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(Fagus sylvatica) by genomic
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Current climate change species response models usually do not include
evolution. We integrated remote sensing with population genomics to improve
phenotypic response prediction to drought stress in the key forest tree species
European beech (Fagus sylvatica L.). We used whole-genome sequencing of
pooled DNA from natural stands along an ecological gradient from humid-cold
to warm-dry climate. We phenotyped stands for leaf area index (LAI) and
moisture stress index (MSI) for the period 2016-2022. We predicted this data
with matching meteorological data and a newly developed genomic population
prediction score in a Generalised Linear Model. Model selection showed that the
addition of genomic prediction decisively increased the explanatory power. We
then predicted the response of beech to future climate change under
evolutionary adaptation scenarios. A moderate climate change scenario would
allow persistence of adapted beech forests, but not worst-case scenarios. Our
approach can thus guide mitigation measures, such as allowing natural selection
or proactive evolutionary management.

KEYWORDS

PoolSeq, sentinel, evolutionary rescue, forest resilience, conservation genetics,
landscape genomics

Introduction

While the anthropogenic greenhouse gas emission driving global warming continues
more or less unabated (Friedlingstein et al., 2022), our understanding of climate change
impacts on biodiversity and how to potentially mitigate its consequences, is not keeping
pace (Jaureguiberry et al., 2022). However, accurately predicting the outcomes of climate
change for ecological keystone species, including evolutionary processes, is especially
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important because entire ecosystems and the benefits they provide
to humanity rely on their persistence.

The European beech, Fagus sylvatica L., is playing a significant
ecological role as beech forests provide a habitat for over 6,000 plant
and animal species (Brunet et al.,, 2010; Dorow et al., 2010). Beyond
the key position in European woodland ecosystems, the importance
of beech for ecosystem services, the economy and society can hardly
be overestimated (Elsasser et al., 2021). Therefore, ancient and
primeval beech forests of Europe are listed as UNESCO world
heritage (Heim et al., 2018). Tts distribution is mainly limited by
water availability, as the tree cannot tolerate extended wet or dry
conditions (Sutmoller et al., 2008). Recent drought years have had a
severe impact on the beech trees in Germany (Paar et al., 2019),
severely damaging or killing locally up to 7% of trees. As previously
shown (Bressem, 2008), it was primarily medium to old-aged
beeches that were affected by drought stress. However, this
mortality might occur only many years after the actual drought
event (Leuschner, 2020). Accordingly, the German forest inventory
data shows continuously increasing beech mortality, while mortality
of most other assessed tree species has been declining again.
However, local populations vary in tolerance to drought (Harter
et al., 2015; Bolte et al., 2016), and the impact on individual tree
vitality depends at least partially on their genomic composition
(Pfenninger et al.,, 2021). Because prolonged drought periods are
predicted for the decades to come (Christensen et al., 2007), the
species may severely suffer under future climatic conditions
(Sutmoller et al., 2008). Accurate predictions of climate change
impacts on beech forests are therefore urgently needed for the
development of efficient mitigation strategies.

Several recent contributions identified evolutionary genomics as
a fast and efficient approach for accurate predictions of climate
change impacts on species (Waldvogel et al, 2020). These
approaches suggest mainly genomic environmental associations
(GEA) to identify genetic variation associated with environmental
gradients and then predict either their spatial shifts or (mal)
adaptation (Capblancq et al., 2020). These approaches rely on two
crucial assumptions. First, it is supposed that a linear or continuous
relation between the frequency of the genetic variants underlying
the trait and the selectively relevant environmental variation exists
(Zheng et al.,, 2020). However, it has recently been shown that the
variants underlying a continuous, additive, quantitative polygenic
trait need not follow a clinal pattern (Lotterhos, 2022). This is the
case even if the trait perfectly co-varies with the selectively relevant
environmental gradient, because intermediate phenotypes of even
moderately polygenic traits can arise from thousands of different
genotypes. Consequently, the expectation of continuous allele
frequencies along environmental gradients may lead to the
identification of false positives (Lotterhos, 2022). As most traits
have a polygenic basis (Mathieson, 2021), this finding appears to be
a serious challenge for GEA.

The second critical assumption is that the populations screened
are locally adapted to their position on the environmental gradient
(Capblancq et al., 2020). This assumption may be violated, because
anthropogenic climate change is ongoing, and depending on
evolutionary potential, life-span etc., the populations currently
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assessed may already be mal-adapted (Brady et al, 2019). This
could be especially true for species living long enough to actually
experiencing climate change instead of weather dynamics. A lack of
local adaptation may arise from the partial management many
species of human interest, like forest trees or otherwise exploited
species, are subjected. Local populations could thus have been
restocked, planted, selectively harvested or otherwise managed,
not allowing them to adapt to local conditions (Frank et al,
2017). This could be particularly relevant for beeches, as many
current forests in Europe have emerged from afforestation (Brunet
et al,, 2012).

The prediction of climate change responses of key phenotypic
traits may be an alternative approach. The variation in most
quantitative traits has both an environmental and a genetic
component (Walsh and Lynch, 2018). If the genetic basis of the
trait is known, a validated polygenic or genomic prediction score
composed of the weighted sum of associated alleles can be
calculated from the respective multilocus genotype at the
identified trait loci (Dudbridge, 2013). If estimates of a
phenotypic reaction norm and a genomic prediction score are
available, prediction of the trait response under not yet observed
environmental conditions should be possible (Arnold et al., 2019).

We propose here a climate change prediction approach for F.
sylvatica based on genomic prediction (GP) of drought resistance as
a key phenotypic trait drawing on the recent identification of the
genomic basis of drought resistance in beech (Pfenninger et al.,
2021). We extend the genotype-based GP model to population allele
frequency data. We include relevant weather observations for the
period 2016-2022 as environmental data to validate the model and
explain observed phenotypic data from genotyped beech stands
obtained by remote sensing for 15 beech populations across
Germany. This validated model was then used to predict drought
response to future climate scenarios under three different
evolutionary adaptation scenarios, i) no adaptation at all, ii)
observed rate of adaptation among growth classes and iii)
evolution of maximum observed drought resistance
(Supplementary Figure 1).

Results
Long-term climate and weather

Long-term climate data (1970 - 2000 (Fick and Hijmans, 2017))
during the vegetation period (Apr - Sep) ordinated the sampling
sites (Table 1, Figure 1A) along two supported axes in a PCA. PCA1
(69.7% of variance) opposed warmer and cooler sites, while PCA2
(17.6%) distinguished between wet and dry sites (Figure 1B). Since
the difference in precipitation was not substantial among the
warmer sites, we applied PCA1 as predictor for summer drought
risk and thus local adaptation.

Weather data from German Weather Service (DWD) varied
strongly during the observation period (2016-2022) from year to
year and from site to site, as the plot of the annual PCA1 site score
means (89% of variation) showed (Figure 1C). The summers of
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TABLE 1 Sampling sites.

10.3389/fevo.2025.1704275

NIG] Location name Federal state Origin Latitude Longitude

CUN Cunnersdorf Sachsen autochthon 50.8462 14.1366
KAR Karlstadt (Arnstein) Bayern autochthon 49.9659 9.7541
KAU Kaufbeuren Bayern unknown 479155 10.5812
KST Konigstein (Romberg) Hessen autochthon 50.1917 8.4575
LAN Langen Hessen planted 49.9964 8.6398
LBA Langenbrettach Baden-Wiirttemberg unknown 49.1991 9.3584
MAR Marxzell Baden-Wiirttemberg autochthon 48.8354 8.4239
MOG Mockrehna (GB) Sachsen unknown 51.5614 12.7466
MOM Mockrehna (marginal) Sachsen unknown 51.5625 12.7485
OES Ostringen Baden-Wiirttemberg autochthon 49.1979 8.7473
OTT Ottendorf Sachsen autochthon 51.2196 13.8383
SEI Seilershausen Bayern autochthon 50.0721 10.4299
TAU Tauberbischofsheim Baden-Wiirttemberg unknown 49.6064 9.6542
ULM Ulm Bayern planted 48.4559 10.066
WUR Wurzelberg Thiiringen planted 50.5029 11.035

2016, 2017 and 2021 were relatively cool and wet, resembled much
more the long-term climate 1970-2000 period, and therefore served
as baseline in analyses. The vegetation periods in the years 2018,
2019, 2020 and 2022 were in comparison characterised by unusual
drought, i.e. higher temperatures and less precipitation.

Genetic variation and population structure

We obtained a mean sequencing coverage of 40X from 15
population pools with 48 canopy forming individuals each, i.e. 720
individuals. We scored about 2.6 million high-quality SNPs. Mean
nucleotide diversity m within sites was 0.0080 (s.d. 0.0007)
corresponding to one SNP per 125 base pairs. Mean theta © was
0.0086 (s.d. 0.0008). Assuming a seed-to-seed mutation rate in the
order of 2 x 10-° gave an estimated effective population size N, of
about 10°. Mean Fgp of all pairwise comparisons in 33,768 1kb
windows was 0.039 (s.d. 0.009). This was in the range of different
age classes within two of the sites (LAN and KST, Figure 2A).
Correlating the genome-wide mean Fgr among sampling sites with
the geographic distance yielded no indication for isolation-by-
distance (Mantel’s test r = -0.11, p = 0.786, Figure 2B).

Genomically predicted population
phenotypes

We used estimated allele frequencies with the genotypic
prediction weight matrix of 46 trait associated SNP loci
(Pfenninger et al,, 2021) to predict the phenotypes of 10,000
individuals from their simulated genotypes. The predicted

Frontiers in Ecology and Evolution

drought phenotype score (termed PDPS hereafter) ranged from
0.599 (MOG) to 2.572 (MOM) with an average of 1.569 (s.d. 0.555,
Figure 2D, Supplementary Figure 2). Distributions for all assayed
sites were more or less normally distributed, which made the mean
a useful statistic. Assuming that individuals with a phenotypic score
of zero or less are resistant to drought conditions, the expected
proportion of non-susceptible trees ranged from 25 - 45%, with a
mean of 32.8%. The PDPS distribution based on the mean allele
frequencies over all sites had a mean of 1.556 (s.d. 2.359) and ranged
from -7.02 to 13.43. The realized predicted scores of 200
phenotyped and genotyped individuals (Pfenninger et al, 2021)
showed that scores below -2.83 and above 3.3 were not observed in
the natural sample (Figure 2C).

Three of the 46 predictive loci showed a significant correlation
(r > 0.5) of allele frequencies with either PDPS or drought risk score
(Supplementary Figure 3). However, 445 out of 29,774 (1.5%)
randomly chosen, highly differentiated (minimum allele frequency
difference of 0.6 between two or more sites), unlinked SNPs showed
a correlation of r >= 0.5 with the environmental gradient and were
thus potential false positives.

Local adaptation to drought risk

There was no correlation between PDPS and the long-term
summer drought risk at the sites (r = 0.085, p = 0.93, Figure 2E).
PDPS at the autochthonous stands alone did also not conform to
expectations of local adaptation (Figure 2E). The patterns of PDPS
distributions among growth classes differed. At the LAN site, the
youngest (JW) growth class and the oldest class, the canopy forming
trees (CT) showed very similar distributions except for the most

frontiersin.org


https://doi.org/10.3389/fevo.2025.1704275
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Pfenninger et al.

10.3389/fevo.2025.1704275

a3} s b)
53°N~ © 375]
2 gKAU
3.004
52°N o
[O)
E
£ 51°N+ .
- o
~
b p
el g 75 60 45 30
O
o
49°N
.1 oM
i SEI
@WUR @ -2.254
48°N
7 -3.00
6°E 8°E 10°E . 12°E 14°E cool PCA1 69.7% warm
Longitude
c ) g 0.54 A0
KAU WUR
g
& KAU
®
g 0.04 Ty KAU
S MAR il
8 WUR KaY MAR
c -0.51 uLm KSI. KST  CUN KAU
o KST uLm
GE) CUN MAR: WUR WUR
O=S s CUN WUR SEI
< 10 e MAR TAU
< A uLm OES CUN
O TAU LAN KAU um LSI' o o
KST
. orr SE L::‘A %E'r; WUR el Gy MOG  MOM o
KAR i OES CUN il
s 1.5 MM MAR ~ KST MAR SEI
9} MoG s LBA
IS uLm sEl  KST OES
TAU TAU
g MOM sEl TAU KAR Tau oTT OTT KAR
MOG
2 Kar  CUN LAN I | ey LA
2 -2.01 OES |BA an. MOM moG o
S ont MoG
LAN LAN
2 MOG MoMm
2 | I _Mom [ ' ' '
2016 2017 2018 2019 2020 2021 2022
Year

FIGURE 1

(A) Geographic distribution of sampling sites the shading indicates the position of the sampling site on the climate gradient shown in (B) PCA of
long-term climatic data during the vegetation period for the sampling sites. Contributing vectors of the climate variables (prec = precipitation,
temp = temperature in the respective months, bio = BioClim variable) (C) Annual means of PCA-scores on meteorological data during the
vegetation period (May-Sep) for the sampling sites for each year 2016-2022. Higher values indicate cooler and moister years.

drought-susceptible trees. The intermediate (SH) class had much
more drought resistant predicted phenotypes. Its PDPS was one
unit or 0.41 Haldanes (a shift in population mean expressed in
standard deviations) smaller (Figure 2F). At the KST site, the CT
class was the most drought resistant, while the younger classes
showed more susceptible phenotype distributions. Over all classes,
PDPS level at the KST site suggested a higher predicted drought

resistance (Figure 2F).
Results from remote sensing

Remote sensing yielded 955 measurements of canopy leaf area
index (LAI) and moisture stress index (MSI) in the vegetation

Frontiers in Ecology and Evolution

04

periods 2016-2022 for the 15 sites (~9 observations per year and
site). The overall observed mean LAI was 2.66 (s.d. 0.50) with a
range from 1.28 to 4.80 and 0.67 (s.d. 0.07, range 0.29 - 1.02) for
MSI. The means per vegetation period differed systematically
among years and among sites for both parameters (Figures 3A,
B). Within each year, mean LAI tended to decline over the
vegetation period, independent of weather conditions (mean
0.98, s.d. = 0.51,
Figure 3C). An increasing, but weaker trend was observed in MSI

decrease between maximum and minimum =

means (Figure 3D).

During 2016 and 2017, serving as non-drought baseline, the 1%
quantile LAT for all individual pixels was 1.4, suggesting that values
below this threshold were likely drought induced. Over the
observation period, almost a third of pixels (0.328, s.d. 0.321) at
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classes at the sites KST and LAN. (B) Site pairwise Fsts against geographical distance between them. Mantel's test showed no significant relation
between Fsts and geographical distance (r = -0.226, p = 0.34). (C) Frequency distribution of predicted phenotype scores of 10,000 simulated
individuals from overall allele frequencies at 46 predictive loci. Individuals with predicted phenotype scores below -2.83 and above 3.3 (within
dashed rectangles) were not observed in nature. (D) Cumulated percentile distributions for genomically predicted phenotype distributions of the
canopy forming beeches at the sampling site. Lower values indicate a larger proportion of drought resistant phenotypes. (E) Plot of long-term
drought risk against PDPS. The blue line represents the overall linear regression, the black line the relation for autochthonous stands (black points)
only, the dashed line for planted (white points) and unknown (grey points). (F) Comparison of predicted phenotype distributions among growth
classes at the sites LAN (above) and KST (below). The black lines indicate canopy forming trees (CT), the grey dashed lines established trees not yet
reaching the canopy (SH) and the blue line undergrowth below 1 m height (JW).
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FIGURE 3

(A) Stand-wide mean Leaf Area Index (LAI) data from Sentinel2 satellites during the vegetation period for the sampling sites in the observation period
2016-2022. Higher values indicate denser foliage. (B) likewise for Moisture Stress Index (MSI). Higher values indicate more water stress. (C) Mean
temporal trajectory of LAl from May to September during the period 2016-2022. (D) Likewise for MSI.

all sites showed LAI < 1.4 at least once. The sites were highly
differentially impacted (range 0.02 (KST) to 0.93 (WUR)). For

pixels which showed an LAI of less than 1.4 for two or more

years in a row, an MSI of 1.2 or more was measured in the first year,

suggesting that this threshold induced long-term damage.

Frontiers in Ecology and Evolution

Inference of fitness-relevant drought stress
response thresholds

Satellite images and spatial projections of LAI and MSI revealed

that the response of beech trees to the same drought conditions
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differed strongly within sites (Figures 4A-C). While the majority of
pixels were not drought affected, retaining high LAI and low MSI
values, few strongly affected trees over-proportionally influenced
respective stand means.

The temporal trajectory of an exemplary single pixel showed
that MSI remained about constant in 2016 and 2017 (non-drought
baseline), as well as in early 2018 (Figure 4C). During the same
period, LAI varied independently of MSI according to the seasonal
pattern (Figure 4C). However, as MSI rose over a certain threshold
during the 2018 drought, MSI and LAI started to covary
(Figures 4C, D).

Plotting the percentage of pixels with LAI < 1.4 against mean
MSI revealed a significant change in slope (Figure 4D). Segmented
regression provided a significantly better fit to the data than a linear
model (t = 30.496, d.f. = 876, p < 2.2 x 107). At 0.544 (s.e. 0.005),

10.3389/fevo.2025.1704275

the slope estimate increased from 5.1 (s.e. 6.9) to 214 (s.e. 10.1). A
mean MSI threshold of 0.625 marked the onset of longer lasting
drought damages (%pixels with MSI > 1.2, Figure 4E). Below this
threshold, the slope was -0.44 (s.e. 0.41), above 51.8 (s.e. 2.22, slope
change t = - 5.464, d.f. = 718 p < 6.4 x 107®).

Model selection of phenotypic drought
response model

A GLM with the explanatory variables soil moisture, mean daily
temperature in the month of observation, mean daily maximum
temperature and the day of the year provided the best model fit for
both response variables (LAI, MSI) with an AAIC of more than 10
units compared to the next best model (Table 2). However,
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FIGURE 4

Damage threshold inference. (A) High resolution satellite image of an exemplary site (KST) (B) Spatial visualization of MSI (above) and LAl (below) at
KST in pixels of 10 x 10 m for a number of chosen dates. (C) Exemplary temporal trajectory of LAl (white) and MSI (black) of a single pixel at site LAN.
LAl and MSI became correlated only after the 2018 drought. (D) Plot of stand-wide mean MSIs against the proportion of pixels in all stands with a LAl
below 1.4. Values below this threshold indicate drought-induced leaf-loss. The blue line indicates the best fit of a segmented regression, the dashed
line shows the inferred break-point (0.544). (E) Plot of stand-wide mean MSIs against the proportion of pixels in all stands with a MSI above 1.2.
Above this value, long-term leaf-loss occurs in the respective pixels. The blue line indicates the best fit of a segmented regression, the dashed line

shows the inferred break-point (0.625).
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TABLE 2 Model selection results.

10.3389/fevo.2025.1704275

Factor Coefficient estimate  s.e. t-value Pr(>|t|)

(Intercept) 2.880 0.240 11.998 <2t
Soil moisture 0.009 0.001 7.622 6.29¢*
Mean daily temperature -0.009 0.003 -3.470 0.000545
Mean daily maximum temperature 0.011 0.002 4.912 1.07¢%
Day of the year -0.008 0.000 -21.342 <2e-16
AIC 775.95 907 d.f

(Intercept) 2.961 0.242 12242 <2.00E™*®
Soil moisture 0.008 0.001 7.657 8.60E "
Mean daily temperature -0.008 0.003 -3.217 0.00134
Mean daily maximum temperature 0.01 0.002 4.674 3.40E°
Day of the year -0.008 0 -21.302 <2.00E'®
PDPS -0.051 0.021 -2.368 0.01808
AIC 77232 906 d.f.

(Intercept) 6.14E! 4.17E 14.7 2.00E*®
Soil moisture 220E 2,02 -10.9 2.00E ¢
Mean daily temperature 321E” 4.39E 7.31 5.83E"
Mean daily maximum temperature 291E” 3.86E* -7.52 129"
Day of the year 6.41E 6.87E 9.32 2.00E"¢
AIC 24182 907 d.f.

(Intercept) 5928 4.18E 14.154 2.00E*®
Soil moisture 220E 2.01E™ -10.97 2.00E ¢
Mean daily temperature 3.04E 4.38E 6.942 7.38E"2
Mean daily maximum temperature 2.77E% 3.85E* -7.184 1.42E"2
Day of the year 6.32E 6.83E° 9.257 2.00E¢
PDPS 1.38E % 371E% 3.708 0.000222
AIC -2430.0 906 d.f.

The upper table shows the results with leaf area index (LAI) as response variable, below are the results for moisture stress index (MSI).

calculating variance inflation factor indicated high collinearity
between the temperature variables. This may lead to unreliable
coefficient estimates, but does not compromise the predictive power
as main purpose of the model (Kim, 2019). Adding PDPS as a
variable explained the variance in LAI moderately better (AAIC =
-3.63, Table 2). Environmental variables cumulatively explained
67.1% of variance, genomic prediction 11.4%, while 21.5%
remained unexplained. For MSI, inclusion of PDPS made the
model decisively better (AAIC = -11.2, Table 2). Genomic
prediction explained 14.8%, while environmental variables
accounted for 65.9%, leaving 19.3% unexplained. Of this residual
variation, 29.5% (= 5.7% of total variance) was explained by fixed
differences among sampling sites (ANOVA: F = 14.89, p = < 0.001).
Since the inclusion of statistical genomic prediction improved
model fit much more for MSI, we concentrated on this parameter
for future prediction.

Frontiers in Ecology and Evolution

Predicted drought phenotype response to
future climate scenarios

We assumed that populations are adapted to climate
conditions, if lasting damaging levels of moisture stress are not
regularly surpassed, as was the case for beech until a few years ago.
With no adaptation (PDPS unchanged) the long-term damage
mean MSI threshold values of 0.625 will be regularly surpassed in
the RCP 4.5 scenario for the decades 2041-2050 and 2091-2100
(Figure 5). Under adaptation scenarios corresponding to i) an
observed rate of phenotypic change (PDPS one unit lower) and ii)
evolution to the level of the currently best adapted site (PDPS 0.599
at all sites), the expected climate conditions will not exceed the
population’s drought tolerance (Figure 5). No adaptation scenario
tested will likely allow persistence under the RCP 8.5 scenario
(Supplementary Figure 4). The critical moisture stress threshold
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FIGURE 5

Predicted decadal mean MSI during the vegetation period (May-Sep) for future (2041-2050 and 2091-2100) climate scenario RCP 4.5 for all sites.
The shaded area covers two standard deviations of the predicted weather variance and thus the expected inter-annual variation for the MSI range.
The lower dashed blue line shows the stand mean MSI above which drought damage in leaf-cover can be observed. The upper dashed blue line
indicates the lower mean MSI threshold for serious, long lasting damage of beech trees.

will be exceeded in any case in every year at all sites even in the
decade 2041-2050.

Discussion

In this study, we integrated meteorological data, remote sensing
and population genomics to predict the phenotypic response of
European beech (F. sylvatica) forest tree stands to current and
future climate dynamics. Our results show that their persistence
under moderate climate change scenarios is possible if beech forests
evolve based on existing genetic variation.

A validated genomic prediction model for the phenotypic
drought response of beech individuals existed from a previous
study, allowing the calculation of a continuous expected drought
response score from the underlying multilocus genotype at
associated loci (Pfenninger et al., 2021). The current, population-
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based context required its extension to entire populations. As in the
calculation of expected heterozygosity (Fisher, 1923), estimated
allele frequencies gained from the PoolSeq approach at predictive
loci permitted calculation of a distribution of expected multilocus
genotypes. The locus weighing vector derived from the individual
genomic prediction model was then used to translate this
distribution of multilocus genotypes into a distribution of
predicted phenotypes. As with expected heterozygosity, this is
technically the expected phenotype distribution in the zygotes of
the next generation, but should also reflect the characteristics of the
current population. However, the estimates are based on genetic
variants that govern the phenotypic differences among individuals,
which may thus not account entirely for differences among
populations (Pfenninger, 2025).

We compared the expected phenotype distribution derived
from the allele frequencies over all stands with the range of
actually observed values of trees in nature (Pfenninger et al,
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2021) to infer the processes underlying phenotypic evolution. The
expected phenotype score distribution based on allele frequencies
was wider than the observed range in the field. In particular
individuals with increased drought susceptibility were missing in
field individuals, suggesting stabilising selection on this trait (Zhang
and Hill, 2005). Since the alleles associated with the drought
susceptible phenotype were often potential loss-of-function
mutations (Pfenninger et al, 2021), individuals with too many
of them and thus high score values likely died before
reaching maturity.

The predicted genetic component of phenotypic drought
response varied substantially among stands. The observed PDPS
ranged over almost two units; the largest difference was observed in
the two most closely neighbouring stands, MOG and MOM. To
illustrate the meaning of this difference, the expected proportion of
trees not susceptible to drought ranged from 25 - 45%. As these
simulated phenotype distributions are also an estimate of the
expected progeny, the results showed that even at the currently
worst genetically prepared site, a significant proportion of drought-
resistant phenotypes should occur in the next generations under
natural stand development conditions. The partially large difference
in PDPS among age classes (e.g. 1 unit or 0.41 Haldanes in the SH-
class at LAN) suggested that a substantial shift in trait mean and
thus better coping with future conditions is possible within a few
decades, potentially as a result of ongoing natural selection. Overall,
the results indicate that there is abundant standing genetic variation
at the relevant loci at all sites. It thus seems likely that there is ample
evolutionary potential for adaptation to more drought-resistant
stands, especially considering the large number of offspring
available for selection.

We could not detect any notable population structure among
the F. sylvatica stands in the surveyed area. While the estimated
mean Fgr of 0.039 was in the range of previous estimates
(Postolache et al., 2021; Lazic et al., 2024; Pfenninger et al., 2025),
this value is likely in part due to sampling variance and thus an
overestimate as the comparison with the differentiation among
growth classes within stands showed (Figure 4). As the effective
population size in F. sylvatica is large, drift should be negligible
among contemporary generations (Charlesworth, 2009). The
observed level of genetic differentiation within stands is therefore
mainly driven by sampling variance, i.e. the limited number of
individuals used to obtain the estimate (Meirmans and Hedrick,
2011). All stands sampled thus likely belong to the same, rather
weakly structured population. Absence of isolation-by-distance
supported this view. Reasons for this lacking population structure,
also observed in other studies on beech (Magri et al., 2006), are
likely wind pollination (Wang, 2004), partially over large distances
(Belmonte et al., 2008), but also management practices that
included long-range seedling and seed exchange, contributing to
genetic homogenisation (Antonucci et al., 2021; Kembryte
et al., 2021).

The effective absence of population structure, high genetic
diversity, wind pollination by many partners over large spatial
ranges, and extremely high number of offspring assure that most
genetic diversity in F. sylvatica should be practically present
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everywhere all of the time. Low LD and high recombination rate
quickly reshuffle beneficial (and deleterious) mutations by
recombination in the many offspring. Intense demographic
reduction from seed to seed (von Oheimb et al., 2005; Trotsiuk
et al,, 2012) with equally intense competition for light and space
(Piutti and Cescatti, 1997) will likely allow only individuals best
coping with local conditions to reach canopy height and therefore
permit swift adaptation in many independent trait dimensions
simultaneously and, at the same time, ensure efficient removal of
deleterious variation. One should therefore expect effective
adaptation to the local conditions (Kawecki and Ebert, 2004) in
beech, as is expected for other forest tree species (Savolainen and
Pyhjirvi, 2007).

Despite these excellent preconditions, no local adaptation to
drought risk was detectable in F. sylvatica. Neither the allele
frequencies at underlying loci nor PDPS correlated with long
term climate conditions predicting drought risk (Supplementary
Figure 3). This could have two, mutually non-exclusive reasons.
First, it is only in recent years that summer drought conditions may
have regularly exceeded the limits of the phenotypic reaction norms
allowing F. sylvatica to cope with environmental dynamics without
loss of fitness. Given the multi-decadal generation time in beech, the
period during which the increasingly changing selective climate
regime is in effect has been too short for the canopy forming trees to
adapt accordingly. Most of these beeches were already mature trees
during the climate reference period 1970-2000. The climate during
their youth and establishment phase was in most cases cooler and
moister than this reference period (Pfenninger et al., 2021). Even
though serious drought years occurred occasionally (e.g. 1976), the
current accumulation of these events is without precedent in recent
beech generations. Moreover, a longer, stable, much cooler and
wetter climate period, the Little Ice Age, lasting several beech
generations (Lamb, 1972), has likely shaped recent beech
evolution (Campbell and McAndrews, 1993), having rendered the
population probably evolutionary unprepared for the current
conditions. Second, many of the current canopy forming beeches
were actively planted and raised in the past. This may have
consequences for their evolution and adaptive capacity for several
reasons (Finkeldey and Ziehe, 2004). At planted stands, the
seedlings were raised under highly favourable conditions in tree
nurseries, thus avoiding environmental selection during
germination and initial, rather susceptible, growth stages. The
beechnuts for nurseries were in most cases gained from a limited
number of mother trees, which limits their genetic variability. The
mother-trees usually grow at highly favourable sites, i.e. under
rather relaxed selection. The number of seedlings planted is close
to the final number of adult trees the area can support, which means
that these individuals avoid the fierce interindividual competition
during natural regrowth. In summary, the crown trees of planted
stands derive from a limited number mother trees that were
themselves not adapted to the local conditions of the planting site
(Konnert and Haverkamp, 2016) and seedlings were randomly
chosen with regard to the local conditions and shielded from
selection in their early development (Brang et al, 2016). This
practice applies not only of F. sylvatica but many more forest
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species. Compared to autochthonous stands with natural regrowth,
they are therefore likely much less adapted to the local conditions
and genetically less variable (Zukowska et al., 2023).

Our results showed that both crucial assumptions for GEA - a
linear relation between relevant genetic and environmental/
phenotypical variation and local adaptation - were not met in the
present case. On the contrary, the search for the correlation of allele
frequencies with either environmental or phenotypic variation
likely would have produced much more false positives than truly
associated loci, thus confirming recent findings (Lotterhos, 2022).
Also the assumption of local adaptation may not be taken for
granted without proper validation (Capblancq et al., 2020, see
above). The framework introduced here could provide a feasible
alternative to the currently favoured approaches. Phenotypic trait
models such as the proposed one have the advantage that they can
be validated with contemporarily observed data in space and/
or time.

Remote sensing offers an opportunity for objective, comparable
long-term surveys of large geographical areas that would not be
realisable otherwise. The satellite observations of beech stands were
particularly valuable because they are a long-term measurement of
reactions to environmental change and thus represent phenotypic
reaction norms as a basis for modelling environmentally driven
responses (Arnold et al., 2019). Remote sensing observations of the
stands, with each pixel likely corresponding to the canopy of
individual trees, revealed a high spatial variability of response to
the same weather conditions. This pattern was corroborated by
previous visual observations of drought damaged trees often
neighbouring apparently vital ones in forests (Pfenninger et al,
2021) and high interindividual variability in drought response in
beech (Zang et al., 2014). Moreover, validation studies showed a
reasonable to good accuracy of satellite derived MSI estimates in
comparison to ground-truth data (Ayres et al,, 2021; Kostic et al,
2021), even though canopy-level indices estimate may not quantify
physiological stress of the entire tree. For useful evaluation of
predictions under future climate scenarios, it was therefore
necessary to find empirical threshold values of stand-wide mean
MSI above which severe damage for parts of the trees occurs.
Examining the temporal trajectories of individual pixels with large
variance in LAI at sites with known damages by the 2018/19 droughts
(e.g. LAN) suggested the existence of such thresholds (Figures 4D, E).

LAI values below 1.4 were almost never observed in any broad-
leaf pixel in the non-drought baseline years 2016 and 2017. The
percentage of pixels in a stand with values below this threshold
appeared therefore to be a good indicator for the extent of drought-
induced wilting or leaf-loss. Similar to the exemplary single pixel
response (Figure 4C), LAI did not react to changes in MSI below a
certain, site-independent threshold (0.544). Only above this value,
moisture stress increasingly induced measurable leaf-damage. This
suggests that this threshold is the phenotypic reaction norm limit to
water stress in the surveyed beech population. While the vitality loss
caused by mean MSI above 0.544 was reversible, values above 0.625
caused legacy effects that lasted over at least two years. Whether
these legacy effects are reversible or were caused by partial canopy
dieback or the entire tree, could not be inferred. Long-term vitality
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loss might be related to hydraulic system damage. Even though
early leaf senescence in F. sylvatica is thought to protect the
hydraulic system, loss of hydraulic conductance has been
observed in the wake of the 2018 drought (Schuldt et al., 2020).

Despite the partial drought-induced vitality loss in the years
after 2018 (Schuldt et al, 2020), the overall vitality status of
surveyed F. sylvatica stands was mixed. LAI dropped below the
critical damage threshold of 1.4 in up to 60% of the area at some
sites during some observations and in one particularly drought-
affected stand (LAN), more than 10% of the area was damaged for a
longer period of time (Figure 4. However, a rather surprising result
was that two-thirds of the total stand areas were never seriously
affected by drought stress throughout the observation period, i.e.
never had MSI values above 0.544.

Our approach was empirically confirmed by the fact that
addition of PDPS explained the phenotypic variance in drought
stress, measured as either LAI or MSI, significantly better than
environmental variation alone. The genetic component explained
with 11.4% (LAI), respectively 14.8% (MSI) a substantial part of the
phenotypic variance. It should be noted, though, that the results
presented here depend rather on loci identified from inter-
individual phenotypic differences. A recently introduced approach
relying on the differences in population means might highlight
different loci (Pfenninger, 2025). Only a small amount of variation
(5.7%) was explained by other systematic differences among the
sampling sites. Unmeasured environmental differences among sites
like e.g. soil composition, geological substratum or biotic
interactions (Leuschner, 2020) were therefore of minor
importance for the phenotypic drought stress response. However,
extending the approach to other stress responses and their
interactions could provide a more comprehensive picture of beech
forest resilience.

Mean moisture stress experienced by the stands was mainly
driven by the meteorological conditions, but the genetic component
of the phenotype also played a substantial role. PDPS reflects the
population mean of the trait accurately enough to allow for efficient
modelling the trait response to experienced weather conditions.
This extension of genomic prediction to the logistically and
economically efficient PoolSeq approach could be a major step
forward for its use in climate change genomics (Waldvogel
et al., 2020).

Since moisture stress is the cause for changes in LAI under
drought conditions (Leuschner, 2020) and environmental and
genomic variation explained mean MSI better than mean LAI, we
used MSI for predictive modelling. We used our validated model to
predict the phenotypic response to drought to future climate
scenarios. The choice of climate models, however, was restricted
to those for which soil moisture as predicted parameter was
available (RCP 4.5 and 8.5). We could show that already
moderate, probably realistic rates of evolutionary adaptation
based on standing genetic variation might be enough for most F.
sylvatica stands to cope with a optimistic climate change scenario
such as RCP 4.5.

However, even though drought response is certainly crucial,
other fitness-relevant traits, like e.g. phenology are also affected by
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the ongoing climate change (Pfenninger et al, 2025). For a
comprehensive assessment of the future development of beech
forests, it will therefore be necessary to investigate these
properties in a similar framework. But if both the tolerance limits
and the evolutionary potential of drought resistance are likely to be
exceeded in the future, as e.g. under the RCP 8.5 scenario, local
extinction of the species is highly probable. Even though this worst-
case scenario is not very likely to describe the future climate
trajectory accurately, the threat of losing one of Europe’s most
iconic ecosystem keystone species if the greenhouse gas emissions
continue at the current rate should be motivation enough to
act swiftly.

Persistence of beech forest in the study area under RCP4.5 and
disappearance under RCP8.5 is consistent with results obtained
with other methods. Buras and Menzel (Buras and Menzel, 2019)
combined an analysis of climate analogues with national forest
inventory data, also using CMIP5 climate scenario data, but a larger
set of Global Climate Models (GCMs). They found a decrease in
relative abundance probability of F. sylvatica under RCP4.5 towards
the end of the century and the disappearance of F. sylvatica in most
of our study area under RCP 8.5 (Figure 2 (Buras and Menzel,
2019)). Baumbach et al. (Baumbach et al., 2019) showed that future
predictions from species distribution models for F. sylvatica across
Germany also vary substantially between climate models (for the
same RCP (Mauri et al., 2022)).

This study shows that the resistance of beech stands to drought
is to a substantial part dependent on its genetic composition. It also
shows that there is ample standing genetic variation for this trait at
all sites investigated and therefore in the largely unstructured
population as a whole. This suggests that natural selection by
natural regrowth may be sufficient to maintain F. sylvatica as
forest species in Central Europe, at least under moderate climate
change scenarios. Given the huge number of offspring and the
independence of traits predicted by short LD, it should be possible
to satisfy both the needs of timber production as well as
preservation of the ecological function of beech. Increasing
summer drought is consistently projected for the study region
across climate models and greenhouse gas scenarios. Selecting for
drought tolerance is thus most likely as beneficial as inevitable, at
least in the dryer parts of the study region. Whether assisted
migration of potentially better adapted southern beech
populations will provide additional advantages remains to be seen
(Wallingford et al,, 2020), but might be beneficiary for timber
production (Aitken and Whitlock, 2013). As detailed, approaches
to replace native tree species with supposedly better adapted
introduced species (Potzelsberger et al., 2020), however, could be
premature as they could become disastrous for established
ecosystems (Liebhold et al., 2017).

Under moderate climate change scenarios natural selection
might act fast enough, but appropriately targeted studies and
simulation models will be needed to confirm a sufficient
evolutionary speed of different management practices. The
other, probably even more important condition is that forest
management retains or introduces the currently already
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widespread practice of natural regeneration to ensure a wide
genetic basis allowing natural selection to work (Antonucci
et al, 2021). An option to enhance this natural selection in
beech would be what we would like to term “Evolutionary
Management”. The guiding principle here is to remove drought
susceptible individuals as soon as possible or during regular
thinning from the population to avoid their reproduction. Such
informed selective logging could be performed as part of the
normal intense management of beeches aimed at supporting the
most vital and productive trees (Rohrig et al., 2020). Given that
drought susceptibility has a genetic basis, selective logging would
increase the proportion of drought resistant genotypes in the
current and thereby also in the coming generations. In view of the
low LD; high offspring number and high genetic diversity in the
species, we do not foresee any trade-offs of such a practise with the
capability for adaptation of the local population to other
environmentally or economically relevant dimensions. While
genomic prediction on individual trees would be feasible in
principle, it would be costly and logistically challenging.
However, we have shown here that it is possible to identify
heritably drought-sensitive patches in the stands with remote
sensing early on as they respond more strongly to drought.
Once it becomes possible to automatically separate and reliably
identify individual trees from remote sensing data, drought
susceptible trees could be removed selectively, even before they
lose their economic value.

Rapid and widespread abiotic and biotic anthropogenically-
driven changes of the earth system are occurring and will continue
(IPCC, 2023). In response to these changes, tools that enable fast
and targeted management are required to maintain ecosystems. By
coupling phenotyping with genomic and environmental data in
key-trait focused phenotype models, we create a powerful and cost-
effective tool with multiple potential applications. This approach is
likely not only applicable to most tree species but has the potential
to be extended to other ecosystem-shaping species. Given the
increasing availability of genomic data, large scale phenotyping is
becoming more and more the limiting factor. We imagine that
remote-sensing of important phenotypic traits, basically available
for every part of the world, is feasible for many plant species, in
particular in conjunction with population scale analysis methods
that do not require resolution on an individual scale (Pfenninger,
2025; Pfenninger et al., 2025).

Such models integrating genomic, environmental, and
phenotypic data could be used to anticipate climate change
impacts on forests, pinpoint resilient forest stands, or speed the
identification of less resilient stands allowing early intervention or
proactive management; such approaches are increasingly used in
forest management (e.g. Feng et al., 2024; Sandercock et al,, 2024).
Moreover, such approaches can be combined with advanced
technologies such as artificial intelligence or machine learning to
enhance predictive capabilities and develop near real-time adaptive
management strategies (Jetz et al, 2019) that could enhance
ecosystem resilience and maintenance of biodiversity under
changing environmental conditions.
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Materials and methods
Sampled Fagus sylvatica sites

The sites selected for this study were in many regards typical for
German beech forests (Leuschner et al., 2017). They comprised a large
ecological amplitude with regard to long term conditions. Within the
range from humid-cold to warm-dry climatic conditions important
demographic and genetic processes in beech forests are taking place
(Fady et al., 2016). Therefore, the aim of selection and stratification
was to cover the climatic spectrum of forested areas in central and
southern Germany to a large extent. For the characterisation of the
climatic niche, we used the climatic marginality towards the rear edge
(Mellert et al, 2016), ie. the dry and warm border of species
distributions (Hampe and Petit, 2005). A simple temperature
increase scenario (+2.5°C) was applied to estimate the site
conditions to be expected in the future. The predicted climate was
then divided into an optimal, intermediate, and marginal zone.
Within the warm-dry zone we selected one stand on average soil
condition (fresh water regime according to (Standortskartierung,
2016)) and one stand with unfavorable water regime (future rear-
edge). Besides the climate, the nutrient regime (acidic, intermediate
and basic soil) of the stands was taken into account. For each of the
resulting 12 combinations, we established at least one representative
site in a mature stand (minimum mean age of 70 years). As beech
forest types in Germany are most frequent on acidic or intermediate
soils (Wellbrock et al., 2016; Leuschner et al., 2017), these two strata
were occupied by two stands (optimal/acidic: CUN, LAN; optimal/
intermediate: ULM, WUR, Table 1). The more intensively studied
stands KST and LAN are located at the edges of the climatic range at
the warm-dry (marginal) and humid-cold (optimal) zones,
respectively. All study sites were established in stands where beech
had a share of at least 75% of the total stand basal area. Forest stands
with a history of frequent or heavy thinning were avoided to minimize
potential management effects. All selected stands were larger than
4.5 ha. Thanks to the stratification scheme the full spectrum of beech
forests with respect to climate and soil nutrient regime could be
covered. The site condition of the most frequent beech forest types
(Wellbrock et al., 2016) were represented by two stands each.
According to the Ellenberg Quotient (EQ) 4 sites are situated in the
range (EQ 10-20) with beech forests having only low proportions of
other tree species, 11 in the range (EQ > 20) where beech is usually
admixed with other species, mostly oak. However, by including
warm-dry sites on basic soils we also consider the range of a rarer
type of beech forests containing a large biodiversity (Leuschner et al,,
2017). The chosen stands comprised often unknown management
histories with a mix of autochthonous and afforested sites which is
typical for beech forests in Germany (Leuschner et al,, 2017).

Information on stand histories, in particular whether they were
actively planted or arose from natural regrowth (termed
“autochthonous”) was obtained either by forest inventories
(“Revierbiicher”) or directly from foresters responsible for the
site. Per site, we sampled 48 canopy-forming trees of at least 70
years of age in a distance of 30 m to avoid the inclusion of closely
related individuals. For the sites KST and LAN, two additional pools
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of 48 individuals from younger growth classes were sampled. The
first class were trees below 1 m height (JW), the second established
trees of 20-40 cm stem diameter in breast-height and not reaching
the canopy (SH). Growth classes should roughly correspond to age,
but since growth in beech can be stalled by diminished light under a
closed canopy, growth classes give a more accurate assessment of
the time it will minimally take to become the reproducing cohort.

Construction of population pools,
sequencing, population structure and
genetic diversity

From each tree 1-2 buds or 3-4 leave discs of 0.5 mm diameter
(approx. 50 mg of fresh plant material) were dried in Silicagel prior to
homogenization. DNA was extracted using an inhouse protocol. We
constructed DNA pools per population using the same DNA quantity
per individual beech. DNA concentration was measured using a
Quantus fluorometer (Promega). Library preparation and 150bp
paired-end sequencing with 450bp insert was conducted at Novogene.

Reads were trimmed using Trimmomatic v.0.39 (Bolger et al.,
2014) and quality controlled with FastQC v.0.11.9 (Andrews, 2010).
We used BWA mem v.0.7.17 (Li and Durbin, 2009) to map the
reads onto the newest version of the beech reference genome
(Mishra et al., 2018, 2021) and Samtools v.1.10 (Li et al., 2009) to
convert, sort and pile up the bam files. Duplicates were marked and
removed with Picard v.2.20.8 (https://github.com/broadinstitute/
picard). PoPoolation2 v.2.201 (Kofler et al., 2011b) pipeline was
used to remove indels, and calculated allele frequencies for every
position and pairwise Fgrs in non-overlapping 1kb windows. Theta
and nucleotide diversity was estimated in the same windows with
PoPoolationl v.1.2.2 (Kofler et al., 2011a). We considered only sites
within a coverage range of 15-50X.

Environmental data

To assess climatic differences among sites, we extracted long-
term climatic data from Worldclim 2.1 data for the period between
1970-2000 with a resolution of 30 sec (Fick and Hijmans, 2017) for
each sampling site using DIVA-GIS 7.5 (Hijmans et al., 2012). All
temperature and precipitation parameters, including the BioClim
parameters bio5 and biol8 were used. We summarised the data for
the core vegetation period of beech at the sampling sites between
May and September in a Principal Component Analysis (PCA).

Meteorological data on the actual weather conditions at the
sampling sites during the core vegetation period between May and
September was obtained for the years 2016 to 2022 from the DWD
(Deutscher Wetterdienst) data portal at https://cdc.dwd.de/portal/
202209231028/searchview. We used monthly grid data in a
resolution of 1 x 1 km of the following nine parameters: mean air
temperature, means of daily air temperature maxima and minima,
sum of potential and real evapotranspiration, number of hot
days (maximum >= 30°C), number of summer days (maximum

>= 25°C), drought index according to de Martonne and medium
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soil moisture under grass and sandy loam. We summarised the data
in a PCA.

Genomic prediction from PoolSeq data

A recent article (Pfenninger et al., 2021) showed that individual
genotypes at a selection of unlinked loci related to drought resistance
can be successfully used to predict the respective phenotype of the
tree based on a continuous phenotypic score in response to drought
stress. Here we have extended this genomic prediction approach to
PoolSeq data. In PoolSeq data, the information on individual
genotypes in a population is lost in favour of precise allele
frequency estimates (Czech et al, 2022). To take advantage of the
existing genomic prediction framework, we used these allele
frequency estimates at loci with high predictive power to simulate a
large number of possible genotypes under the assumption of random
mating within the population. We used the allele frequency
information of 46 loci with high predictive power in linear
discriminant analysis and the resulting weighting vector for each
locus (Supplementary Table 1). For each sampling site, we simulated
10,000 individual genotypes. We then calculated the distribution of
expected phenotype scores for each sampled population. This score is
positive for susceptible phenotypes and negative for resistant ones. As
the resulting distributions were approximately normally distributed,
we used the mean as genomic predictor score of the population
phenotype distribution of drought resistance (Population Drought
Phenotype Score, PDPS hereafter). The calculations of PDPS were
performed with a custom Python script.

Inference of local adaptation

If the populations at the sampling site were adapted to local
drought conditions, we expected PDPS to be related to the long-term
drought risk during the vegetation period. We therefore correlated
the PCAL of the long-term summer climate conditions (see above) to
the PDPS of each site. To see whether the management history of the
stands could have influenced the results, we fitted linear models to i)
autochthonous stands and ii) stands known to be planted and of
unknown origin separately. We also compared predicted phenotype
score distributions among age classes at the sites KST and LAN.

Remote sensing data

We focused on two remote sensing measurements of canopy
features. Leaf Area Index (LAL leaf area per ground area) and the
Moisture Stress Index (MSI), that a priori seemed to best reflect the
phenotype scored for genomic association (apparent vitality,
respective loss of canopy leaves (Pfenninger et al., 2021)). Generally,
the remote sensing values of LAI and MSI do not correspond directly
to the canopy’s chemical, physical and biological characteristics but
rather to the electromagnetic signal these produce. LAI is
dimensionless and measures the covering of the ground area with
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leaves. The overlap of leaves can lead to a coverage of up to 16 under
dense forest canopies (Brown et al., 2021). In beech forests, it ranges
usually between 6 and 8. Remote sensing systems are not capable of
capturing the heterogeneity in leaf distribution across forest canopies
caused by this overlap. In this regard, retrieval methods commonly
assume a simplified homogeneous canopy structure that makes the
sensor actually measure a so-called ‘effective LAT’. It is described as the
value that would induce the same remote sensing signal as the real LAI
under the assumption of a random leaf distribution and is therefore
inherently smaller (Chen et al., 2005).

In this study, we derived canopy LAI products of 10 m spatial
resolution from atmospherically corrected Level-2 images acquired
by the Multispectral Instrument on-board the ESA’s Sentinel-2 twin
satellites. These products were accessed in the Sentinel Hub Earth
Observation Browser (EO-Browser; https://www.sentinel-hub.com/
explore/eobrowser/) for cloudless scenes during the growing season
(May-Sep) from 2016 to 2022 using evaluation scripts. It allows the
user to utilize the Sentinel-2 Level 2 Prototype Processor (SL2P) that
is implemented in the Sentinel Application Platform (SNAP)
software. The SL2P is an algorithm that enables the retrieval of
vegetation biophysical variables from Level 2 optical satellite imagery.
It is composed of artificial neural networks (ANNs) that were trained
with simulations from the Leaf Optical Properties Spectra
(PROSPECT) and Scattering by Arbitrarily Inclined Leaves (4SAIL)
models. The ANNs are applied to top of canopy reflectance pixel
values from nine bands between wavelength 560nm and 2190nm. In
addition to the spectral information, acquisition geometry parameters
(cosine of sun zenith angle, view zenith angle, relative azimuth angle)
are being fed to the model (Weifs and Fincke, 2022). For the year
2016, canopy LAI products were generated using the same algorithm
in SNAP based on Level-2A Sentinel-2 images accessed via the
Copernicus Data and Exploitation Platform (CODE-DE).

MSI is, contrary to the LAI, an at-sensor parameter that is
calculated as the ratio in near-infrared absorption at wavelength
819nm and 1599nm, and thus technically independent from LAI
estimates. This ratio is a good indicator of water stress in plants,
because the absorption of leaves in the vegetation cover at 1599 nm is
positively correlated with their water content, while absorption at 819
nm remains almost unaffected. While usually ranging between 0.4
and 2.0, higher values are associated with greater water stress (Hunt
and Rock, 1989). In alignment to the retrieval of LAI, MSI was
computed in the EO-Browser from images unaffected by cloud cover
within the period of 2017 and 2021 over each study site by using an
evaluation script that contains the respective index formula. For the
year 2016, the MSI products were generated in QuantumGIS (QGIS)
based on Level-2 imagery accessed from the CODE-DE platform.

Damage threshold inference

Drought-induced leaf loss and thus decreased vigour is
preceded by water (shortage) stress (Leuschner, 2020). To find
empirical stand-wise mean MSI thresholds above which detectable
drought-induced vitality degradation by leaf loss in at least some of
the trees occurred, we first determined i) the 1% quantile of the
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minimum annual canopy LAI in the non-drought years 2016 and
2017 for each pixel at all sites, i.e. a lower limit for the normal LAI
over the vegetation period (LAl.s) and ii) the mean maximum
annual MSI for a pixel after which the above LAl threshold was
undercut for at least two years; i.e. that was followed by substantial,
lasting leaf-loss (MSls). We then determined for all observation
days and all stands the percentage of pixels that had values below
LALes or above MSI., respectively. These values were then
regressed against the corresponding mean MSI of the entire
stand. Threshold values were estimated from these plots by
segmented regression (Muggeo et al., 2014).

Model selection

To infer whether genomic prediction contributes significantly to
the explanation of variance in LAI and MSI, we used general linear
modelling (GLM) in a model selection approach. Using the nine
meteorological variables listed above, we fitted GLMs to all possible
parameter combinations and compared the associated Akaike
information criteria (AIC). We considered the model with the lowest
AIC to be the best model. We then added the PDPS as a further
explanatory variable and calculated AIC for resulting models as well.
All calculations were performed in R v4.2.2 (R Core Team, 2013).

Prediction of phenotypic reactions in
future climate scenarios

Future climate conditions for each study site were derived from
climate projections of the Climate Model Intercomparison Project 5
(CMIP5) that were bias-corrected and provided by the ISIMIP Fast
Track Initiative. The datasets consist of five Global Climate Models
(GCMs; HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM,
GFDL-ESM2M, and NorESM1-M) from which we calculated the
assembled mean. We focused on two representative concentration
pathways (RCP 4.5 and RCP 8.5). For each pathway and study site,
we used time-series of daily mean air temperature and daily
maximum air temperature for the next century from the ISIMIP
data set, subset and aggregated to decadal means.

As a proxy for water stress, we used future projections of site-
specific soil moisture given by an open-access dataset of future soil
moisture index (Rakovec et al., 2021) based on simulations from the
mesoscale Hydrologic Model (mHM; (Samaniego et al, 2010;
Kumar et al., 2013)), which was also calculated using the ISIMIP
Fast Track. Again, soil moisture index was provided as five
realisations, which were then aggregated to the ensemble mean.
Finally, the soil moisture index of RCP 4.5 and RCP 8.5 were subset
and aggregated to decadal means as the future temperature data.

Introducing evolution in phenotypic
prediction

We assumed three evolutionary adaptation scenarios: 1) No
adaptation at all. This would correspond to a management shielding
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the stands completely from selection, e.g. by planting and raising
random seedlings. 2) Intermediate adaptation. The PDPS of each
site was diminished by the largest observed difference between two
growth classes at the same site (APDPS between JW and CT at the
LAN site). Assuming that this difference was caused by natural
selection due to the LAN site being one of the driest and warmest
sites in the long term (Figure 1B), it would correspond to a natural
adaptation rate that can be achieved within a few decades. 3)
Maximum observed adaptation. In this scenario, we assumed that
all sites evolve to the lowest PDPS observed. Given the genetic
variation present in the surveyed F. sylvatica stands, more extreme
PDPS and thus better drought adapted populations are theoretically
possible, but it is uncertain whether such values are associated with
trade-offs.

We used the decadal means for the two climate scenarios and
the two periods to predict the MSI for each month in the vegetation
period for each site. To account for the interannual variance in
predicted weather conditions, we calculated a corridor of two
standard deviations for the respectively most extreme sites. We
considered a population to be considerably well adapted to the
predicted future conditions, if these margins, implying longer
lasting damages, were not regularly surpassed.
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