzén et al,, 2019), and design assisted migration programs
(Isaac-Renton et al., 2014).

One of the species most widely planted in genetic field trials is
Scots pine (Pinus sylvestris L.), an economically and ecologically
important species with the largest distribution among tree species
in Europe. Its distribution range covers a wide climatic niche
(Benito Garzon and Vizcaino-Palomar, 2021) from southernmost

Spain to Scandinavia (Caudullo et al., 2017). In spite of the
large network of field trials, modeling approaches covering the
entire distribution range of the species are scarce (Reich and
Oleksyn, 2008), probably owing to the different drivers triggering
adaptation of the population across its range (Torssonen et al.,
2015; Berlin et al., 2016; Vizcaino-Palomar et al., 2019; Rubio-
Cuadrado et al., 2020) but also because of a lack of access to
relevant range-wide comprehensive data. As such, many regional
modeling approaches targeting Scots pine adaptation have been
developed over the years. Studies of marginal populations suggest
that Scots pine has adapted to different environments over
time. For instance, populations at the northernmost part of the
species range are mostly adapted to photoperiod and temperature
(Rehfeldt et al., 2002; Berlin et al., 2016), whereas those at
the southernmost part of Scots pine range show adaptation to
drought (Matias and Jump, 2014; Vizcaino-Palomar et al., 2019).
Yet, to what extent these drivers triggering population adaptation
across the range can confer an advantage of survival and growth,
to this long lived tree species under climate change, is still not
clear because of the uncertainty of the future climate.

The IPCC 5th Assessment Report (IPCC, 2014) synthesized
knowledge regarding current climate change science and
classified four scenarios of greenhouse gas (GHG) emissions
leading to increased radiative forcing, causing a warming of
the atmosphere by 2100. These Representative Concentration
Pathways (RCPs) include: RCP 2.6, RCP 4.5, RCP 6.0 and
RCP 8.5. Many General Atmospheric-Ocean Circulation Models
(GCMs) have been parameterised to link scenarios of population
growth and socio-economic futures to the range of RCPs; these
are termed Shared Socio-economic Pathways (SSPs). The link
between SSPs and RCPs allows future global socio-economic
scenarios to be assessed in terms of the spatial variation in
changing temperatures. There is uncertainty about which SSP
trajectory the global system will follow. The RCP 2.6 represents
an increase in global temperatures below 2°C, whereas the
intermediate RCP 4.5 is projected to cause temperatures to rise
until 2040-50 after which reductions in GHG emissions forcing
will occur. For RCP 6.0 emissions will peak in 2080 and then
decline. For RCP 8.5 GHG emissions continue to rise throughout
the 21st century leading to global warming of up to 4.8°C by
2080. However, some recent research suggests that the RCP 8.5
scenario is unlikely due to the recent technological development
of renewable energy sources (see e.g., Hausfather and Peters,
2020). Additional uncertainty occurs among the GCMs as each
differs slightly in model parameters. This is shown in the range of
temperature increase in each of the RCP categories (IPCC, 2014).

Scots pine has a large natural distribution range from Finland
and Sweden (hereafter Nordic countries) to Spain and it is locally
adapted to a wide variety of environments. Uncertainty inherent
in future climate projections hinders the assessment of the species
and the vulnerability of the populations to global climate change.
Our main goal is to assess this uncertainty in tree height growth
linked to the genetic adaptation of Scots pine populations driven
by different climatic drivers across its distribution range. Here
we (i) review the main climatic drivers of adaptation of Scots
pine range-wide; (ii) re-analyze tree height growth at the two
extremes of the thermal gradient of its climatic niche: Spain and
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Nordic countries, where populations show adaptation to drought
and cold conditions, respectively; and (iii) estimate uncertainty
in population tree height growth spatial predictions linked to the
main drivers of local adaptation that may change among future
scenarios (RCP 2.6, RCP 4.5, RCP 6, and RCP 8.5) differently in
the Nordic countries and Spain.

MATERIALS AND METHODS

Tree Height Measurements and Field

Trials

We used tree height data of Scots pine (Pinus sylvestris L.)
compiled in the Nordic countries and Spain. For the Nordic
experiments, tree height data were collected from 378 different

field trials (Figure 1) established from 1951 to 1996 and measured
at ages ranging from 8 to 35 years-old. Several of the trials were
measured repeatedly but only one measurement per tree was used
for further analysis. Among these field trials, a total of 276 seed-
lots sampled from wild Scots pine provenances (populations)
were distributed. This was not a complete reciprocal-transplant
experiment because field trials were established according to
slightly different objectives and using different materials. Since
the Nordic tree height dataset had a heterogeneous planting
design, data from single trees were not used for analysis. Instead,
least-square means (LS-means) for each provenance/field trial
combination were estimated in preparatory site-wise analyses.
For these analyses GLM and MIXED procedures in the SAS
STAT package were used (SAS Institute Inc., 2011; see Berlin
et al, 2016 for details). LS-means were transformed by the
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FIGURE 1 | Field trials and provenances planted in Sweden, Finland and Spain. The background area colored in green corresponds to the Scots pine native range

(Caudullo et al., 2017).
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natural logarithm prior to further analysis to assure normality
and homogeneity of the data.

For the Spanish experiment, at the southern range of the
species, tree height of individuals after 14 and 15 years of
growth was measured at six field trials (Figure 1). Sixteen
genetically distinct Spanish populations (Alia et al., 2001; Prus-
Glowacki et al., 2003; Robledo-Arnuncio et al., 2005) covering
the species distribution in Spain were planted in each of the
six field trials. During the years 1988 and 1989, seeds were
collected to form provenance (population) seed-lots (Agundez
et al, 1992; Alia et al, 2001). A seed-lot was created by
mixing the clumped seeds collected in natural populations from
at least 25 mother trees, with a 50 m separation distance
between each individual to avoid interbreeding (Gonzalez-
Martinez et al., 2006). Between 1990 and 1991, 2-year-old
plantlets originating from the seed-lots were planted in each field
trial, following a randomized complete block design, with four
blocks and a 16-tree square plot for each population, planted at a
2.5m x 2.5 m spacing.

Climatic and Environmental Data

We combined several databases to characterize the climate at the
origin of provenances and the climate at the field trials. This
was achieved by downscaling the CRU-TS dataset (Harris et al.,
2020) from ~50 to ~1 km (30-arc s) using WorldClim v1.4
(Hijmans et al., 2005) with the 1961-1990 climatic normal period
as baseline. Our downscaling technique used the delta method
(Ramirez-Villegas and Jarvis, 2010), a technique that accounts for
topographic variation and improving the reliability and spatial
resolution of coarser spatial datasets (Moreno and Hasenauer,
2016; Fréjaville and Benito Garzon, 2018). To characterize the
climate of the future (period of years: 2056-2085 and called
2070s), we used five GCMs for each RCP generated from CMIP5
(see Supplementary Material 1 for further details).

For the Nordic experiment, the annual accumulated
growing day-degree temperature sum above a 5°C threshold
(GDD5) was used as a climate variable for field trials (Table 1)
as had been determined by previous modeling efforts

TABLE 1 | Environmental and climatic indexes used in the models.

Variable/Model Description Unit Model Use
Growing Day Accumulated annual sum of daily ~ day°C Nordic  Field trial
Degree (GDD5)  mean temperatures above 5°C variable

termed growing day-degrees
Nordic ~ Transfer
distance

Latitude (LAT) Latitude of the provenances and °
field trials

Summer Heat
Moisture Index
(SHM)
Temperature
differential (TD)

°C/m Spanish Transfer
distance

Ratio of the mean temperature in
the warmest month to meters of
summer (june-august) precipitation
Difference between the mean °C
temperature of the warmest month

and the mean temperature of the
coldest month

Spanish Field trial
variable

Spring Amount of rainfall in March, April mm  Spanish Field trial
Precipitation and May variable
(SPR)

(Persson and Stahl, 1993; Persson, 1994; Berlin et al.,, 2016).
For this variable, we used an average across all annual GDD5
values from the field trial establishment to the time of phenotypic
measurements. In the Nordic experiment, however, the time
periods varied substantially per se. The year of establishment
ranged from 1951 to 1996 and year of height measurement varied
from 1963 to 2011. With respect to conditions at the origin
location of Nordic provenances, latitude was used as a proxy for
photoperiod in the model, and was constant over time. For the
Spanish experiment, we used the summer heat moisture index
(SHM), spring precipitation (SPR) and temperature differential
(TD-as a measure of continentality); these variables were selected
previously in Vizcaino-Palomar et al. (2019) (Table 1). Climate
variables for the provenances consisted of averages calculated
from 1901 to 1950, whereas the climate variables for field trials
were obtained by calculating averages from the time the trial
was planted to the time phenotypic measurements were taken
(as in the Nordic experiment). As the Spanish field trials were
established and measured in concert, this implies a time-period
from 1990 or 1991 to 2005.

Linear Mixed-Effect Models

We calibrated two independent models to assess how tree
height (H) for different Scots pine populations respond
to environmental variation. The Nordic model fitted field
trial/provenance- wise means of tree height obtained from
Nordic field trials and the Spanish model fitted individual tree
height data measured in Spanish field trials. In both models,
we used the environmental transfer distance, Aenv, calculated
as the difference between the environment at the provenance
origin and the environment of the field trial. This Aenv term
allows us to assess variation in tree height due to shifts across
environmental gradient. This variation occurs when Aenv < 0,
meaning that the provenance is transferred to sites with a greater
environmental value than its origin, or transferred to sites with
smaller environmental values than its origin when Aenv>0.
Aenv = 0 means that the provenance is growing under local
environmental conditions. Environmental variables relevant for
the study of climate change and prediction uncertainty are
listed in Table 1. For both Nordic and Spanish models, fixed
effects were tested using the maximum likelihood (ML), and
random effects were tested using the restricted maximum-
likelihood method (REML).

Nordic Model

A linear mixed-effects model was used to predict tree height as
a function of the transfer distance in latitude (Aenv = ALAT)
being a proxy primarily for photoperiod. In addition, the GDD5
was used to describe the climate of the field trial and was used
in interaction terms with the latitudinal transfer distance. These
variables were included as fixed effects and the field trial site
as a random effect, to account for unexplained environmental
variation. This model was established by a hypothesis-driven
process (see Supplementary Material 2 for more details),
building on the work of previous regional modeling (Persson and
Stahl, 1993; Persson, 1994; Eriksson, 2008; Berlin et al., 2016).
Logarithm-transformed LS-means of tree height estimated for
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each provenance-field trial combination [ln(ij)] were fitted as
follows:

In (Hj) = ao 4+ ouln (AGE) + oln (EST) — 1945)

+ a3In (GDD5_s) + asALATy + aSALAT].Zk
+ a6GDD5_s % ALATjk + a7GDD5_s; x

ALAT} + B (Trial) + &t

where AGEy is the tree age for the kth field trial at measurement,
ESTy is the establishment year of the kth field trial and GDD5_sj
is the kth field trial averaged from the year of planting to
the year of height measurement. In addition, ALATjy is the
latitudinal transfer distance between the kth field trial and the jth
provenance present at the kth field trial. Finally, f is the random
field trial effect and & is the residual distribution of the jth
provenance at the kth field trial following a Gaussian distribution.

Spanish Model

Also here we used a linear mixed-effects model to predict tree
height as a function of the environmental transfer distance
of the Summer Heat Moisture index (Aenv = ASHM), the
SPRing precipitation climate at the field trial site (SPR_s) and
the Temperature Differential (TD_s) following previous models
of the species in Spain (Benito Garzén et al., 2011; Valladares
et al, 2014; Vizcaino-Palomar et al, 2019). In this model,
climatic variables were included as fixed effects and specifically
we modeled the linear, quadratic and linear interaction terms of
ASHM and SPR_s, and the linear term for the covariate TD_s.
In the random part of the model we included provenance for
unaccounted environmental variation among populations (f).
The final model was built based upon a hierarchical backward
selection procedure from the most complex model and the
procedure is further detailed in Supplementary Material 2. The
final Spanish model for individual tree height, Hj;, was fitted as
follows:

Hjj = ao + a1 TD_sit + 02SPR_sjx + a3SPR_sj; + a4 ASHM
+ a5A5HM§jk + aeSPR_sik x ASHMy +

B (Provenance) + &

where Hy is tree height of the ith individual of the jth provenance
in the kth field trial and o is the set of n parameters associated
with the fixed effects of the model. Finally ¢y is the residual
distribution of the ith individual of the jth provenance at the kth
field trial following a Gaussian distribution.

Drivers of Adaptation

We performed a literature compilation of the different drivers
triggering Scots pine adaptation across its distribution range.
The review was done by searches on relevant phrases such as
adaptation, Scots pine, Pinus sylvestris and climate change in
Google scholar and by inspecting their reference lists in turn.

Uncertainty Analysis of Tree Height

Predictions

Our uncertainty analysis used spatial predictions of tree height
in Nordic countries and Spain performed on a synthetic mean
provenance for each region, reflecting an average among the
provenances used to develop the models. The predictions were
performed only within the species distribution range taken
from Caudullo et al. (2017). For the Nordic region the mean
provenance had a latitudinal origin at 64.87°N, whereas for
Spain, the mean provenance had an SHM value of 90.55°C/m.
In addition, for model predictions across the Nordic region, the
tree age (AGE) was set at 15 years in order to correspond with
the Spanish model. For the Nordic model predictions, the year of
establishment (EST) was set at 1980 as height predictions, plotted
across the range of EST-values, suggested that no appreciable
silvicultural improvements had been achieved since that time.
We predicted tree height for the Nordic region and Spain using
the respective models. Predictions were performed for all four
RCPs scenarios combined with the five GCM variants resulting
in a total of 20 scenario-variant predictions. In addition, we
also calculated mean predictions for each RCP across all five
GCMs by using the respective climate ensemble mean of that
RCP. All analyses were undertaken in R (R Core Team, 2020)
with the raster (Hijmans, 2020) and tidyverse (Wickham et al.,
2019) packages.

Assessing Spatial Agreement Between General
Circulation Models

For each scenario-variant combination described above, we
calculated the difference in tree height between a prediction
made for the future climate period (2070s) and the reference
height corresponding to the climate normal period (1961-1990).
Such prediction calculations (future height-reference height)
were performed for each 1 km x 1 km location and a record
was made where predicted future height was greater than the
reference height. We grouped these records by RCP, and for
every 1 km x 1 km location summed the number of GCMs
which “agreed” that future height was greater than the reference
height. We then subtracted from the sum, the number of
GCMs which “disagreed” that future height was greater than
the reference height. This assessment resulted in a score which
ranged from +5 (maximum agreement among GCMs that future
height will exceed reference height) to —5 (maximum agreement
among GCMs that future height will be lower than the reference
height). Areas where three or two GCMs either agreed or
disagreed (scores +1 and —1) thus highlight areas of greater
prediction uncertainty.

Model Predictability Limits

We defined model predictability based on the ecophysiological
limits of the species recorded from our trials to account
for areas where predictions were generated by extrapolation
outside the environmental ranges of our data used for model
development. For Nordic predictions, these limits were recorded
for locations where environmental data points exceeded: (a)
GDD?5 below 527 day°C or above 1,349 day°C which, according
to our climate data, was the smallest and greatest GDD5
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experienced in the Nordic field trials included in the model,
and; (b) a latitude greater than 5 degrees above or below the
latitude of the mean provenance because provenance transfers
of that magnitude were the greatest undertaken within the
data used to calibrate the models. For the Nordic mean
provenance these latitudinal limits were thus set at < 59.87°N
and > 69.87°N. Following the same principles we established
the ecophysiological limits of the species from recorded locations
for Spanish predictions where climatic conditions exceeded:
(a) TD below 13.65°C or above 17.25°C; (b) SPR below
177.75 mm or above 269.97 mm and; (c) where the location
SHM differed below —213°C/m or above +115°C/m that of the
mean provenance SHM.

Consequently, in order to visualize the model predictability
limits, we carried out the same type of assessment based on GCM-
agreement on increased tree height in a future climate, and where
agreement was determined by whether model predictability limits
were exceeded or not. We chose to only show where limits were
exceeded by three or more GCMs, as we considered this to be
“more likely than not.”

Using Coefficient of Variation as an Uncertainty
Metric

We used the Coefficient of Variation (CoV) as an indicator of
variability between future predictions of tree height. This statistic
presents a ratio of the standard deviation to the mean, with
higher values indicating greater variation between predictions
and therefore higher uncertainty in terms of the most likely
outcome. CoV values were estimated for two different aspects of
variation/uncertainty.

The first important aspect of prediction uncertainty is
connected to the spatial variation of tree height predictions
over the geographic study area for a specific climate scenario.
In order to cover spatial prediction variation and uncertainty
we calculated CoV for the ensemble mean predictions for
each RCP across the studied regions (Nordic countries and
Spain) and related the standard deviations to the average tree
height prediction for the reference period. The nature of such
geographic predictions means they have a very large number of
data points, especially at higher resolutions, and this can affect
statistical analysis. To reduce this spatial autocorrelation effect,
we took 100 random samples of 1,000 data points from each set
of predictions. We calculated the standard deviation of each RCP-
prediction from the reference period mean height. CoV was then
calculated as a percentage of the reference period mean height.
This calculation was carried out for (a) a complete random
sample, and (b) a random sample with data points removed
where model predictability limits were exceeded.

The second quantitative measure of tree height prediction
uncertainty is the variation in predictions at each location among
different GCMs and RCPs. This uncertainty can also be quantified
by estimating CoV under a future climate in relation to the
predicted tree height during the reference period. We calculated
CoV across GCMs within each RCP for each 1 x 1km location.
For each location, we calculated an RCP mean prediction using all
five GCMs, and the standard deviation of each individual GCM
prediction from this overall RCP mean. CoV was calculated as

follows, where o is the RCP standard deviation and p is the RCP
mean:
o
CoV = —
v

RESULTS

Drivers of Adaptation as Identified by the

Literature and Models

A literature search for important climatic drivers of Scots pine
growth across Europe indicated that drivers differed across the
range; with temperature and photoperiod often found as the main
drivers at high latitudes, while drought was found to dominate as
a driver in central and southern Europe (Table 2).

Given the down-scaled CRU-TS dataset, GDD5 was
confirmed to be a highly significant predictor (p < 0.001) for
tree height at a given field trial in the Nordic region (Table 3A).
Photoperiod, described as latitudinal transfer, was confirmed as a
highly influential driver of adaptation. In the Spanish model, the
final best model included SHM as the main driver of adaptation
while TD and SPR were retained as significant site predictors of
tree height (Table 3B). When accounting only for fixed effects,
the height growth model in the Nordic region explained 77%
of the total variance while the corresponding model in Spain
explained 39% of the total variance.

Tree Height Predictions and Transfer

Distances

Using our linear mixed models, we predicted tree height over
a range of environmental transfer distances, i.e., across a range
of values of the Aenv for a sample of field trials in the Nordic
experiment and for all six available planting sites in the Spanish
experiment (Figure 2). In general, we found that tree height
curves were either almost flat (Nordic experiment) or slightly
concave (Spanish experiment). This implies that optimal tree
height was predicted over a broad range of values of ALAT using
the Nordic model, or over a narrower range of values of ASHM
using the Spanish model. From a practical point of view, this
means that there are provenances of nearby origins that all would
perform reasonably well at a given planting site both in Nordic
and Spanish regions.

For the Nordic experiment, we usually observed that transfers
of more southern provenances (ALAT < 0) would result in
higher predicted tree height in comparison to that of a local
provenance, that is ALAT = 0 (Figure 2A). However, the
temperature climate at the field trial location (GDDS5, Table 4A)
interacted with this trend suggesting that the optimal transfer
lengths would be longer for the trials with a mild climate (high
GDD5) whereas, at the other extreme, the local provenance
would be the best adapted given the coldest climate (low GDD5).
For the Spanish experiment, in five out the six planting sites,
we observed that transfers of provenances from colder or wetter
summers, ASHM < 0, than that of the local provenance,
ASHM = 0, would result in a slight improvement in tree
height that is (Figure 2B, except the uppermost curve). For the
uppermost curve (Aragiiés) however, the finding was the reverse
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TABLE 2 | Literature search for environmental adaptive drivers (All drivers of Adaptation and Main driver) of Scots pine phenotypic traits (Trait) and the geographic regions
(Region) where these were found to be relevant.

Main driver Region Trait All drivers of adaptation Method References
Photoperiod Sweden, Finland Tree height and  Growing day-degrees and latitude Linear mixed-effects model analysis of Berlin et al., 2016
survival 378 field trials
Multiple Sweden Biomass Growing day-degrees, photoperiod, Tree growth simulation models Bergh et al., 2010

production COs,-concentration, soil moisture,
nitrogen availability
Maximum Iberian Peninsula Tree height and  Maximum temperature of the warmest Random forest analysis of height Benito Garzén
temperature survival month growth and mortality—12 provenances etal., 2011;
grown at 4 sites Valladares et al.,

2014

Growing European and Tree height Growing day-degrees, temperature Quadratic regression model analysis of ~ Rehfeldt et al.,

day-degrees Asian countries of differential (summer-winter), moisture 47 field trials 2002

the former USSR index
Growing Finland Volume growth  Growing day-degrees, soil moisture,
day-degrees nitrogen availability and within-stand
light
Growing Finland Radial growth Growing day-degrees, soil moisture,
day-degrees precipitation and nitrogen availability
Temperature Europe wide (west ~ Radial growth Mean annual temp, mean diurnal range,
of 40.2 degrees E) temp seasonality, mean temp of wettest
quarter, mean temp of driest quarter,
precipitation seasonality, precipitation of
warmest quarter, precipitation of driest
quarter
Drought Spain Tree height Spring precipitation of planting site and
summer heat moisture index of
population origin
Drought Southern Radial growth Drought indices such as standardized
Spain-Northern evapotranspiration index (SPEI)
Germany
Drought Spain Radial growth Tree size (DBH), temperature of the
previous winter and current spring,
SPEI (drought), altitude
Drought Scotland Yield class Temperature sum and moisture deficit
Spring temperature  Russia, Central Latewood Euclidean distances between trial and
Siberia formation provenance origin. Climate data from
weather stations close to experiments.
Mean temperature Europe, Russia, Tree height and  Mean annual temperature (MAT), Delta
North America survival MAT, latitude
Photoperiod and Eastern Europe, Tree height Temperature and photoperiod

temperature

European Russia

Forest ecosystem simulation models

Forest ecosystem simulation models

Analysis of tree ring database and
ecological niche modeling

Linear mixed-effects model analysis of
tree height growth—16 Scots pine
provenances at 6 common gardens
Analysis of tree ring network along
approx. 2,800 km gradient

Field samples from 2 sites,
measurement of height, DBH, tree ring
cores. Linear mixed-effects model of
growth.

Ecological Site Classification (ESC)
model, UKCP09 climate projections

Correlations, coefficient of synchronicity

Correlation and multiple regression

Correlation and multiple regression

Torssonen et al.,
2015

Kellomaki et al.,

2018
Bombi et al., 2017

Vizcaino-Palomar
etal, 2019

Bose et al., 2020

Rubio-Cuadrado
et al., 2020

Petr et al., 2014

Savva and
Vaganov, 2003

Reich and Oleksyn,
2008

Oleksyn et al., 1998

and that transfer of provenances from hotter or drier summers,
ASHM > 0, than that of the local provenance would perform
better (Table 4B).

Uncertainty in Predicted
Increase/Decrease of Tree Height Under
Alternative Representative
Concentration Pathways

For the Nordic countries, model predictions for tree height
at age 15 years showed an increase under various future
climate scenarios (Figure 3). Predictions of increased height
were consistently certain (predicted by all five GCMs) under
all RCPs and at all locations. Predictions made using RCP
ensemble means (Supplementary Figure 1) showed that the
increase in height growth largely followed the greater increases

in GDD5 shown for higher RCPs (up to 81%) in comparison to
lower RCPs (39% at the lowest). The magnitudes of predicted
increases were often substantial (by 300 cm or more). However,
even if these results at first glance present a very clear view
on future tree height in the Nordic region, it should be noted
that for considerable areas predictions were also shown to
be the result of extrapolation (Figure 3). Firstly, it was easy
to identify the areas where latitudinal transfers of the mean
provenance exceeded the coverage of the underlying model data
(LAT < 59.87°N and LAT > 69.87°N). Secondly, increasing
GDDS5 (by 3-1,117 day°C, Supplementary Figure 2) also caused
the areas within model thresholds to shift northwards, toward the
interior of the Nordic landmass and toward the higher altitude
Scandian mountain ranges (Figure 3). This trend was more
pronounced for high emission RCPs (6.0 or 8.5) than for low
emission RCPs (2.6 and 4.5).
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TABLE 3 | Regression coefficients (estimate and standard errors), significance tests, variance component estimates [Var(x)] plus marginal and conditional coefficients of

determination (R2) for both Nordic (A) and Spanish (B) mixed-effect models.

Term Estimate Std. err. df t-value p-value
(A). Tree height for Nordic countries, In(H)
ag (intercept) —4.0215 0.3937 373 —10.21 9.47.10-22
a1-IN(AGE) 1.5384 0.0408 369 37.68 1.53.10-128
ap-IN(EST-1945) 0.0722 0.0332 364 217 0.03083
ag-IN(GDD5_s) 0.7898 0.0573 374 13.79 3.04.107%5
ag-ALAT 0.0217 0.0045 2,472 477 1.95.1076
as-ALAT? —0.0151 0.0016 2,466 —9.30 2.97.10-20
ag-GDD5_s x ALAT —4.27.107° 4.90.10°6 2,473 -8.72 5.23.1076
07-GDD5_s x ALAT? 9.34.10°6 1.73.10°8 2,466 5.39 4.90-10-°
Var(p) (field trial) 0.0436
Var(e) (residual) 0.0331
Rgmargmal 0.7733
chondft/ona/ 0.9021
(B). Tree height for Spain, H
ag (intercept) 298.49 8.16 21 36.59 8.48.10-20
ay-TD_s 36.04 3.79 2,060 9.52 4.70-10=21
ap-SPR_s 11.79 5.03 1,570 2.34 0.0192
ag-SPR_s? 57.04 3.53 4,366 16.14 5.60-10-57
a4-ASHM 13.14 6.13 493 2.14 0.0327
as- ASHM? —42.68 2.91 4,280 —14.65 1.84.10~47
ag-SPR_s x ASHM 30.33 5.52 4,229 5.50 411108
Var(B) (provenance) 809.5
Var(e) (residual) 13,173.5
Rgma,g,na, 0.3946
RQcondit/ona/ 0.4297
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FIGURE 2 | Scots pine tree height predictions as a function of the environmental transfer distances for a sample of six field trials in the Nordic region (A) and for all
six field trials in Spain (B) under the average climate during the growth of the trees (see Table 4 for details). The plotting of biologically unreasonable transfer
distances such as Nordic provenances originating north of Nordkapp (71.19°N) or Spanish provenances with negative SHM values were omitted.

In contrast to the Nordic region, the model results for Scots
pine in Spain showed more uncertainty in the likelihood of
increased tree height in 2070 (Figure 4). In the southwestern
and northeastern part of the Pyrenees, and in the western part of
central Spain tree height was predicted to increase under future
RCPs in comparison to the reference period. Simultaneously, the
magnitudes of tree height difference between climate scenarios

and the reference period (Supplementary Figure 3) were small
as they usually ranged from a 100 cm height loss to a 100 cm
gain in height and there were no clear trends by increasing
RCP. RCP ensemble means averaged across Spain ranged only
from a 1% decrease to a 0.2% increase. The only exceptions
to this lack of trend were the predictions for the southern
refugium area in Andalusia which showed a consistent decrease
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TABLE 4 | Environmental, climatic and age characterization of six field trials representing a sample of the 378 field trials used in the Nordic model (A) and the six field

trials used in the Spanish model (B).

(A) Sample of field trials used for the Nordic model

Field trial Lat Long Altitude GDD5 Age Class
Cieskadasjavri 69.4215 27.2626 258 534 14 North Cold
Rautojoki 66.5003 25.2167 115 950 17 North Mild
Minkelberget 63.1140 16.9873 152 920 15 Mid Cold
Tikkaniemi 63.2506 25.5166 144 1167 16 Mid Mild
Bunkris 61.4254 13.4763 584 729 17 South Cold
Turhala 61.6498 28.7170 99 1349 16 South Mild
Mean Provenance 64.8670 897 15

(B) Field trials used for the Spanish model*

Site Lat Long Altitude SHM SPR TD
Araglés 42.7452 —0.6304 1,370 54.99 269.97 15.23
Baza 37.3596 —2.9074 1,850 250.24 177.75 17.25
Curuefio 42.7756 —5.3844 1,150 100.16 187.99 13.65
Gudar 40.4076 —0.6810 1,700 84.46 204.00 15.75
Manzanal 42.5486 —6.2383 1,350 83.23 228.08 13.77
Navafria 41.0181 —3.8341 1,600 126.99 192.66 14.93
Mean Provenance 90.55 219.49 14.63

*Spanish field trial predictions are always shown for a tree age of 15 years.

Latitude (Lat) and longitude (Long) are given in decimal degrees; SHM, summer heat moisture index (°C/m); SPR, spring precipitation (mm); TD, temperature differential
(°C); GDDS5, growing day-degrees above 5°C (day°C); Age, tree age at the time of height measurement (years).
For Nordic and Spanish models, environmental and climate characteristics of their respective mean provenances are added for comparison and for the Nordic field trials,

the site class is described by Class.

(<—100 cm) in tree height for high emission RCP scenarios.
When taking into account model predictability thresholds,
southern and central areas plus the central Pyrenees consistently
fell outside of the model predictability range thereby increasing
uncertainty in results from the model. The area within the
model predictability range was predicted to decrease along with
RCPs emission scenarios (Figure 4). Cross-examination with
predictions of climate variables for Spain in 2070 indicated that
increased future temperature differential (TD) was the most likely
driving factor behind the shrinking areas of model predictability
(Supplementary Figure 4) because the increase in TD was
substantial (by 0.5 to 5.3°C) and became stronger with increasing
RCP. For the Andalusian area, a considerable increase observed
for SHM (by 11.5-309.7°C/m) may exacerbate the reliance on
extrapolation (Supplementary Figure 5).

Spatial Variation in Tree Height
Predictions for Each Representative

Concentration Pathway

When considering all data, spatial CoV-estimates were in the
range 12-18% in the Nordic area (Figure 5), with the range
of CoV increasing under higher emission RCPs. In contrast,
spatial CoV-estimates for Spain were lower (5-6%) and showed
no discernable trend with respect to RCP. It was also notable
that spatial CoV-estimates were considerably lower if the study
areas were restricted to those within model predictability limits
(4-5% for the Nordic region and < 2% for Spain). If only
areas within model predictability limits were considered there

was no longer any relationship between CoV-magnitude and
RCP either in the Nordic or Spanish regions. This suggests
that the considerable spatial CoV estimates using all data
were associated with model extrapolation, in particular for the
higher emission RCPs.

Coefficient of Variation Estimates Among
General Atmospheric-Ocean Circulation

Models Over the Study Areas

With respect to CoV among GCM for each potential planting site
in the Nordic region we observed a substantial variation (0-27%,
Figure 6) even when only considering areas within model
predictability limits. CoV-estimates were also systematically
greater and more widespread for more extreme RCPs. Regarding
geographical trends, CoV-estimates were notably high (1034%)
in the southernmost (LAT < 57°N, Denmark and Lithuania) and
northernmost (LAT > 71°N, Nordkapp) margins of the studied
region (11-61%). However, these regions were also consistently
outside the model predictability (too long transfer distance) thus
relying on extrapolation. There were also other specific alpine
areas along the Scandian mountain range where CoV estimates
were large (5% to a max of 187%). For low RCPs these areas were
still largely outside model predictability limits as GDD5-levels
were too low (Figures 6A,B), but for higher RCPs considerable
portions of largely alpine locations were increasingly included
within the area suitable for the model. For the parts of the
mountain ranges, the high CoV-estimates in tree height are not
ascribed to extrapolation.
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FIGURE 3 | Likelihood of tree height increase for Scots pine in the Nordic region under four future climate scenarios (RCP) in comparison to that of the reference
period (1961-1990). The probability was assessed as the agreement among five GCMs within each RCP on tree height increase based on model predictions for
RCPs 2.6 (A), 4.5 (B), 6.0 (C), and 8.5 (D). All locations where environmental variables exceeded those of the model data range according to at least three GCMs
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In contrast to the Nordic region, tree height CoV among
GCMs for Scots pine in Spain, was consistently low (Figure 7)
ranging only from (3-11%). Also tree height CoV did not
depend on RCP or on whether the studied areas were within
the model predictability thresholds (0-2%). This finding suggests
that, in quantitative terms, the uncertainty of future tree height
predictions in Spain is very limited.

DISCUSSION

The large variety of environments inhabited by Scots pine
has promoted populations adapted to a multitude of range-
wide environmental conditions. Identifying these conditions is
essential to assess the vulnerability of different populations to
future climates, which are themselves inherently uncertain. With
aliterature review and a modeling approach covering populations
at the leading and trailing edge of Scots pine, we addressed the
problem of how the uncertainty associated with future climate
projections may differently affect populations’ vulnerability at the
leading and trailing edges of the species range.

Drivers of Adaptation: From Literature
Review to Modeling Approaches at the
Leading and Trailing Margins

In general, our literature review showed that photoperiod
constrains the tree height growth of local provenances in
northern countries (Berlin et al., 2016), but also that northern
and continental populations have adapted to a lower temperature
sum to complete phenophases (Matyas et al., 2004). Likewise,
the Nordic model highlighted that photoperiod triggered local
adaptation at the leading edge of the species, and that the
GDD5 is an influential site-climatic predictor for tree height.
This particular model is not new (Berlin et al, 2016), but
we found it was robust for the Nordic area as all model
terms previously indicated as highly significant remained highly
significant, even though a very different climate dataset was
used for this study (Supplementary Material 2). As in previous
studies, we found that predictions of latitudinal transfer distance
suggest that northward transferred material would achieve a
greater height than local provenances, given increased GDD5
at the planting site (Rehfeldt et al,, 2002; Reich and Oleksyn,
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FIGURE 4 | Likelihood of tree height increase for Scots pine within its distribution range in Spain under future climate scenarios in comparison to that of the
reference period (1961-1990). The probability was assessed as the agreement among five GCMs within each RCPs on tree height increase based on model
predictions for RCPs 2.6 (A), 4.5 (B), 6.0 (C), and 8.5 (D). All locations where environmental variables exceeded those of the model data range according to at least
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2008; Berlin et al,, 2016). However, at the extreme leading
margin where temperatures are low, the model suggested that
provenances with very small transfer-distances would be best
adapted with respect to tree height. It should, however, be
cautioned that transfer distance curves for the Nordic model
had a very slight curvature suggesting that adaptational patterns
were not sharply expressed and that, in many situations, a
wide set of provenances would be likely to perform well at any
given planting site.

The literature search showed that in southern and central
areas of Europe, the effect of drought on Scots pine growth
is not latitudinally driven, but depends on soil fertility, site
topography and tree growth in the pre-drought period (Bose
et al., 2020). Earlier assessments of future climate change suggest
that drought could also become an important driver of Scots pine
growth in lowland areas in north-western Europe (Petr et al,
2014). Recent work suggests that Spanish plantations show a
great capacity to adapt to local climate conditions (Vizcaino-
Palomar et al., 2019), and that provenances from wetter sites
in particular are expected to demonstrate resilience to drought
and show increased growth under warmer conditions (Rubio-
Cuadrado et al., 2020). Maximum temperature of the warmest

month can also be an important driver in southern Europe,
with populations able to cope with a wider range of maximum
temperatures expected to be more likely to survive under climate
warming (Valladares et al., 2014). Scots pine populations at the
trailing edge of the range can adapt to drought, as was confirmed
by our Spanish model, adapted from Vizcaino-Palomar et al.
(2019) to be comparable to the Nordic one. The main change
was that the climate of the site and the provenance were
independent drivers in Vizcaino-Palomar et al. (2019), whereas
the model presented here combined these in a transfer distance.
In our Spanish model the peaks of the SHM-transfer distance
curves were generally close to the SHM index experienced at
the planting site, suggesting close-to-local adaptation by SHM.
This suggests a certain resilience to future increased SHM-
values associated with drier site types, and agrees with the
results of some previous studies (Vizcaino-Palomar et al., 2019;
Rubio-Cuadrado et al., 2020).

The notable discrepancies in marginal and conditional R?
between the Nordic and Spanish models are mostly due to the use
of transfer distances that combine the climate of the provenance
and the climate of field trial instead of using them separately in
the model. As such, previous models based on the same data but
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FIGURE 5 | Coefficients of Variation (CoV) calculated for Scots pine tree height predictions across the Nordic and Spain study areas respectively where the standard
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calibrated with the climate of the field trial and the provenance
independently (i.e., without using the transfer distance), showed
higher statistical performance (Vizcaino-Palomar et al.,, 2019)
than results presented here. Thus, this difference in statistical
performance is likely due to the use of the transfer distance, a
useful variable for estimating the odds of a population to survive
in different environmental conditions, but difficult to interpret in
biological terms as it merges the climate of the field trial (that
we can attribute to the effect of phenotypic plasticity) and the
climate of the provenances (that we can relate to the genetic effect
of the provenance).

Prediction Uncertainty With Respect to
Different Climate Change Projections

The most fundamental issue linked to adaptation and resilience
to climate change is related to the question whether tree height at
a predetermined age would increase or decrease at the northern
and southern margin regions of the Scots pine distribution and
whether this is subject to considerable uncertainty dependent
on the variation in climate change projections. To address this
question, we used a classification method based on climate
projection data from five GCMs (within an RCP), agreeing
or disagreeing with the notion that tree height will increase
under a future climate. Varying classifications among GCMs
constitute a useful measure of prediction uncertainty, whereas

agreement among classifications suggests a greater likelihood
of tree height increase. To our knowledge, such an approach
has not been used to assess prediction certainty/uncertainty for
tree species in boreal or temperate regions, although a similar
method was used to determine the impact of climate extremes
on a broad European range of environmental situations (Lung
et al,, 2013), and on climate change impact on a tropical rubber
tree species (Hevea brasiliensis, Golbon et al., 2018). In addition
to addressing such a dichotomous question as presence/absence
or height increase/decrease, it is also important to evaluate
a quantitative degree of uncertainty in the magnitude of tree
height increase/decrease. For this purpose, we opted to use
the percentage coeflicient of variation in order to quantify the
prediction uncertainty among GCMs.

In the Nordic region, the results of this study suggest that
Scots pine tree height will increase in the 2070s as a result of
warming temperatures (higher GDD5) in comparison to the
reference climate period. This prediction was stable across the
entire Nordic region and did not vary with RCP or GCM,
thus giving an impression of great certainty at first glance. This
observation agrees with a series of ecological model simulation
studies separately performed for Sweden (Bergh et al., 2010)
and for Finland (Torssonen et al., 2015; Kellomaki et al.,
2018), where the growth of Scots pine was expected to increase
regardless of climate change scenario or timespan based on
increasing GDD5, along with site factors such as soil moisture,
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FIGURE 6 | Coefficients of variation (CoV) for Scots pine tree height among GCMs, calculated for each 1 km x 1 km prediction and for each RCPs 2.6 (A), 4.5 (B),
6.0 (C), and 8.5 (D) in the Nordic region. All locations where environmental variables exceeded the model data range according to three GCMs or more have been

dimmed in semi-transparent gray.

nitrogen availability and within-stand light. When considering
the magnitudes of the predicted tree height increases, however,
we observed substantial variation (i.e., uncertainty) both spatially
across the Nordic region and connected to GCMs and RCPs.
Given a situation where all predictions were considered, the
uncertainty in magnitude also appeared to be greater for high
emission RCPs (e.g., 8.5) than for low emission RCPs (2.6).
From a quantitative perspective our results suggest considerable
variation and uncertainty for the Nordic region with respect to
the magnitude of tree height increase among differing climate
scenarios. In summary, our results indicate that Scots pine height
growth in the Nordic region will benefit from climate change.
However, considerable uncertainty was revealed in the extent and
magnitude of that potential climate change benefit.

For Spain, our model predictions indicated greater uncertainty
with respect to whether future Scots pine tree height would
increase or decrease as a result of climate change, compared to the
Nordic model. Some areas in northern Spain showed increases in
future tree height, and other areas in central and southern Spain
showed tree height decreases. However, the observed patterns
did not vary much across emission scenarios (RCP) and in

quantitative terms prediction variation, and thereby uncertainty,
was small both with respect to spatial predictions and across
different GCMs. This agreement of predictions suggests that even
though there is some uncertainty whether Scots pine provenances
will remain adapted to their Spanish range under a future climate,
the quantitative consequences of climate change will be limited.
It should be cautioned that soil physical and chemical properties
might interact with climatic factors, providing the detailed site
conditions that maintain a site suitable for Scots pine resilience
into the future (Mathys et al., 2014; Redmond et al., 2015).
However, our study did not take account of local variation
in site soil conditions. The cautious predictions reported for
Spain in our study contrasts considerably with an Europe-wide
analysis of radial growth which suggested that climate suitability
for Scots pine will decline in central Europe (Bombi et al,
2017). In particular, this study observed that the most extreme
climate GCMs included were coherent with observed trends from
dendrochronological data. However, the use of Ecological Niche
Modeling (ENM) which relies on static species distribution data
means that these stark findings do not account for potential
local adaptation or plasticity that are both included in our
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models. Our results are nevertheless in agreement with another
dendrochronological study that specifically covered the Spanish
region and which also indicated some resilience of a central
Spanish provenance to very dry conditions to which it was
expected to be maladapted (Rubio-Cuadrado et al., 2020).

Prediction Uncertainties With Respect to
Model Extrapolations

Apart from the uncertainty connected to the multitude of climate
projection scenarios and their accuracy, the limitations of the
applied linear mixed-effects models also have to be considered.
A particular concern is that even predictions created by well
developed and accurate models are subject to considerable error,
and thereby uncertainty, if applied to climatic conditions outside
the data range used for model development. Such problems of
model limitation and extrapolation are relevant across several
scientific fields that develop and utilize statistical models for
prediction (see e.g., Miller et al., 2004; Stohlgren et al., 2011).
Given the environmental conditions used for developing our
adaptation transfer models, it is unlikely that extrapolation
would be necessary because a wide variety of environmental
conditions at field trial and provenance locations were studied.
Nonetheless we observed that future climate change per se will

create environmental conditions that necessitate extrapolated
predictions provided that current height prediction models are
used. We determined the extent of this issue and how its
severity increased with increasing GHG emissions (i.e., RCP
scenarios). For the Nordic region, we identified increasing
GDDS5 as the main reason for prediction extrapolation. For the
areas where the majority of GCM predictions were made by
extrapolation, there can be uncertainty about prediction quality
even when GCM agreement is formally unanimous. For Spain,
increasing temperature differentials, and to a limited degree
increasing SHM, appeared to be the cause for extrapolated
predictions. These increased temperature differentials may be
linked to increased continentality as predicted for southern
Europe (Szabo-Takacs et al., 2015).

Given our findings it is reasonable to believe that the
uncertainty and errors due to extrapolation in turn acts as a
multiplier of the uncertainties connected to the variation in
climate change scenarios previously discussed and may also result
in systematic biases. In practical terms this presents a trade-off
dilemma for foresters and tree ecologists because, on one hand,
they need predictions of tree adaptation in order to assess the
species resilience to climate change, while on the other hand,
extrapolations which threaten model prediction accuracy and
precision should always be avoided from a strictly conservative
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perspective. As a compromise, we present predictions that often
are extrapolated, but we also explicitly highlight this type of
uncertainty thereby making it possible to localize the issue. In
the longer term, we instead emphasize increased provenance field
testing throughout large environmental gradients including those
outside the species range as a remedy. For the Nordic region,
our results suggest that collection, collation, pre-analysis and
modeling of additional data from field trials experiencing higher
temperatures than what is currently included would result in
improved models. For Nordic tree height models, it would also
be possible to formally test climate variables that are currently
employed in corresponding Spanish tree height models. For the
Spanish model, our results also indicate that field trials located
at sites experiencing greater temperature differentials would be
useful in order to improve models and to reduce prediction
uncertainty, although trees planted within very dry regions
may not survive.

Other Uncertainties
For the purpose of this study, we used tree height as a proxy
trait for tree fitness and using this trait we have illustrated
climate associated prediction uncertainties. However, we are well
aware that tree height growth only partially accounts for overall
health, fitness and resilience of Scots pine. Seedling stage survival,
phenology, water use efficiency, radial growth, fertility and
resistance to pests and pathogens are additional and important
aspects of fitness. Some of these traits are more or less important
at the northern and southern margins, respectively. In the Nordic
region, it is well known that early-life hardiness (i.e., seedling
survival) is a crucial character in the face of a cold environment in
general (Persson and Stéhl, 1993; Berlin et al., 2016), especially in
the far North (LAT > 65°N) and at higher elevations (>400 m
asl) where GDD?5 historically is low (<800 day°C). In Spain,
Scots pine survival analyzed from the same network of field
trials and provenances was predicted to decrease in most parts
of the species range, including the northern part of the range
(Benito Garzon et al., 2011; Valladares et al., 2014), suggesting
a likely trade-off between survival and growth in northern Spain
that may lead to a less optimistic future than that shown here.
This demographic compensation is a common phenomenon at
the species margins (Doak and Morris, 2010; Benito Garzén
etal., 2013; Peterson et al., 2018), where populations are expected
to reach their tolerance limits and may present maladaptation
(Fréjaville et al., 2020). If such additional measures of fitness
are taken into account they may affect the assessment about the
outlook of the species and the uncertainty of our predictions.
Another dimension of uncertainty is that the use of broad
average-based and persistent climate variables based (e.g.,
temperature, precipitation, GDD5, SHM, etc.) overlooks the
potential impact of extreme events and calamities that may occur
sporadically but which may have a profound impact on Scots
pine survival and health in general, and increases the uncertainty
of predictions. For Scots pine, such extreme events could be
storms, forest fires and attacks by various pests and pathogens
(Lung et al.,, 2013; Allen et al., 2015; Seidl et al., 2017; Seidel
etal., 2019). The prediction of stochastic extreme events is not as
straightforward as the use of topographically downscaled climate
data, based on averages of 30-year periods, which we used here.

Extreme climatic events are more likely to be brief and could be
extremely localized, thus requiring meteorological assessments
made at an hour-by-hour resolution and which might have to
target a different height above the ground than the classically
used 2 m (e.g., Svystun et al., 2021). The impact of extreme events
is also difficult to integrate into the classical adaptational model
framework, but has been framed by Seidl et al. (2017).

Conclusion and Future Perspectives

In summary, the GCM-agreement results of our study suggests
that Scots pine tree height will increase with great certainty
in the Nordic region as an effect of climate change, while
predictions of tree height in Spain under a future climate are
more varied, and therefore uncertain with respect to increase
or decrease. Coefficients of variation for tree height predictions
in the Nordic region among climate scenarios were, however,
considerably high, thereby suggesting uncertainty to the extent
of predicted tree height increase and hence implying uncertainty
in a quantitative sense. Conversely, coeflicients of variation,
spatial and among climate scenarios, for the Spanish region
were consistently low thereby indicating limited prediction
uncertainty. If taken at face value, prediction of future tree height
in the Nordic region and in Spain appears to be subject to
only low-to-moderate degrees of uncertainty if we only consider
the variety of available climate change projections per se. For
Scots pine in the Nordic region, climate change appears to
have a predominantly positive influence and there were no
obvious indications of threats against Scots pine adaptation and
resilience. This was also the case in Spain except possibly for
the southernmost Andalusian refugium. However, demographic
compensation due to a likely decrease in population survival as a
consequence of frost hardiness at the leading edge and drought at
the trailing edge would reduce the odds of marginal populations
to inhabit these regions in the near future.

Furthermore, our results showed that climate change will
cause tree height model predictions to be increasingly based
on extrapolation both in the Nordic and Spanish region. Our
interpretation is that uncertainty due to extrapolation is the
most important source of uncertainty with regards to future
environmental conditions and this type of uncertainty is also
more difficult to properly quantify. By using the method of
GCM-agreement, we were nonetheless able to illustrate the
geographical extent of uncertainty due to model extrapolation
and thus assess the extent of the issue. However, in order to better
account for model extrapolation uncertainty, we encourage more
international collaboration to share datasets from larger networks
of field trials throughout the Scots pine distribution range. Such
model integration would then encompass data spanning a greater
variety of environmental and climatological conditions thereby
decreasing the need of extrapolated predictions. Nonetheless
some extrapolation will still be unavoidable due to novel
climates appearing.

Our attempt to review and model tree height with different
adaptation drivers at the leading and trailing edge of Scots pine
highlights the difficulty to apply range-wide models to a species
with marked local adaptation to different conditions across its
range. Furthermore, it suggests that new generation models
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accounting for Scots pine adaptation at large geographical scales
under new climates would need to integrate fitness-related traits
other than tree height, account for the risk and severity of extreme
events and calamities induced by climate change and the odds of
populations to adapt to them.
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