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Abstract

Promoted by changes in forest management, the proportion of European beech is increasing in Central Europe,
but its climatic stability is questioned by the recent loss of vitality. In this regard, the evaluation of seed sources
used for reforestation receives great attention. Here, we present a multi-trait evaluation of height, basal area
and stem quality assessed over 25 years for 85 provenances grown at three sites in northern, western and
eastern Germany. Considerable provenance differentiation exists, explaining 21% (proportion of trees with
acceptable stem form) to 45% (basal area) of the variance on single sites and 20 to 39% across sites, while
provenance by environment interactions are absent. On the landscape level, this results in distinct patterns with
spatially adjacent provenances showing a similar trait expression. These patterns are highly similar for height
and basal area, but divergent for stem form. They could be directly linked to geographic variables with
multivariate regression tree analysis that captured 58% of the phenotypic variation, delineating eleven
‘ecotypes’ shaped by local adaptation. A selection based on two multi-trait indices gives highly concordant
results. Particularly, the intermediate elevations of the central highlands in Western Germany host highly
suitable provenances. Lower elevation provenances from continental climates in the south-east profit from the
transfer to favorable growing conditions. Since the majority of provenances was already exposed to elevated
temperatures compared to their origin during the observation period, this study gives a first indication for the
potential benefits of assisted migration facing climate change.

Introduction

Extreme weather events have become more frequent across Europe, greatly impacting the functioning of forest
ecosystems and their ability to provide their various services to society (Lindner et al. 2010; Ding et al. 2016).
The transformation of pure and even-aged conifer stands to mixed forests, particularly by enhancing the
proportion of broadleaved tree species has become a frequent management prescription to increase future
stand resistance and resilience (Knoke et al. 2008; Jactel et al. 2017). This is often not possible by promoting
natural regeneration alone, e.g., when seed bearing adults of target species are absent, and requires planting of
trees that are adaptable and powerful enough to meet expected environmental changes.

European beech (Fagus sylvatica L.), hereafter named beech, is considered a major tree species to improve
stand stability and resilience. It is the most abundant broadleaf species in the temperate forests of Central
Europe, with a potential natural habitat covering 910,000 km? (Bohn and Gollub 2010). Beech is a highly
competitive climax species, that is not constrained by soil acidity, soil nutrition or humus type (Bolte et al.
2007). However, it has high requirements in terms of water availability and generally prefers a maritime,
temperate climate with mild winters and moist summer conditions (Ellenberg 1988; Bolte et al. 2007). High
summer temperatures and drought pose immanent stress to this species and are the limiting factors towards
the xeric limits of its distribution (Czucz et al. 2011). These effects are, however, not only limited to the
southern regions. Dendroecological studies report strong growth declines for the south, but likewise for the core
of the distribution that began already in the 1980s (Knutzen et al. 2017; Diers et al. 2022; Martinez del Castillo
et al. 2022). Most recently, the severe heatwave and drought in 2018, which was even further exacerbated for
some regions in 2019, resulted in unforeseen vitality loss and severe damage (Rukh et al. 2023). These range
from early leaf senescence and leaf browning to dieback in adult stands (Arend et al. 2022; Frei et al. 2022;
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Rukh et al. 2023), and from partial to complete failure of regeneration as well as initial phases of forest
development, having severe consequences for future forest generations.

In regard of the current situation, information on provenance suitability is urgently needed to provide forest
practitioners with planting recommendations. It appears simple and easy to rely on the assumption that ‘local
is best’ presuming that the local population shaped by natural selection is adapted to the specific
environmental conditions (Langlet 1971). However, a great wealth of provenance trials, has shown that this is
not always the case (Boshier et al. 2015; Rau et al. 2015). Parallel to the rising concerns about the sensitivity
and resistance of beech to climatic change, it is debated, whether an assisted migration of non-local
provenances originating from warmer and drier climates appears an appropriate option of active adaptation
(Bolte et al. 2009). The idea behind is to introduce genes pre-adapted to expected future conditions, when the
local populations by themselves are not able to adapt or migrate fast enough to keep pace with these changes
(Aitken and Bemmels 2016).

The most suitable tool to address the performance and adaptability of beech populations and to identify those
relevant for reforestation is the great wealth of already existing provenance trials. While early trials mainly
concentrated on the national level, both in terms of provenances and sites (e.g. Krahl-Urban 1958; Madsen
1985; Teissier du Cros 1993), the range-wide evaluation of the genetic resources became the focus of an
international cooperation starting in the 1980s (Muhs and von Wiihlisch 1993). Six international provenance
trial series of beech were established in 1986, ‘87,89, '95, '98 and 2007. In total these include 465 provenances,
planted at 75 trials in 23 European countries with a variable number of 14 to 100 provenances per site
(Liesebach et al. 2023). Various studies evaluated individual or few locally adjacent trials of these series (see a
list of references for the first five series in Liesebach 2015). Most recently, patterns of range-wide local
adaptation and phenotypic plasticity (Garate-Escamilla et al. 2019) or lags in climate adaptation (Fréjaville et
al. 2020) were modeled based on a large data base with phenotypic data of two series assembled by the
BeechCOSTe52 data consortium (Robson et al. 2018).

Still, the enormous potential that these trials offer for decision making has not yet been investigated
thoroughly. Provenance by environment interactions (PxE), which greatly affect the stability and adaptability of
provenances against the stressors that prevail at given environments, were scarcely investigated for beech.
Only Stojnic et al. (2015) evaluated stability and performance in juvenile height (5 and 6 years old) of a rather
small set of 15 provenances planted on four sites in south-eastern Europe. A comparable study concentrating
on the center of the species distribution, however, is missing.

The high relevance of PxE was shown for many commercially important species (e.g. Douglas fir (Zas et al.
2003), Radiata pine (Gapare et al. 2015), Northern red oak (Kormann et al. 2023)). Still, most studies of PxE
concentrate on stability in single traits, while tree breeding programs generally consider several traits as being
of economic and/or ecologic value which are affecting each other either positively or negatively (White et al.
2007; Paques 2013). Traits relevant for breeding of beech are, for example, height and diameter growth, stem
straightness, forking and branch habit, flushing and late frost damage (de Cuyper et al. 2011). Simultaneous
selection accounting for multiple traits at the same time has been difficult so far, since existing methods are
facing problems with multicollinearity (Christophe and Birot 1983; Olivoto and Nardino 2021). Two new
developed multi-trait selection indices (multi-trait genotype-ideotype distance matrix - MDIGI (Olivoto and
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Nardino, 2021) and multi-trait stability index - MTSI (Olivoto et al., 2019)) developed for agricultural field trials,
are free from multicollinearity issues. Recently, these have been applied for the first time in forest trees,
successfully combining growth, quality and survival of Norway spruce (Alexandru et al. 2023). For beech, none
of the selection indices has been used so far.

Here, we selected the most suitable provenances of beech considering three traits of adaptive, economic and
qualitative value that are highly correlated with the breeding objective: tree height, which is commonly used as
main proxy for fitness, basal area, which combines individual tree dimension and survival to the economically
important overall yield per unit area, and stem form as quality parameter relevant for wood processing and
subsequent use. The objectives of this study were to (1) quantify the differentiation among provenances, (2)
examine provenance by environment interactions, and (3) illustrate spatial structures present in trait variation
across the species range. Further, (4) provenances of high performance were carefully chosen through multiple
trait selection at each individual trial site and by considering their stability across sites.

Material and Methods
Experimental design

For the 4th international beech trial series 1993/95, seed from a total of 158 stands were collected across
Europe in 1992 (Fig. 1). It was the first series covering almost the entire distribution. All seed lots were stratified
for 13 weeks prior to sowing in spring 1993 at the nursery of the Thiinen Institute of Forest Genetics in
Grosshansdorf, Germany. Seedlings were transplanted after one growing season and finally lifted after two
years. During winter, plants were stored as bare root seedlings in cold storage and prepared for shipment to 17
countries to be planted at a total of 23 trial sites. All trial sites were set up in the same experimental design, a
randomized complete block design with three replications of multiple tree plots with 50 individuals at a
spacingof 2x 1 m.

While most of the trial sites were established with a set of 49 provenances, five included 100 provenances, with
three of them — Schadtbek, Wesel and Malter — being located in Germany. Here, we concentrate on 85
overlapping provenances that were planted at all three of them (Fig. 1). A list of provenances is provided in
Supplementary Table S1. Located on the lower Rhine middle terrace, Wesel is the warmest, Schadtbek in
Schleswig-Holstein represents the intermediate, and Malter in the Eastern Ore Mountains the coldest site
(Table 1). All three sites were established on former agricultural land.
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Table 1
Geographic location, climate and soil characteristics of the three trial sites

Schéadtbek Wesel Malter

Coordinates  54.29°N, 10.27°E 51.64°N, 6.37°E 50.92°N, 13.65°E

Elevation[m 40 40 360

a.s.l]

Temperature 9.0 10.8 8.4

[°Cl

Precipitation 744 (347) 794 (366) 683 (369)

[mm]

Soil Waterlogged soil (Stagnosol)  Sour brown soil on top of Cambisol derived from
derived from sandstone with ~ sandstone and gravel with gneiss with average
average nutrient and water good nutrient and average nutrient and average
supply, located at uphill water availability, moderate water supply, moderate
depletion zone north east facing slope west facing slope

Climate variables are mean values for the climate normal period 1991-2020 (derived with ClimateEU by
Marchi et al., 2020). Mean precipitation sums are reported by year and for the growing season (May to
September).

Measurement of traits

The three trial sites were measured at recurring time intervals, coinciding at age 10, 20 and 25. At age 10, all
individual tree heights were recorded, except for Wesel, where a subsample of 20 trees (every 2nd and 4th row
per plot, and if a tree was missing an adjacent tree in the neighbouring row) was measured. As an indicator of
stem quality, stem form was rated at age 15 (Malter) to 20 (Schadtbek and Wesel) using a 4-step-scale (1 =
straight, 2 = slight to moderate bends, 3 = strong bends, 4 = no straight stem, including stems with forking
below 1.30 m). The latest assessment was conducted during winter 2017/2018, 25 years after planting,
measuring diameter at breast height (DBH) of all living trees.

For statistical analysis, traits were summarized at the plot level (Raebild et al. 2002; Williams et al. 2002). For
tree height, means per plot were derived. For stem form class 1 and 2 were summarized as ‘acceptable stem

form’ to report the proportion of trees with an acceptable stem form per plot (Fig. S1). Basal area [m?] per tree
™
4
m2/ha. The basal area sum per area accounts for survival and by that is a suitable estimate of the real

productivity of a provenance (Raebild et al. 2002; Kormann et al. 2023).

Quantification of provenance and site effects

was calculated using the formula BA = - DBH?, and then summed for each plot and expressed in

To determine the effect of provenance, site and experimental design factors on the observed phenotypic
expression, analyses of variance (ANOVA) were performed at two levels. First, we applied the following mixed
linear model for each individual trial site in order to estimate the effect of provenance and spatial blocking for
each trait and site:
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Yij=u+ P+ Bj+e

(M)

where Y} ; is the phenotypic observation of a trait made for the 7th provenance (P), located in the jth block (B),
W is the overall experimental mean, and e is the experimental error (residual). Provenance was treated as
random effect and the spatial blocks as fixed effect. A model including provenance by block interaction

(P x B) was tested, but found not significant and therefore dropped. (Fig. S2 in the supplementary material
shows the distribution of plot means per trait used as response variables.)

To investigate differences among sites and quantify the effect of provenance by environment interaction, we
then applied a second linear mixed model across sites:

Yijp =+ P+ Ej + (P x E);; + B(E), + eijk

)

where Y ;. is the phenotypic observation of a trait made for the ¢th provenance (P), grown at the jth
environment (E), located in the kth block (B) within environment E. P x FE represents the provenance by
environment interaction,  is the overall experimental mean, and e is the experimental error (residual). In this
model, provenance and P x FE were treated as random effects and environment as fixed effect.

Using Restricted Maximum Likelihood (REML) estimation of variance parameters, best linear unbiased
predictors (BLUPs) were extracted for each provenance from the individual site and across site linear mixed
models; these were further used in the subsequent steps. To address the relationships among traits, phenotypic
correlations were calculated for each site.

All statistical analyses were conducted in R (R Core Team 2019). For mixed models, we used the package
metan (Olivoto and Lucio 2020).

Spatial interpolation of trait variation

To illustrate the provenance differentiation spatially, predicted BLUPs for provenances were assigned to their
corresponding geographic origin and displayed across the species distribution. To ease the comparison among
traits, they were rescaled to deviation from the mean value (e.g. Ujvari-Jarmay et al. 2016). That means a
performance < 100% represents a trait being poorer than average, while >100% represents a trait being higher
than average.

An inverse distance weighted (IDW) interpolation was used to graphically illustrate the commonality in the
phenotypic expression of spatially adjacent provenances. This interpolation method explicitly implements the
assumption that things, here provenances, that are close to one another are more alike than those that are
farther apart. Expressing this by a formula (Hartmann et al. 2018), the IDW approach estimates the value of z
at a location x by weighting the mean of nearby observations:

L iwiz

z ™
2o Wi

wherew; = |z — ;| (3)
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where > 0 and | - | corresponds to the Euclidean distance. The inverse distance power 3 determines the
degree to which the nearer point(s) are preferred over more distant points. It was set to 8 = 2 corresponding to
an inverse squared relationship. The number of surrounding points n to be included decides whether a global
or local weighting is applied, here it was set to n = 5. If the point x coincides with an observation location (

x = x;), then the observed value, z, is returned to avoid infinite weights. The IDW interpolation was conduced
in ArcMap 10.3, the output was delimited within the range of the species (EUFORGEN 2008).

Multi-variate grouping of provenances

To cluster geographically adjacent provenances into groups of homogenous phenotypic expression, we used
multivariate regression tree (MRT) analysis (cf. Liepe et al. 2016). MRT is a constrained clustering method
(De'ath 2002) that partitions the variance in one dataset (BLUPs for provenances) based on criteria of another
data set, here geographic variables of provenance origin. Two provenances with a divergent growth behaviour
were excluded from this analysis, as suggested by Miiller et al. (2023). They conclude based on genomic
analysis that one population from Bulgaria (provenance 158) likely corresponds to the related species Fagus
orientalis Lipsky and one from Northern Germany (provenance 32) represents an admixed population, that
means this provenance represents the offspring of a stand established with reproductive material transferred
from different parts of the range.

The MRT was conducted with R package mvpart (Therneau et al. 2013). The variance explained by each split
of the regression tree was extracted with the corresponding wrapper MVPARTwrap (Ouellette and Legendre
2013).

Calculation of multi-trait indices for provenance selection

The stability and adaptability of beech provenances of different origin were estimated based on multiple traits
using two recently proposed stability indices, the multi-trait genotype-ideotype distance index (MGIDI) for
individual sites (Olivoto and Nardino 2021) and the multi-trait stability index (MTSI) across sites (Olivoto et al.
2019) implemented in the R package metan (Olivoto and Lucio 2020).

The calculation of the MGIDI relies on four main steps: (i) rescaling the predicted trait means (BLUPS) so that
all have a 0-100 range, (ii) using factor analysis to account for the correlation structure and dimensionality
reduction of data, (iii) planning an ideotype based on desired values of traits and (iv) computing the distance
between each genotype to the planned ideotype (Olivoto and Nardino 2021). Since the goal of tree
improvement with beech is the selection for increasing adaptability and growth rates, we have designed the
ideotype as having a larger height, a higher basal area, and a better quality. The selection intensity was 20%,
i.e. 17 of the total 85 provenances were selected. The final MGIDI index is calculated with this formula:

f

0.5
MGIDI; = [Z (i — yﬁ]

j=1

(5)

where M G1D1I;is the multi-trait genotype-ideotype distance index for the 7th provenance, Y, ; is the score of
the 2th provenance in the jth factor, and y;is the j7th score of the ideotype. The lower the MGIDI of a
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provenance, the closer it is to the ideotype and has desired values for the analysed traits.

The calculation of the MTSI relies basically on the same stepwise procedure, but requires an additional step at
the beginning. First, the stability of each provenance across environments is quantified with the weighted
average of the absolute scores (WAASB) (Olivoto and Lucio 2020). Here, performance is prioritized over
stability for the growth traits height and basal area (75:25), while equal weights are assigned for stem form
(50:50). Scaled values for WAASB and mean performance of individual traits are then combined for
simultaneous selection in the WAASBY index, which enters the factor analysis and subsequent steps as
described above (ii to iv) (Olivoto and Lucio 2020). The ideotype and the selection intensity are assigned the
same as in the single site analysis. The final MTSI index is calculated with this formula:

0.5

f
MTSI; = | (B — Fy)°
=1

J

(6)
where the MT'S1; is the multi-trait stability index for the ith genotype, Fj; is the jth score of the ith genotype
and Fj is the 7th score of the ideotype.

Juvenile height, basal area and stem form entered the calculation of these indices. To quantify the benefits of
simultaneous selection for each trait and site, we finally computed the selection differentials for the selected
20% best provenances both for the selection at individual sites and across sites.

Results
Differentiation among provenances at individual sites

Significant differences among provenances were found at the three sites and for all examined traits (Table 2).
The proportion of phenotypic variance explained by provenance varied between 21 to 45%, with largest effects
on basal area and lowest on stem form. The experimental design effect block was significant for most traits,
except for basal area in Malter, reflecting a substantial spatial heterogeneity present within the three trials that
each cover an area greater than 3 ha.

On average, juvenile height was largest in Wesel (3.9 m) and lowest in Schadtbek, while highest basal area at
age 25 was recorded in Schadtbek (29.8 m2/ha), and lowest in Wesel (Table 2). Malter ranged intermediate in
both growth traits, but had the highest proportion of acceptable stem form (58%).
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Table 2

Results of the random and fixed effects models of the three traits at each individual site

Trait LRTp Vp VR MS B Mean + SD
Schadtbek  Height 16.6  ** 0.05(27%) 0.13(73%) 255 ** 28+0.15
Basalarea 35.6 *** 253(40%) 38.6(60%) 1740 * 29.8+4.09
Stem form 17.5 *** 459 (28%) 120.0 (72%) 761.7 ** 4211495
Wesel Height 211 ***  0.05(32%) 0.11 (68%) 5.7 ¥k 3.9+0.17
Basalarea 36.0 *** 216 (40%) 32.8(60%) 1674 **  264+3.79
Stemform 14.8 ** 262 (26%) 76.4(74%) 1084 **  22.7+3.64
Malter Height 43.6 **+ 009 (44%) 0.11(56%) 0.84 ** 30+0.24
Basalarea 46.9 ** 14,6 (45%) 17.7 (55%) 39.8 ns. 282+3.22
Stemform 102 ** 253(21%) 94.6(79%) 370  * 57.9+3.22

LRTp — likelihood ratio test for provenance effect; Vp — variance of the provenance random effect, Vg —

residual variance, values in brackets report the proportion of variance accounted for by each effect; MS — mean
squares for block (B); Mean - site mean + standard deviation (SD), units are m, m?/ha and %, respectively; *, **,
***%: significant at 5%, 1%, 0.1% respectively, n.s.: not significant.

The differentiation among provenances is highest for basal area, ranging between 68 and 132% compared to
the corresponding site means (100%) (Fig. 2). Many provenances grow better than average across sites, while
others are consistently worse than average (e.g., provenances from Sweden (SE), Denmark (DK) and Spain
(ES)). The close distance between means of basal area at the three sites for the majority of provenances
indicates a highly stable performance. The two provenances Seelzerturm (39) from Germany and F.D. Planoise
(13) from France are particularly outstanding with a basal area >120% at all sites.

Provenance means for height and basal area are highly positively correlated at all trial sites (r=0.68 in
Schéadtbek, 0.72 in Wesel, 0.79 in Malter), and are likewise positively correlated with DBH and survival (Fig. S3).
Growth traits and stem form, however, show a negative correlation. Particularly in Malter, the productive
provenances have a smaller proportion of trees with an acceptable stem form, while the less productive
provenances have a higher proportion of trees with an acceptable stem form (r = -0.56 for stem form vs. height
and - 0.45 vs. basal area).

Provenance by environment interactions

For none of the traits, provenance by environment interactions were significant. They accounted for rather
small proportions of the phenotypic variance with only 2% (basal area) to 5% (stem form). Provenance had a
significant effect on phenotypic trait expression of all traits in the analysis across sites (Table 3), similar to the
magnitudes in the single site analysis (Table 2). This effect accounted for 20% (stem form) to 39% (basal area)
of the phenotypic variation. Fixed effects for site and block within site were significant across traits as well.
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Table 3
Results of the random and fixed effects models across sites.

Trait LRTP LRTPXE Vp Vpr VR MSE MS B(E) Mggn
+
Height 70.2 *** 147 ns. 0.05 0.01 0.12 13.2 *** 3.0 *k% 3.3+
31%)  (4%)  (66%) 0.64
Basal 1020 *** 068 ns. 19.40 1.08 29.70 1185 **% 629 W 282
area 39%) (%)  (59%) +751
Stem 38.1 *** 184 ns. 26.50 5.94 96.90 27039 **x 738 ¥ 409
form (20%) (5%) (75%) +
18.45

LRTp, LRTp,e — likelihood ratio test for provenance and provenance by environment interaction effects; Vp, Vp.e
- variance of random effects for provenance and provenance by environment interaction, Vg — residual
variance, values in brackets report the proportion of variance accounted for by each effect; MS — mean squares
for environments (E) and block within environment B(E); Mean - overall mean * standard deviation (SD), units
are m, m2/ha and %, respectively; *, **, ***: significant at 5%, 1%, 0.1% respectively, n.s.: not significant.

Spatial patterns in provenance performance

There are distinct spatial patterns among provenances that highly correspond between juvenile height and
basal area (Fig. 3a, b), but are different for stem form (Fig. 3c). Overall, provenance differentiation appears
structured in large patches with spatially adjacent provenances showing a similar trait expression as
highlighted by the interpolated distribution in the background (limited by the geographic extent of provenance
representation). Several provenances from the central uplands of Germany, basically the center of the species
distribution, particularly stand out with a good height and basal area, and likewise do some from the east of
the distribution (Fig. 3a, b, labelled points representing the 15% best provenances of each trait). Concentrating
on stem form, however, it is a completely different set of provenances showing the highest proportion of trees
with an acceptable stem form (Fig. 3¢, labelled points). None of the good growing provenances reside among
those that scored a superior stem form, being in line with the described negative correlation among growth
traits and stem form (Fig. S3).

Multivariate regression tree analysis constrained by geographic variables revealed 11 groups explaining 58% of
the total variance (Fig. 3d). The resulting groups, reflecting regional tendencies in growth performance and
quality, contain two to 16 provenances. The first and second split separate the poor performing provenances
towards the northern and southern margins from the core of the species distribution, with each split accounting
for more than 10% of the variance. The leaf charts at the nodes of the dendrogram show the means for groups
with similar phenotypic expression in height, basal area and stem form. The first group to the left (G1 in Fig. 3d,
e), for example, representing 13 provenances from the north (>=51.82°N), is characterized by height and basal
area worse than average and an intermediate stem form. Within the southern partition (< 46.44°N), two
provenances from elevations > 1025 m in Italy and Slovenia further segregate (G3), performing better than the
six provenances originating from southern France and Spain (G2). Subsequent splits within the central belt
between 46.4 to 51.8°N are primarily longitudinal, first segregating at 9.77°E, approximately the central
meridian of Germany. The group east of 9.77°E splits further, resulting in four groups, where five provenances
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of particularly good stem form, but poor growth from the Bavarian Forest and the Ore Mountains (G5)
segregate from an intermediate group between 9.77°E and 11.59°E (G4). The group expanding from 13.91°E
towards the east is further split at an elevation of <375 m. Provenances sourced from the lower elevations (G7)
grow better than those from higher elevations (G6). Towards the right of the dendrogram three provenances
(39, 75, 71) combining outstanding growth with a stem form better than average (G11) split apart from a
relatively large group compromising western Germany and northern France. This again divides into three
groups, first at an elevation of 425 m resulting in a group of average performance and low quality from the
lower elevations (G8), while the better performing higher elevation provenances again segregate, approximately
at border between Germany (G9) with Belgium and France (G10).

Selection of suitable provenances

Using the defined selection intensity of 20%, 17 out of 85 provenances are selected. Concentrating at individual
sites (selection by MGIDI), this leads to a positive selection differential in Schadtbek, i.e. an improvement of the
mean of the selected provenances compared to the site mean for all traits, while it is not possible to improve
height, basal area and stem form at the same time in Wesel and Malter (Table 4). For the sake of better growth
potential, the proportion of trees with an acceptable stem form is reduced by 4.5% (Malter) and 9.5% (Wesel).

Twelve of the provenances selected in Schadtbek, thirteen in Wesel and nine in Malter originate from Germany,
mainly concentrating in the Central uplands (Table S4). Five of them are selected at all sites, namely Malchin
(32), Seelzerthurm (39), Monschau (48), Schmallenberg (54) and Spangenberg (75), and eight on at least two
sites. In Wesel and Malter provenances from North-Rhine Westphalia are frequently selected.

Table 4

The selection differential by trial site applying the selection based on the MGIDI index.
Trait Site mean Selected provenance mean Selection differential [%]

Schadtbek Wesel Malter Schaddtbek Wesel Malter Schadtbek Wesel Malter
Height 2.8 3.9 3.1 3.1 4.1 34 7.3 5.8 10.5
[m]
Basal 29.8 26.4 28.2 34.4 30.8 31.8 15.5 16.4 12.9
area
[m2/ha]
Stem 42.1 22.7 57.9 44.5 20.6 55.0 5.7 9.5 -4.5
form
[%]

Combining performance and stability of multiple traits — height, basal area and stem form — in the MTSI index,
the following 17 provenances are selected as most suitable across sites: nine German provenances, namely
Malchin (32), Seelzerthurm (39), Monschau (48), Eitorf (52), Schmallenberg (54), Wiinnenberg Glashiitte (58),
Neuenheerse (61), Spangenberg (75), Osburg (87), EImstein-Siid, Rf6.Wolfsgrube (91) and Miinsingen Brente
(95); the French F.D. de Planoise (13); two Polish Bnerkow (116) and Henrykow (118), two Slovakian Trenc In
(130) and Zamutov (124) and the Ukrainian Svaljava Polana (141) (see their spatial location in Fig. 3e). These
provenances primarily belong to the MRT groups with a high growth performance towards the right of the
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dendrogram: G7, G10 and G11 (Fig. 3d, ). Particularly outstanding and stable is the provenance Seelzerthurm
(39) with the lowest MTSI of 0.065. The rank order of all 85 provenances according to the MTSI index is
displayed in Figure S7.

Applying this selection at individual sites, the trade-off between growth traits and stem form is prevalent at all
of them: height and basal area have a positive selection differential (5.2 to 17.9%), while stem form is
negatively affected at all sites (Table 5). In Schadtbek and Malter, the group of provenances selected across
sites achieves a higher average performance in basal area (Table 5) than those selected on each individual site
(Table 4).

Table 5

The selection differential by trial site applying the selection based on the MTSI index.
Trait Site mean Selected provenance mean Selection differential [%]

Schadtbek Wesel Malter Schadtbek Wesel Malter Schadtbek Wesel Malter
Height 2.8 3.9 3.1 3.0 4.1 3.4 5.5 52 10.5
[m]
Basal 29.8 26.4 28.2 35.1 30.7 32.0 17.9 16.1 13.5
area
[m2/ha]
Stem 421 22.7 57.9 40.7 21.5 54.4 -3.4 -5.3 -6.0
form
[%]

Discussion

Absence of provenance by environment interaction

For none of the assessed traits, significant PxE interactions were detected among the 85 provenances planted
at three trial sites in Germany (Table 3). This absence of PxE stands in contrast to Stojni¢ et al. (2015), who
found significant interactions examining height growth at four sites located in the fragmented south east of
the distribution (Bosnia, Croatia, Serbia). However, their sites showed considerably more environmental
variation, with mean annual temperatures ranging from 6.6 to 11.0°C and annual precipitation from 624 to
1240 mm. Our three German environments experience rather low levels of abiotic stress and a good water
availability throughout the year, with highly concordant amounts of precipitation (Table 1). The climatic
variability among them is apparently too small to induce considerable rank changes in trait expression. We
conclude from the absence of interactions that the three sites can be summarized to one mega-environment
and extracted provenance means of trait expression simultaneously.

Accordingly, provenance performance is highly similar among sites (Fig. 2), with the better yielding
provenances growing better across environments, and the poor performers growing consistently badly. Those
provenances showing an environmental-independent growth are generalists with a highly consistent trait
expression (Williams et al. 2002). Those with a large range among sites appear adapted to specific
environmental conditions and may be considered specialists. However, only few of them, for example
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provenances 84, 93, 94, 97 (Fig. 2) show a basal area above average at one or two sites and a poor
performance on the remaining. The effect of these specialists appears too small to result in an overall
significant interaction term.

The high frequency of generalists in forest field trials appears a common observation for growth traits, which
Matheson and Raymond (1986) explained by the longevity of trees. Forest trees are required to grow for many
years, and successful genotypes must be well-adapted to changing seasons and variable selective forces. In
their thorough review on tropical tree species, they concluded that provenances growing well on favourable
sites do likewise cope well with unfavorable sites, as long as there was no major environmental stress. This
was recently shown in an extensive provenance trial series with Norway spruce. Transfer functions for height
growth had a highly consistent shape at over 30 environments across Europe with outstanding provenances
originating from the Hercyno-Carpathian domain, despite for the northernmost harsh environment in Sweden,
where local provenances did perform best (Liepe et al. 2022). The reason lays in the considerable phenotypic
plasticity allowing trees to physiologically or morphologically respond to changing environments (Kramer
1995).

Ecotypic variation across species range

Considerable variation exists between provenances of beech ranging from 21% (stem form) to 45% (basal
area) on single sites and from 20 to 39% across sites (Tables 2 and 3). On the landscape level, this results in
distinct patterns with spatially adjacent provenances showing a similar trait expression, which could be
segregated into meaningful groups using MRT analysis constrained by geographic predictor variables (Fig. 3).
We interpret these 11 groups as ‘ecotypes’ shaped by local adaptation to environmental conditions at
provenance origin, a term first proposed by Turesson (1922), referring to groupings of populations in relation to
a type of habitat or climate. Matyds (2004) further specified it as a population adapted to local site conditions
that occur in patches rather than as clinal variation, which was highlighted by various studies on intraspecific
adaptation of beech (Jazbec et al. 2007; Ivankovi¢ et al. 2008; Matyas et al. 2009; von Wiihlisch 2012; Popovi¢
et al. 2021).

From the left to the right, the 11 ecotypes at the final leaves of the dendrogram represent the following major
European regions: the North European Plains (G1) at the northern range margin; Pyrenees, Massif Central and
Eastern Slovenia at the southern margin (G2); high elevation sources from the southern Alps experiencing
particularly high precipitation (G3); a transition zone in southern Germany ranging from the Harz mountains
down south to Bavaria, separating subatlantic (west) and subcontinental (east) climate influences (G4); higher
elevation sources from Ore Mountains and Bavarian Forest (G5); two groups covering Sudets, Beskids and
Carpathians, one > 375 m (G6), the other <375 m (G7); a low elevation ecotype covering south-western
Germany and northern France (G8); and in the same area two ecotypes from >425 m, one being concentrated
in Germany (G10), basically the center of the species distribution and the other ranging approximately from the
border between Germany with Belgium and France to the Mountains of Morvan (G9); and finally the three most
outstanding provenances located in central Germany (G11).

Drawing a conclusive picture of the adaptive portfolio that each ecotype developed in response to the climate
at their origin (Table S5), requires additional traits, including bud phenology and ecophysiological traits. These
traits were not directly considered here, but all together cumulate in the economically important growth traits,
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representing the most frequently measured proxies for fitness (Alberto et al. 2013). The length of the available
growing season, for example, defined by the timing of budbreak and leaf senescence, represents the major
driver of photosynthetic activity and as result growth (Gémory and Paule 2011; Garate-Escamilla et al. 2020).
As a trait of strong genetic control (Kramer et al. 2017), budbreak determines provenance response to climatic
change, here induced by the transfer to the testing environments, representing a shift to warmer climates for
the majority of ecotypes (Fig. S8). The chilling and forcing requirements of budbreak are relatively well
understood (Garate-Escamilla et al. 2020), e.g. low elevation provenances from atlantic climates in the north
west developed high heat sum requirements to avoid an early flushing imposed by frequent occurrence of
forcing temperatures above 0°C, as opposed to those from the continental south east with a low heat sum
requirement to react quickly to the fast seasonal change in spring. The high heat sum requirements are
reflected in the poor performance of the ecotype from the Northern plains (G1), while the ecotype
compromising the low elevations of Sudets, Beskids and Carpathians (G7), profits from an extended growing
season under the favorable conditions in Germany due to its early budbreak (von Wiihlisch et al. 1995). The
ecotypes from central highlands in Germany (G9, G10, G11) possess a highly suitable adaptive portfolio for the
growing conditions at the three trial sites, resulting in particularly good growth performance. Interestingly, G9
and G10 split at an elevation of 425 m, which closely resembles the altitudinal limit between the German
regions of provenance 810 07/08 and 810 09/10 (Anonymous 1994). Geographically, each pair is assigned
one specific area, but within applies an altitudinal border set to 400 or 500 m, depending on the ecological unit.

Considering the expected increase of drought frequency and severity, investigations of ecophysiological traits
(anatomic, hydraulic and foliar traits) are emerging to better understand the strategies of water use. The
number of studied traits is extensive, however, limited to a much smaller number of provenances (e.g. 6 by
Robson et al. 2012, 10 by Hajek et al. 2016, 11 by Stojni¢ et al. 2015b). At our site in Schadtbek, Hajek et al.
(2016) investigated 22 ecophysiological traits, of which they found only three to differ significantly among
provenances, namely the xylem pressure inducing 88% loss of hydraulic conductance, leaf size and vessel
density. The high adaptive capacity in xylem function of beech appeared to be predominantly a consequence
of vessel density, which closely correlates with growth (height, as well as above ground biomass) (Hajek et al.
2016), underlining the suitability of growth performance for provenance selection.

As to be expected from the absence of provenance by environment interactions, the spatial patterns derived
from single trait analysis, show similar overall tendencies as described here (Fig. S4-S6). The theorem that
‘local is best’, frequently assumed as a priori for the delineation of seed zones (O’Neill and Gémez-Pineda
2021), does not apply for the three beech trials analysed here. Locally adjacent provenances in Schadtbek (Fig.
S4) and Malter (Fig. S6) are clearly outperformed by others, while it may to some extent be confirmed for the
site in Wesel (Fig. S5), with various good performing provenances at close proximity.

Trade-off between growth and stem form

The main goals of tree breeding are to increase growth, adaptability and economic value of the wood finally to
be harvested. Simultaneous selection for multiple traits is essential to produce desired responses for all traits
of interest. In the case of beech, presented here, this is, however, counteracted by the trade-off between growth
(height, basal area and also DBH, Fig. S3) and stem form (Fig. 3). Considering each individual trait separately,
the best provenances (20%) for height and basal area are highly concordant, but almost completely different to
the best in stem form (Fig. 4a, b vs. ¢). Combining the three traits in a multi-trait selection index to select the
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most suitable provenances across sites, growth will be improved, but to the disadvantage of a poorer stem
form (Table 5). When concentrating the selection at individual trial sites rather than all three at the same time, it
appears possible to improve all traits in Schadtbek, while the trade-off is prevalent in Wesel and Malter

(Table 3).

Such trade-offs between growth and quality traits are actually not uncommon. Schermann et al. (1997)
observed that a selection for fast growth in 9-year-old families of coastal Douglas fir indirectly increased the
frequency of stem defects and Woeste et al. (2021) reported a trade-off between volume and the retention of
large limbs for red oak. It may be argued that a high growth potential to some extend outweighs a minor
quality, since a purposeful silvicultural tending harbours substantial means of improvement towards stem
straightness.

Stem form quality, generally of particular interest in tree breeding, is a rather difficult trait. First, it is based on a
qualitative assessment with a scoring scheme rather than a quantitative measurement. That said, the given
scores are largely dependent on the subjective view of the observer, which were different persons at each site.
Second, there seems to be a tendency that trees from higher elevations, mostly being thinner, are given a better
score, which has been described before for other provenance trials with beech (Rau et al. 2015). Larger, pre-
growing trees occupy more space to make use of the available resources. They tend to have larger crowns,
thicker branches and likely split into more than one main axis.

Apart from the potential observer bias, the preconditions of the trial sites need to be stressed, since they are
likely a reason for the overall poor quality. All three trials were established on former agricultural land. Such
sites show substantial differences in chemical and physical soil properties compared to forest sites (e.g. higher
nutrient content, absence of humus layer), with negative effects on young beech stands (Cukor et al. 2022).
With 5,000 trees/ha the planting density was lower than the high stocking recommended for comparable
afforestations with 7,000 to 10,000 trees/ha (according to forest funding guidelines of federal states in
Germany, e.g. Anonymous 2020) to create conditions to develop good quality and minimize the risk of wolf
trees (Liziniewicz 2009). Due to the absence of a shelter, be it a remaining overstory or a the planting of fast
growing nurse species, the sites were prone to late frost damage, which represents a frequent threat to young
beech cultivations and can significantly alter tree quality (Wagner et al. 2010). Such silvicultural elements are
frequent management praxis for beech, but difficult to implement in the experimental setup with the goal to
assess provenance differentiation.

Concluding remarks

Our study highlights the potential benefits in productivity that can be expected using the most suitable
reproductive material for reforestations with beech in the central-northern part of the range. The environmental
variation among the three sites investigated appears too small to induce provenance by environment
interactions resulting in a great advantage for forest practitioners: the three trials may be summarized to one
mega-environment and provenance recommendations developed jointly. Using multivariate regression tree
analysis, we identified eleven ecotypes of similar trait expression, being much larger than the currently used
delineations of provenance regions by the European member states. Still, they closely resemble some aspects
of these delineations, e.g., an elevational segregation between 400 and 500 m in Western Germany.
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Concentrating on the individual provenance level, the best 20% with high value for tree breeding and
deployment have been identified. Several highly suitable seed sources concentrate in the Central Uplands of
Hesse, North-Rhine Westphalia and Rhineland-Palatine in Germany and herein in the national provenance
regions 810 07, 810 08 and 810 09 (Anonymous 1994). Since these provenances have proven to be stable
across all three sites, they appear suitable to be planted across a wider range of environments in the Northern
half of Germany that are silviculturally appropriate for beech. In addition, provenances from Beskids and
Western Carpathians (< 325 m) appear suitable candidates for assisted migration.
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Figure 1

Sampled provenances (circles) and trial sites (triangles) of the 4™ series of the International Beech Network. 85
provenances (dark blue circles) were planted at all three German sites Schadtbek, Malter and Wesel (red
triangles). The natural distribution of beech is shaded in dark grey (EUFORGEN 2008)
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Figure 2

Provenance differentiation in basal area by individual trial sites. Predicted trait means for provenances are
expressed as % deviation from the site mean (100 %, horizontal dashed line). That means a performance < 100
% represents a basal area being poorer than average, while > 100 % represents a basal area being higher than
average. To account for the large sampling density in Germany, provenances are grouped by regions of
provenance (810XX, Anonymous 1994), while the foreign provenances are grouped by countries (abbreviations
according to ISO 3166-1 Alpha 2 code). Provenance names corresponding to the numbers are given in Table S1
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Figure 3

Provenance differentiation at spatial scale. Trait means for height (a), basal area (b) and stem form (c)
extracted for provenances from the model across sites are visualized at their corresponding location of origin
(points). Multivariate regression tree analysis was used to group provenances based on their phenotypic
expression constrained by geographic variables (d), the resulting groups are displayed spatially (d). Trait
means are represented as % deviation from the overall mean (100 %). That means a performance < 100 %
represents a trait being poorer than average, while > 100 % represents a trait being higher than average. For a, b,
c, the species range in the background represents an interpolated surface created by IDW interpolation and is
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colored by the same color scheme. The 20 % best provenances for each individual trait are labelled with the
corresponding provenance number (Noin Table S1). The dendrogram (d) represents the result of the iterative
clustering procedure. Red numbers indicate the variance explained by a particular split. Bar plots at the end of
the tree branches illustrate group means of phenotypic variation for each trait expressed as deviation from the
overall mean, which is here set equal to the horizontal line. The provided color coding of the 11 groups (G1 to
G11) is used in e and provenances selected by MTSI are labelled. The two provenances in white (32 and 158)
were excluded prior to MRT analysis
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