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Abstract

Natural regeneration is crucial for sustainable forest development, and light availability signifi-
cantly influences the growth and survival of young trees. Different tree species respond in distinct
ways to varying light conditions, particularly in terms of height growth. This ability to adapt, along-
side shade tolerance, plays a key role in determining species survival in competitive environ-
ments. Understanding species-specific responses to changes in canopy openness is essential for
forest management and for promoting specific tree species compositions. However, a compre-
hensive comparison of main tree species in Swiss forests under different light conditions has
been lacking. To address this gap, an extensive field study was conducted, sampling more than
2’000 saplings (=30 - 600 cm in height) of different tree species distributed across various light
conditions in 39 forest districts. During data collection, special attention was given to covering
different elevations and ensuring high biogeographical diversity representative of Swiss forests.
Canopy openness was modelled using a recently developed canopy radiative transfer model. A
linear mixed-effects model was applied to analyse the relationship between canopy openness
and height growth for each species. The model accounted for tree height variability and site char-
acteristics such as understory woody density, productivity, elevation, and forest district differ-
ences.

The results revealed significant interspecific differences in growth responses to varying canopy
openness. Picea abies (L.) H. Karst. demonstrated a strong relative growth response to increased
light availability, meaning that this species was able to multiply its height growth by the highest
factor with increasing canopy openness. Acer pseudoplatanus L., Fagus sylvatica L., Pseudotsuga
menziesii (Mirb.) Franco, and Tilia cordata Mill. & Tilia platyphyllos Scop. exhibited the largest ab-
solute height growth differences between high and low canopy openness. Moderate growth differ-
ences were observed in Prunus avium L., Betula pendula Roth, and Quercus petraea Liebl. &
Quercus robur L., which already exhibited relatively high growth rates under shaded conditions.
In contrast, Abies alba Mill., Pinus sylvestris L., and Larix decidua Mill. showed only a slight in-
crease in height growth in response to improved light conditions. A widely discussed concept in
the literature suggests that shade tolerance can be understood as a trade-off between survival
probability under low-light conditions and growth potential under high-light conditions. Shade-
tolerant tree species are therefore expected to exhibit a high survival probability in shaded envi-
ronments but relatively low growth rates under favourable light conditions. In contrast, shade-in-
tolerant species are assumed to have lower survival chances in shaded conditions but higher
growth rates in high-light environments. In this study, the relationship between species-specific
shade tolerance, as documented in the literature, and height growth under high-light conditions
was examined. While the expected patterns were confirmed for some tree species, considerable
deviations were observed in many cases. Notably, Fagus sylvatica L. exhibited a surprisingly high
height growth under high-light conditions, despite its well-documented shade tolerance. This in-
dicates thatthe modelled height growth under high-light conditions does not always align with the
species-specific shade tolerance documented in the literature. The substantial differences be-
tween species in their height growth response to canopy openness provide valuable insights into
their competitive strategies. This knowledge is highly relevant for forest management, as it facili-
tates the prediction of species-specific responses to canopy interventions and supports deci-
sion-making in silvicultural practices.
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1 Introduction

Naturalregeneration is essential for the sustainable persistence of Swiss forests and significantly
influences the perception of their ecosystem services (Bachofen, 2009; Brang & Duc, 2002; Bun-
desamt fur Umwelt BAFU, 2022). Light availability affects the survival and growth of tree regener-
ation and is primarily regulated by canopy density and the composition of the surrounding trees,
which determine the degree of shading (Pretzsch et al., 2005). Canopy management, through tar-
geted thinning or gap creation, offers a direct way to influence light conditions, setting it apart
from other site factors that are less manageable. Additionally, canopy openness impacts micro-
climatic conditions, such as temperature and soil moisture, which further influence seedling es-
tablishment and growth (Kimmins, 2004). Depending on the extent of canopy cover by larger trees,
the competitive pressure on regenerating saplings varies. High canopy openness leads to a dense
regeneration layer, where only the most competitive saplings thrive. In contrast, a closed canopy
results in sparse regeneration, where limited light conditions can negatively affect the growth of
young trees (Ward & Stephens, 1993). Annual height growth is a key and easily measurable indi-
cator to assess the vitality of regeneration. Furthermore, height growth data can provide insights
into the growth strategies and competitive abilities of tree species, as tree height, which is directly
influenced by height growth, is often a decisive factor for tree survival in regeneration (Macek et
al., 2016; Petrovska et al., 2022).

Different tree species show varying occurrence probabilities depending on light conditions. More-
over, it has been observed that the height growth of different tree species depends to varying de-
grees on light availability. A popular scientific definition that allows for a classification based on
shade tolerance considers the growth achieved under high light conditions and mortality rates
under low light conditions. Itis assumed that there is a trade-off between these two traits: shade-
tolerant species exhibit relatively slow growth under favourable light conditions but have low mor-
tality under limited light. In contrast, shade-intolerant species show rapid growth under high light
conditions but suffer high mortality under low light (Kobe et al., 1995; Kobe & Coates, 1997; Lof et
al., 2007; Pacala et al., 1994; Petritan et al., 2007). This differentiation among tree species is also
linked to their distinct niches in the successional process: shade-intolerant species colonize
open areas immediately following natural disturbances, whereas shade-tolerant species gradu-
ally replace them as the succession progresses (Brzeziecki & Kienast, 1994; Whitmore, 1989).

Silvicultural measures can be used to influence light availability and, in turn, tree regeneration. In
Swiss forestry practice — particularly in mountainous regions — it is common to apply regeneration
cuts that are specifically adapted to the site conditions and the respective forest community.
Brang et al. (2014) describe this management approach as a combination of various close-to-na-
ture silvicultural methods, where interventions are defined based on the specific forest type and
its current condition. While in the Swiss lowlands, decision-making authority largely rests with
forest owners and local authorities, a significant portion of forests in hilly and mountainous re-
gions—such as the Jura and the Swiss Alps—serve a protective function. This accounts for nearly
50% of Switzerland’s forest area (Losey & Wehrli, 2013), where measures are implemented ac-
cording to both the protective role and the specific forest site to ensure the long-term sustainabil-
ity of this function (Bundesamt fir Umwelt BAFU, 2024; Frehner et al., 2005).

Climate change poses a profound challenge for forest management, with models predicting sig-
nificant shifts in the distribution of tree species, including potential declines in widespread spe-
cies such as spruce and beech (Frehner et al., 2018; Zimmermann et al., 2014). In addition to
direct impacts, indirect effects like pests, diseases, and forest fires present significant risks



(Rigling et al., 2008). In response to these challenges, research and Swiss forest policy emphasize
enhancing species diversity as one out of five key adaptation principles (Allgaier Leuch et al.,
2017; Brang et al., 2016; Bundesamt fur Umwelt BAFU, 2023). However, in the widely practiced
close-to-nature silviculture in Switzerland, particularly under the use of single-tree selection cut-
ting, regenerating shade-intolerant species remains challenging as the created canopy gaps often
fail to provide sufficient light, leading to maintained dominance of shade-tolerant species that
were often pre-established before cutting (Brang et al., 2014; Brullhardt et al., 2022; Ligot et al.,
2013; Pommerening & Murphy, 2004; Wagner et al., 2010). Given these challenges, a comprehen-
sive understanding of the light-dependent growth responses of various tree species is essential
to promote regeneration of a tree species composition adapted to changing climate conditions.

Several studies have already examined the influence of light conditions on the growth of natural
regeneration. For the more common and widespread species among the target tree species de-
fined in this study, a solid knowledge base exists regarding their light responses. For instance,
Schmid et al. (2021) in the Swiss Alps and Hokka & Makela (2014) in Finland demonstrated that,
in addition to tree height, gap size has a significant impact on the height growth of Picea abies (L.)
Karst (P. abies). Brullhardt et al. (2020) found in their study on Acer pseudoplatanus L. (A. pseu-
doplatanus) and Fagus sylvatica L. (F. sylvatica) across various Swiss forests that height growth in
both species is similarly influenced by light availability. For Abies alba Mill. (A. alba), Kup-
ferschmid et al. (2013) observed a linear increase in height growth with increasing light availability
across three sites in Switzerland. This selection provides only a glimpse into the research focusing
onh one or two tree species regarding the effects of light conditions on height growth.

In contrast, studies comparing three or more of the target tree species defined in this study are
relatively rare. Lof et al. (2007) investigated five of the species included in this study (F. sylvatica,
P. abies, Prunus avium L. (P. avium), Quercus robur L. (Q. robur) and Tilia cordata Mill. (T. cordata))
and found that height growth increased in all species with reduced canopy cover. Additionally, for
all species except P. avium, the observed growth patterns aligned with their shade tolerance rank-
ing. However, itis important to note that this study was conducted as a planting experiment under
a P. abies plantation rather than on naturally regenerating trees. Ligot et al. (2020) examined the
responses of A. alba, P. abies, and Pseudotsuga menziesii (Mirb.) Franco (P. menziesii) to varying
light conditions alongside other species not included in this study. However, the findings for P.
menziesii should be interpreted with caution, as growth was severely impaired by pest and path-
ogen pressure. When comparing A. alba and P. abies, their study showed that P. abies exhibited
greater height growth across nearly all light conditions and tree heights. Furthermore, Bebre et al.
(2021) conducted a controlled pot experiment with seedlings up to 56 cm in height, including F.
sylvatica, P. abies, and P. menziesii. Their results indicated that P. menziesii achieved higher rela-
tive height growth across all light conditions compared to the other two species. However, the
extent to which these ex situ findings can be extrapolated to natural forest conditions remains
uncertain.

Despite the valuable insights gained from previous research, most studies have been limited by
their local scope, making it difficult to generalize findings across different forest types and regions.
Additionally, the light-dependent growth responses of less common tree species remain insuffi-
ciently explored. Comparative studies that assess growth responses to light availability across
multiple species are also rare. This study seeks to fill these gaps by providing a comprehensive
analysis of the growth responses to varying light conditions across a broad range of species dis-
tributed across differing environmental areas of Switzerland, thereby contributing to a more nu-
anced understanding of regeneration dynamics in Swiss forests. Specifically, this study seeks to
answer the following research question:



How does light availability, as measured by the degree of canopy openness, affect the height
growth of the following 13 tree species in Switzerland: A. alba, A. pseudoplatanus, Betula pendula
Roth (B. pendula), F. sylvatica, Larix decidua Mill. (L. decidua), P. abies, Pinus sylvestris L. (P. syl-
vestris), P. avium, P. menziesii, Quercus petraea Liebl. (Q. petraea), Q. robur, T. cordata and Tilia
platyphyllos Scop. (T. platyphyllos)?



2 Methods
2.1 Study sites

Measurements were conducted in a total of 39 different forest districts, covering elevations rang-
ing from 327 to 1’797 meters above sea level (Figure 2). The selection of forest districts was made
to ensure a comprehensive representation of the biogeographical diversity of Swiss forests. Addi-
tionally, care was taken during site selection to include enough locations where the rarer tree spe-
cies within the target species group could be measured. When selecting forest areas for meas-
urements, it was ensured that no interventions in the tree layer had taken place since the acqui-
sition of LiDAR data, which were used for modelling light conditions. The same criterion applied
to natural events that might have led to changes in the canopy structure. Depending on the region,
the LiDAR data were acquired at some point between 2017 and 2023. It was assumed that if no
interventions or natural events leading to changes in the canopy had occurred, the canopy struc-
ture remained unchanged since the LiDAR acquisition.

With the support of knowledgeable local foresters, specific areas within each forest district were
identified to maximize the coverage of different sub-canopy light conditions and to represent the
local species diversity as comprehensively as possible. The expertise of the foresters also facili-
tated the measurement of individuals from less common species that occur only sporadically or
in localized populations.
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Figure 2: Map showing the distribution of study sites. Basemap from Federal Office of Topography swisstopo (2024a).



2.2 Sampling design

For the measurements, dominant tree individuals were selected, ensuring that the sampled trees
exhibited straight growth and showed no visible damage. If individuals with minor damage or other
irregularities were measured, this was recorded and later considered in the outlier analysis. Ad-
ditionally, only trees primarily influenced by competition from the canopy layer were included.
Trees affected by strong competitive influences in the understory were excluded, as this type of
competition could not be fully captured by the applied light modelling approach.

For the selected individuals, tree height and the terminal shoot length of the current year, and if
possible, the last two years were measured. Additionally, coordinates and local productivity val-
ues were recorded, and the understory woody density was determined. Tree height and terminal
shoot length were measured using a ruler. The effective tree height was measured from the tree
base to the tip of the terminal shoot, including the terminal bud. Only trees with a minimum height
of 30 cm were measured, and measurements were conducted using a standard folding ruler, with
only trees whose height could be accurately determined with this tool included in the dataset.
Trees exceeding the measurable height limit were excluded from the analysis. The tallest meas-
ured tree was 635 cm. The current year's terminal shoot growth was determined using the scar of
the previous year's terminal bud and for deciduous trees the presence of leaves directly emerging
from the stem. The height growth of previous years was measured if clearly identifiable through
bud scale scars. If lammas growth was present, it was considered in the current year's growth
measurement. In such cases, the growth increments of previous years were not recorded due to
the high likelihood of measurement errors. Coordinates were recorded using the ppm10xx GNSS
receiver, which usually achieves positional accuracy in the range of decimetres (ppm - Precise
Positioning Management GmbH, n.d.). If precise coordinates could not be obtained due to poor
signal reception, this was noted and considered during outlier analysis. The same procedure was
followed when the LiDAR-based canopy height model, which was later used for light modelling,
deviated from the actual forest situation due to unrecorded natural or anthropogenic canopy in-
terventions. The foresters provided information on local productivity values, also known as incre-
ment values. In the forest districts surveyed in the canton of Ticino, such data were not available,
so avalue published by the National Forest Inventory (NFI) for the corresponding region was used
instead (Abegg et al., 2023). Understory woody density was assessed within a 2-meter radius
around the sampled tree by estimating the proportion of the area covered by woody vegetation. A
rating of 1 was assigned if coverage was <5%, 2 for 5 - 25% coverage, and 3 for >25% coverage
(Table 2). Data collection was conducted from August to October 2024.

The number of forest districts in which individuals were measured varies depending on tree spe-
cies, as does the number of data points per species. This variation is due to differences in species
distribution and abundance (Table 1).



Table 1: Summary statistics for each species showing number of observations (n), number of forest districts (FD n) and averaged values for each fixed effect and response variable includ-
ing ranges. Predictor abbreviations: FD (Forest district), UWD (Understory woody density). Species abbreviations: A. alba (Abies alba), A. pseudoplatanus (Acer pseudoplatanus), B.
pendula (Betula pendula), F. sylvatica (Fagus sylvatica), L. decidua (Larix decidua), P. abies (Picea abies), P. sylvestris (Pinus sylvestris), P. avium (Prunus avium), P. menziesii
(Pseudotsuga menziesii), Q. petraea & Q. robur (Quercus petraea & Quercus robur), T. cordata & T. platyphyllos (Tilia cordata & Tilia platyphyllos).

Species n FD n | Height growth [cm] | Canopyopenness[%] | Elevation[m] Productivity [m3/ha/year] Tree height [cm] UWD
mean  range mean range mean range mean range mean range mean range

A. alba 207 33 16.0 0.5-55.7 | 22 4-87 981.9 397.8-1744.2 | 7.96 1.5-13.4 121.6 31-362 | 2.45 1-3
A.pseudoplatanus 254 34 35.8 0.5-172 23 4-84 813.6 343.9-1651.9 | 8.55 1.5-13.4 196.6 31-543 | 2.52 1-3
B. pendula 151 32 51.9 2-147 39 10-80 948.2 367-1718.4 7.00 1.5-13.4 218.1 39-582 | 2.40 1-3
F. sylvatica 299 33 23.7 0.2-125 19 5-84 822.9 365.2-1519.4 | 8.72 3.25-13.4 189.4 36-431 | 2.38 1-3
L. decidua 157 24 27.7 0.1-125 39 8-86 1138.7 367.2-1750.2 | 5.84 1.5-125 152.1  37-400 | 2.28 1-3
P. abies 336 37 12.7 0.5-89 24 4-84 986.9 365.6- 1797 7.50 1.5-13.4 126.0 31-635 | 2.35 1-3
P. sylvestris 102 19 17.5 2.2-57 37 11-81 1057.9 366.9-1743.7 | 5.21 1.5-12.5 129.6 31-377 | 2.26 1-3
P. avium 111 28 42.4 0.3-136 26 7-79 666.6 349.3-1577.1 | 8.18 1.5-12.5 196.1 34-432 | 2.67 1-3
P. menziesii 87 13 28.4 5-98 26 7-79 588.2 367.4-1150.4 | 10.30 3.5-134 122.7 35-373 | 2.56 1-3
Q. petraea & Q. robur 174 25 38.2 1.2-211 30 6-89 641.7 333.4-1417.4 | 8.72 2-134 1349 31-415 | 2.49 1-3
T. cordata & T. platyphyllos 99 20 25.7 0.5-100 22 6-87 521.5 365.3-1202 8.28 2.5-134 157.7 31-441 | 2.46 1-3




2.3 Data preparation

Height growth was calculated as the mean terminal shoot growth across all measured years. If
measurements were available for only a single year, that value was used instead.

The elevation of each data point was determined based on the recorded coordinates and a digital
height model (DHM25) provided by Federal Office of Topography swisstopo (2024b). Growth in-
crement values (expressed in m*/ha/year) provided by foresters were sometimes expressed as
ranges rather than precise values. To convert this categorical data into a continuous variable, the
arithmetic mean of the given range was calculated.

Field data were collected for the following tree species: A. alba, Acer platanoides L., A. pseudo-
platanus, B. pendula, Castanea sativa Mill., F. sylvatica, L. decidua, P. abies, P. sylvestris, P. avium,
P. menziesii, Q. petraea, Q. robur, T. cordata and T. platyphyllos. Due to insufficient sample sizes,
Acer platanoides and Castanea sativa were excluded from further analysis. For the same reason,
both Quercus species (Q. petraea and Q. robur) were grouped into a single category. Similarly, T.
cordata and T. platyphyllos, were analysed together.

The following calculation steps were not carried out by me but were provided by my supervisor,
Florian Zellweger, in the context of my master's thesis. For light modelling, the enhanced Canopy-
HeightModel2Radiation (C2R) by Webster et al. (2023) was applied. This model calculates below
canopy light conditions at each data point’s coordinates based on a high-resolution canopy height
model and was shown to represent the light conditions very well (Webster et al., 2023; Zellweger
etal., 2019). The Canopy Height Model was derived from LiDAR data collected nationwide by Fed-
eral Office of Topography swisstopo (2024b) and processed by the NFI (Ginzler, 2021). Two key
light variables were extracted: Canopy openness, an indicator of totalincoming radiation reaching
the sub-canopy and potential direct solar radiation, which represents the proportion of direct so-
lar radiation reaching the ground, accounting for the time-dependent solar position. To obtain a
standardized measure of potential direct solar radiation, an average daily value between 10am
and 4pm was computed for June. Additionally, to correct for spatial differences in potential radia-
tion, the modelled values were adjusted by multiplying them with local potential radiation esti-
mates (Zimmermann & Roberts, 2001). This resulted in an indicator for potential direct solar radi-
ation, which was used as an explanatory variable as described below.

2.4 Statistical analysis

To examine the effect of a light variable on height growth while accounting for other influencing
factors, a Linear Mixed Model (LMM) was applied, following the structure outlined in equation (1)
(Bigler, 2021).

p
}’i=ﬁo+Zﬁj'Vj,i+bi+5i (1)
=

Here, y; represents the dependent variable for observation i, f3, is the fixed intercept, and f; are
the fixed effects for the predictors V; ;. Additionally, b; represents the random effect, assuming a
random intercept for the grouping variable, and &; ~ N(0,0?) is the residual error.

In the model used in this study, the dependent variable was height growth, while the fixed effects
included a light variable, elevation, productivity, tree height, and understory woody density (Table
2). The selection of the specific light variable is discussed in a later section. Understory woody
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density was treated as an ordinal variable, assuming a linear distance between the three catego-
ries. Forest districtand species were included as random effects. In cases where species-specific
models were formulated, species was omitted as a random effect.

The response variable, height growth, exhibited a right-skewed distribution and violated assump-
tions of normality and homoscedasticity, with strong heteroscedasticity observed in the residu-
als. Additionally, the initial model formulation allowed for potentially negative predictions of
height growth, which are biologically unrealistic. To address these issues, two alternative models
were tested: A Generalized Linear Mixed Model (GLMM) with a Gamma distribution and log-link
function was examined as a potential alternative. Additionally, a log-transformed LMM, in which
the dependent variable height growth was log-transformed, was tested. The models were com-
pared using Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), marginal R
(R’m), and conditional R? (R%c). The log-transformed LMM was selected as the final model due to
its superior AIC and BIC values. Therefore, the following specific model was used:

5
log(heigth growth;) = S, + Z BjVii+u +v; +g (2)
j=1

Where V, ; represents the light variable, V, ; productivity, V3 ; elevation, V, ; tree height, and Vs ; un-
derstory woody density. The random effectu; ~ N(0,2) defines the random intercept for each
forest district, and v; ~ N(0,02) defines the random intercept for each species.

Model formulation was performed using the 1mer () function from the [me4 package in R, version
4.4.1 (Bates etal., 2015; R Core Team, 2024). Model assumptions were reassessed using residual
distribution plots, residuals vs. predicted values plots, and Q-Q plots comparing sample and the-
oretical quantiles. To assess collinearity among fixed effects, variance-inflation factors and pair-
wise Pearson correlation coefficients were computed.

A comparison of the two light variables — canopy openness and potential direct solar radiation -
revealed that canopy openness explained a greater portion of the variance in height growth. The
comparison was conducted using estimates, t-values, root mean squared error (RMSE), R?, and
AIC values from LMM models incorporating either canopy openness or potential direct solar radi-
ation as predictors. To examine whether the influence of light variables varied by altitude, the da-
taset was splitinto high-elevation (>1000 m a.s.l.) and low-elevation (<1000 m a.s.l.) subsets. The
performance of the model with canopy openness as explanatory variable was consistently supe-
rior in both elevation ranges. To assess redundancy between light variables, the correlation be-
tween canopy openness and potential direct solar radiation was calculated, yielding r = 0.85. In-
cluding potential direct solar radiation in a model alongside canopy openness resulted in a mar-
ginal increase in R® by 0.0015, indicating minimal additional explanatory power. Consequently,
potential direct solar radiation was excluded from further analyses, and only the effect of canopy
openness was considered.

Outliers were identified using Cook’s distance, defining data points exceeding the threshold 4/n
as outliers. With an initial dataset of 2154 observations, this led to a threshold of 0.0019, resulting
in 48 identified outliers. All outliers flagged for potential data inconsistencies during data collec-
tion (n=18) due to potential tree damage, abnormal growth patterns, or uncertainties regarding
recorded coordinates or LiDAR data were excluded from further analyses. Cook’s distance was
recalculated for the reduced dataset, and again, 43 outliers were identified. An additional flagged
outlier (n=1) was removed. All remaining outliers were re-evaluated for potential errors that oc-
curred during data collection and processing. Identified errors (nh=4) were corrected, while



remaining outliers were retained for impact assessment. Removing the remaining outliers had no
substantial effect on model coefficients, direction of effects, or significance levels. The exclusion
resulted in a moderate increase in R® (from 45% to 50%). The remaining 38 outliers accounted for
only 1.8% of the dataset (final n = 2135) and did not significantly impact model performance, they
were considered biological variation and retained in the dataset for further analysis.

To facilitate interpretation, back-transformation was applied to log-transformed height growth
values presented in plots and tables in the results section, restoring them to their original scale
(cm). Since back-transformation produces asymmetric confidence intervals, the mean of both
back-transformed confidence bounds was reported as the standard error (SE) in Table 3. The
asymmetric confidence intervals for the effect of canopy openness are visualized in Figure 3. To
calculate the model results presented in Table 3, fixed effects were standardized by centering var-
iables at zero and scaling them so that one standard deviation corresponds to *1, enhancing com-
parability of estimates across predictors.

Model predictions for Figure 4 und Figure 5 were generated using the predict() functionin Ime4
with re.form = NA, excluding random effects from predictions. Figure 3 presents model-based
predictions generated using ggpredict() from the ggeffects package (Lliidecke, 2018), providing
marginal predictions based on fixed effects while excluding random effects. In both cases, pre-
dictions were made by setting tree height to 150 cm for all species, while the other fixed effects
were assigned the species-specific mean value. For Figure 4 the range between 10% and 50% was
selected to represent an interval where model predictions show a relatively narrow confidence
interval. Furthermore, the comparison between 10% and 50% canopy openness is expected to
serve as an example of light conditions before and after canopy layer intervention.

To assess overall model fit, R’?m and R’c values were computed using the r.squaredGLMM()
function from the MuMIn package in R (Kamil Barton, 2024). The variance explained by each fixed
effect (Figure 7) was determined using separate models, where each predictor was the sole fixed
effect while retaining the random effects structure. The contribution of random effects to the total
variance of the model was analysed by determining the variance components for each random
factor — namely, forest district and species. The total variance consists of the variance attributed
to forest districts, species, and the remaining unexplained variability. The proportion of variance
explained by each random factor was calculated as the ratio of its variance component to the total
variance. This approach follows the variance partitioning framework in mixed-effects models de-
scribed by Nakagawa & Schielzeth (2013). The variance components were determined using the
VarCorr()function from the Ime4 package.

Artificial intelligence (Al)-assisted tools were used in parts of the code generation, literature
search and during the writing process. All Al-generated content was manually reviewed and re-
fined to ensure accuracy and scientific integrity. A detailed documentation of the Al tools used
and their specific contributions can be found in the Appendix Table A. 1.



Table 2: Description of the explanatory and grouping variables used to build the statistical model.

Type Name Description Unit/Levels
Fixed Canopy open-  Proportion of total incoming radiation Percentage
Effects ness reaching the sub-canopy based on Web-
ster et al. (2023)
Elevation Elevation above sea level Metres
Productivity Expected increase in wood volume per m®halyear
year and hectare, also known as incre-
ment
Tree height Sapling height at the end of the growing Centimetres
season
Understory Index based on proportion of a 2-meter Index consisting of three levels: 1 (cov-
woody density radius around the sampled tree covered erage <5%), 2 (5-25% coverage), 3
by woody vegetation (>25% coverage)
Random Forest district ~ Study sites 39
Effects

Species

Tree species

11; based on 13 species, with two pairs
of species being grouped together
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3 Results

3.1 Species-specific responses of height growth to canopy openness

The way height growth depends on canopy openness varies between species, as seen in Figure 3.
A. pseudoplatanus and F. sylvatica exhibit moderate growth under low canopy openness com-
pared to other species, but their growth increases significantly as canopy openness increases. A
similar curve is observed for P. menziesii and T. cordata & T. platyphyllos, though the growth in-
crease is less pronounced. For B. pendula, P. avium, and Q. petraea & Q. robur, growth is already
relatively high at low canopy openness, with only a slight increase as canopy openness increases.
Both L. decidua and A. alba show relatively average growth at low canopy openness, with moder-
ate increases as the canopy openness increases. P. sylvestris starts with fairly average growth but
do not increase much as the canopy openness rises. P. abies exhibits low growth under low can-
opy openness but can achieve higher growth at higher canopy openness. While each species ex-
hibits an individual growth response to different levels of canopy openness, the growth curves of
certain species show similar patterns.

The following section presents the results on the influence of canopy openness on height growth
based on species-specific modelling. Since the dependent variable, height growth, was log-trans-
formed in the model formulation, it is important to note that the values discussed in this section
represent relative rather than absolute differences. These results indicate the proportional
change in height growth as canopy openness increases but do not specify the absolute magnitude
of this change. The absolute change in height growth resulting from a given relative difference de-
pends on the average growth rate of the tree species, which can be derived from the intercept in
Table 3.

For the majority of species, an increase in canopy openness results in a significant increase in
height growth (Table 3). However, this relationship was not significant for P. avium. When the spe-
cies were arranged according to the relative effect of canopy openness on their main shoot
growth, the following order from high to low was identified: P. abies, F. sylvatica, A. pseudoplata-
nus, T. cordata & T. platyphyllos, L. decidua, P. menziesii, A. alba, P. avium, Q. petraea & Q. robur,
P. sylvestris, B. pendula. P. abies demonstrates the most substantial relative increase in growth,
with height growth increasing by 1.77 times (a 77% increase) when the canopy openness is ele-
vated by one standard deviation (which corresponds to a 17% increase), compared to the lowest
increase of 1.20 times (a 20% increase) estimated for B. pendula. As explained in the previous
section, the model used for the analysis was log-transformed, meaning it highlights relative dif-
ferences rather than absolute ones. This is the reason why P. abies exhibits the highest relative
growth increase due to canopy openness: Under shady conditions, this species exhibits very low
growth, leading to high relative increases in growth under better light conditions, although abso-
lute height growth is much lower than for other species.

11



A. alba

200 4

150 4

1004

Height growth (cm)

504

/

B. pendula

T T

25 50 75
Canopy openness (%)

T
100

200+

150 1

1004

Height growth (cm)

50

/

L. decidua

2'5 5'0 7’5
Canopy openness (%)

100

2001

1501

10019

Height growth (cm)

50

/

2’5 5‘0 7‘5
Canopy openness (%)

100

A. pseudoplatanus

200

150

100

504

F. sylvatica

T T

T T
25 50 75 100
Canopy openness (%)

200 -

150

100

50

P. abies

T T T T
25 50 75 100
Canopy openness (%)

2001

150

100 A

501

25 50 75 100
Canopy openness (%)

Figure 3: Response curves illustrating the species-specific relationship between canopy openness and height growth.
Data points represent raw observations, while lines show predictions from a Linear Mixed Model (LMM) with 95% con-
fidence intervals. For model predictions, tree height is set to 150 cm, while all other fixed effects—except for canopy
openness—are held at their species-specific mean values. The random effect of the forest district is excluded. Spe-
cies in this figure: A. alba (Abies alba), A. pseudoplatanus (Acer pseudoplatanus), B. pendula (Betula pendula), F. syl-
vatica (Fagus sylvatica), L. decidua (Larix decidua), P. abies (Picea abies).
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Figure 3: (continued) Sepcies in this figure: P. sylvestris (Pinus sylvestris), P. avium (Prunus avium), P. menziesii (Pseu-

dotsuga menziesii), Q. petraea & Q. robur (Quercus petraea & Quercus robur), T. cordata & T. platyphyllos (Tilia
cordata & Tilia platyphyllos).
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The tree species exhibited varying responses in absolute additional height growth when the can-
opy openness increased from 10% to 50% (Figure 4). The height increase resulting from these 40%
additional canopy openness ranges from 20.68 cm for F. sylvaticato 6.74 cm for P. sylvestris. Thus,
the increase in absolute height growth due to higher canopy openness varies between tree spe-
cies. The significant disparities between the species configurations in this section and the pre-
ceding one with regard to the impact of canopy openness on height growth can be elucidated as
follows. The preceding abstract (based on Table 3) concentrated on relative growth, whereas the
latter (based on Figure 4) focuses on absolute growth. Due to the variation in species with respect
to their intercept, the analysis of relative and absolute growth yields distinctly divergent results
when comparing species to each other.

F. sylvatica

P. menziesii

A. pseudoplatanus

T. cordata/platyphyilos
P. avium

P. abies

Species

B. pendula

Q. robur/petraca

L. decidua

A. alba

P. sylvesiris

<
o

10 15
Absolute difference in height growth (cm)

N
o

Figure 4: Barplots showing the absolute difference in predicted height growth between canopy openness 50% and
10%. Species abbreviations: F. sylvatica (Fagus sylvatica), P. menziesii (Pseudotsuga menziesii), A. pseudoplatanus
(Acer pseudoplatanus), T. cordata & T. platyphyllos (Tilia cordata & Tilia platyphyllos), P. avium (Prunus avium), P. abies
(Picea abies), B. pendula (Betula pendula), Q. petraea & Q. robur (Quercus petraea & Quercus robur), L. decidua (Larix
decidua), A. alba (Abies alba), P. sylvestris (Pinus sylvestris).

For the different tree species, the modelled height growth at a canopy openness of 60% varies
(Figure 5). The highest height growth is observed in P. menziesii, reaching 44.20 cm, while the low-
est growth is recorded for P. sylvestris at 20.25 cm. With the exception of four tree species, all
others exhibit a height growth exceeding 35 cm.
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Figure 5: Barplots showing the predicted height growth at 60% canopy openness. Species abbreviations: P. menziesii
(Pseudotsuga menziesii), P. avium (Prunus avium), F. sylvatica (Fagus sylvatica), B. pendula (Betula pendula), A. pseu-
doplatanus (Acer pseudoplatanus), T. cordata & T. platyphyllos (Tilia cordata & Tilia platyphyllos), Q. petraea & Q. ro-
bur (Quercus petraea & Quercus robur), L. decidua (Larix decidua), P. abies (Picea abies), A. alba (Abies alba), P. syl-
vestris (Pinus sylvestris).



3.2 Model performance and influence of other predictors

To assess potential collinearity correlations between fixed effects were assessed. Amoderate cor-
relation between elevation and productivity was detected; however, both variables were retained
in the final model, as their influence and significance varied across species. No strong correla-
tions were observed among the remaining variables (Figure 6).

Canopy openness

Elevation
Correlation
: E
2 050
— Productivity 0.25
3 0.00
|t -0.25
o -0.50
- -0.75
Tree height -1.00
UWD
OQA
0@

Predictors

Figure 6: Correlation matrix displaying the pairwise correlations among fixed effects used in the model. Predictor ab-
breviation: UWD (understory woody density).

For the model based on the entire dataset across all tree species, the explanatory power of the
predictors was analysed. The largest proportion of variance is explained by tree height (20%), fol-
lowed by canopy openness (17%), understory woody density (7%), productivity (2%), and eleva-
tion (1%) (Figure 7). Forest district accounts for 11%, while species distinction explains 9% of the

variance.

16



0.20
0.17
r
T 015
@
c
s
=
x
e 0.11
e ? 0.09
g o0 2
g 0.07
0.05
0.02
0.01 ]
0.00 T
X L9
& & & & N & &
eo 5 cf}\ & © & &
()
o < «°6 '\*z'a &e‘} °
R Q «9
0@

Figure 7: Proportion of variance explained by fixed and random effects in the Linear Mixed Model (LMM) using data
from all species. The explained variance for fixed effects was determined using separate models with only one predic-
tor, while the variance explained by random effects was derived from the model's variance components. Predictor
abbreviation: UWD (understory woody density).

When an individual model is formulated for each tree species, it becomes evident that the influ-
ence of individual predictors varies depending on the species. For nearly all studied tree species,
elevation does not have a significantimpact on height growth (Table 3). However, in L. decidua, an
increase in elevation by one standard deviation (equivalent to 368.10 m) results in a relative de-
crease in growth of 0.82 of the initial value, corresponding to a reduction of 18%. In contrast,
productivity has a significant effect on height growth in several species. A one standard deviation
increase in productivity, corresponding to 3.44 m®/ha/year, results in a relative height growth in-
crease of 1.32inL. decidua, 1.29inA. alba, 1.24in B. pendula, and 1.20in P. sylvestris. Understory
woody density is positively associated with height growth across multiple species. The strongest
effect is observed in A. pseudoplatanus, where an increase in understory woody density by one
standard deviation, equivalent to 0.74, results in a relative height growth increase of 1.46. In con-
trast, Q. petraea & Q. robur show the smallest effect, with an increase of only 1.13. Tree height is
positively correlated with height growth across all species. The strongest response is found in A.
alba, where an increase in tree height by one standard deviation (99.18 cm) leads to a relative
height growth increase of 1.73. The weakest effect is observed in P. avium, with an increase of only
1.20. Variation in height growth across forest districts is most pronounced in T. cordata & T.
platyphyllos, where the standard deviation across districts corresponds to a relative variation of
1.26. In contrast, P. menziesii exhibits no variation across forest districts (1.00), indicating con-
sistent growth across different locations.

The predictive accuracy of the model varied among tree species. The best agreement between
observed and predicted values was found for P. sylvestris, with a RMSE of 1.59 cm, whereas the
highest RMSE was observed for A. pseudoplatanus (2.46 cm). The marginal R®values ranged from
0.57 for P. menziesiito 0.20 for P. avium. The conditional R* reached its highest value for Q. petraea
& Q. robur (0.66) and its lowest for P. avium (0.29).
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Table 3: Results and performance of the model for each tree species. The model used was a Linear Mixed Model (LMM) with a log-transformed dependent variable, height growth. For
better interpretability, the table values were back-transformed and can be understood as relative changes. Fixed effects were scaled, meaning their reference values correspond to stand-
ard deviations (SD), which also applies to the random effect. Due to this scaling, the intercept represents height growth under average conditions (Canopy openness=26.33%, Eleva-
tion=855.91 m, Productivity=7.78 m¥ha/year, UWD=2.42, Tree height=159.15 cm). Additionally, the table includes the number of data points and the number of sampled forest districts
per species. Predictor abbreviations: UWD (understory woody density), FD (forest district). Species abbreviations: A. alba (Abies alba), A. pseudoplatanus (Acer pseudoplatanus), B.
pendula (Betula pendula), F. sylvatica (Fagus sylvatica), L. decidua (Larix decidua), P. abies (Picea abies), P. sylvestris (Pinus sylvestris), P. avium (Prunus avium), P. menziesii
(Pseudotsuga menziesii), Q. petraea & Q. robur (Quercus petraea & Quercus robur), T. cordata & T. platyphyllos (Tilia cordata & Tilia platyphyllos).

Fixed Effects Random Effect Model Statistics
Intercept Canopy openness Elevation Productivity UWD Tree height FD SD FDn RMSE R?m R%c
A. alba (n=207)
Coefficient 14.78 1.33 1.07 1.29 1.16 1.73 1.08 33 1.73 0.44 0.54
SE 1.14 0.09 0.10 0.12 0.06 0.12
t-value 34.87 4.45 0.71 2.75 3.11 8.27
A. pseudoplatanus (n=254)
Coefficient 17.34 1.49 0.97 0.99 1.46 1.48 1.18 34 2.40 0.37 0.48
SE 1.72 0.12 0.13 0.13 0.11 0.08
t-value 28.82 5.09 -0.21 -0.05 5.10 7.29
B. pendula (n=151)
Coefficient 31.53 1.20 0.89 1.24 1.02 1.28 1.10 32 1.73 0.36 0.51
SE 2.97 0.07 0.08 0.13 0.06 0.06
t-value 36.70 3.33 -1.20 2.1 0.40 4.85
F. sylvatica (n=298)
Coefficient 17.78 1.57 0.99 0.95 1.38 1.25 1.18 33 2.30 0.28 0.40
SE 1.75 0.12 0.13 0.12 0.08 0.08
t-value 29.25 6.02 -0.12 -0.46 5.33 3.48
L. decidua (n=157)
Coefficient 21.20 1.37 0.82 1.32 1.02 1.37 1.09 24 1.83 0.49 0.58
SE 2.38 0.08 0.08 0.15 0.06 0.10
t-value 27.20 5.36 -2.02 2.36 0.29 4.29
P. abies (n=336)
Coefficient 9.96 1.77 0.90 1.08 1.29 1.58 1.1 37 1.93 0.50 0.59
SE 0.73 0.09 0.07 0.09 0.06 0.09
t-value 31.50 11.61 -1.41 0.94 5.88 8.38
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Fixed Effects

Random Effect

Model Statistics

Intercept Canopy openness Elevation Productivity UWD Tree height FD SD FDn RMSE R?m R%c
P. sylvestris (n=102)
Coefficient 16.95 1.22 0.91 1.20 1.01 1.32 1.03 19 1.59 0.41 0.47
SE 1.58 0.07 0.07 0.10 0.05 0.08
t-value 30.42 3.33 -1.26 2.14 0.22 4.30
P. avium (n=111)
Coefficient 28.65 1.23 1.18 1.26 1.24 1.20 1.09 28 2.21 0.20 0.29
SE 3.79 0.13 0.21 0.17 0.14 0.11
t-value 25.35 1.97 0.94 1.73 1.96 2.04
P. menziesii (n=87)
Coefficient 22.15 1.36 0.94 1.07 1.18 1.58 1.00 13 1.66 0.57 0.57
SE 2.51 0.07 0.12 0.08 0.08 0.13
t-value 27.51 5.75 -0.45 0.95 2.54 5.74
Q. petraea Q. robur (n=172)
Coefficient 23.98 1.23 0.96 1.16 1.13 1.58 1.25 25 1.72 0.44 0.66
SE 3.17 0.08 0.15 0.14 0.06 0.10
t-value 23.99 3.12 -0.26 1.25 2.24 7.42
T. cordata T. platyphyllos (n=99)
Coefficient 25.40 1.45 1.46 1.04 1.30 1.23 1.26 20 1.95 0.30 0.51
SE 6.31 0.14 0.41 0.16 0.10 0.11
t-value 13.17 3.89 1.35 0.27 3.31 2.23
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4 Discussion

4.1 Lightresponse

4.1.1 Strategies in low-light conditions

An interesting observation in the growth response curves is that certain tree species react simi-
larly to changing light conditions, whereas others exhibit highly divergent responses. For instance,
the growth response curves of B. pendula and P. avium share a very similar shape. Both species
maintain relatively high growth even under low-light conditions. This characteristic is often de-
scribed in the literature as typical for pioneer species, as they strive to maximize light capture and
photosynthesis even in shaded conditions. In contrast, shade-tolerant species reduce their
height growth under low-light conditions and invest their resources in non-photosynthetic tissues,
which increases their survival probability in shaded environments (Song & Jin, 2023).

Various studies confirm the differences in responses to low-light conditions among tree species.
Ameztegui & Coll (2011) describe how P. abies and P. sylvestris adopt different strategies: P. abies
reduces height growth under low-light conditions, whereas P. sylvestris maintains high height
growth to escape shade, albeit at the cost of a reduced survival rate. Similarly, the present study's
results indicate that P. sylvestris exhibits greater height growth under low-light conditions than P.
abies. Additionally, Petritan et al. (2009) demonstrated how the greater shade tolerance of F. syl-
vatica compared to Fraxinus excelsior and A. pseudoplatanus is achieved through specific archi-
tectural and leaf morphological adaptations. These include leaf distribution throughout the tree
height, radial growth patterns, and plagiotropic growth.

4.1.2 Shade tolerance and high-light growth

Based on the classification of shade tolerance proposed by Matter & Schtitz (2002), the tree spe-
cies analysed in this study can be categorized as follows: a five-tier classification distinguishes
between strongly light-demanding species, light-demanding species, semi-light-demanding spe-
cies, semi-shade-tolerant species, and shade-tolerant species. B. pendula and L. decidua are
classified as strongly light-demanding species. Semi-shade-tolerant species include A. pseudo-
platanus, P. abies, P. sylvestris, P. avium, and Q. petraea & Q. robur. Shade-tolerant species in-
clude A. alba, F. sylvatica, and T. cordata & T. platyphyllos. However, shade tolerance decreases
for certain species as they develop thicker stems. A. pseudoplatanus is then considered semi-
light-demanding, while P. sylvestris and Q. petraea & Q. robur transition to light-demanding spe-
cies, and P. avium becomes strongly light-demanding. Additionally, P. menziesii is classified as a
semi-light-demanding species based on Ammann et al. (2024).

A widely accepted and discussed concept in forest ecology explains shade tolerance through a
trade-off between high-light growth potential and survival in low-light conditions (Kobe et al.,
1995; Kobe & Coates, 1997; Lof et al., 2007). Shade-tolerant species are expected to exhibit lower
height growth in high-light conditions while achieving higher survival rates in shaded environ-
ments. When ranking species based on the height growth under high-light conditions achieved in
this analysis, the order of decreasing shade tolerance is as follows: P. menziesii, P. avium, F. syl-
vatica, B. pendula, A. pseudoplatanus, T. cordata & T. platyphyllos, Q. petraea & Q. robur, L. de-
cidua, P. abies, A. alba, P. sylvestris.
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This ranking does not entirely align with the expected shade tolerance classification. Only A. alba
and P. abies, which exhibit relatively low height growth, and B. pendula, with high height growth,
match the expected results. The placement of A. pseudoplatanus and P. avium does not signifi-
cantly deviate from literature-based shade tolerance classifications, particularly when consider-
ing the decline in shade tolerance with increasing developmental stage. Notably, P. menziesii, F.
sylvatica, and T. cordata & T. platyphyllos exhibit unexpectedly high height growth under high-light
conditions. In contrast, L. decidua and P. sylvestris show relatively low growth rates despite their
classification as strongly light-demanding and semi-shade-tolerant species.

A possible explanation for the unexpectedly low height growth of L. decidua and P. sylvestris is
that their survival strategy does not primarily rely on competitiveness under either shaded or high-
light conditions, which is an implicit assumption of the trade-off theory. Instead, these species
are naturally adapted to habitats with minimal competition from other tree species (Rudow,
2024). This physiological specialization for low-competition environments may come at the cost
of reduced competitiveness in more productive sites, which could explain their relatively sparse
natural distribution in other habitats.

Dueto the large differences between the literature and the ranking established here, the approach
of quantifying shade tolerance solely based on growth performance under high-light conditions
may not be universally applicable across a diverse range of forest communities. It can be as-
sumed that the forest sites considered here are simply too different from one another.

4.1.3 The beech advantage, species comparisons, and suppression

F. sylvatica stood out in the analysis due to its relatively high growth rates under high-light condi-
tions, which is atypical for a shade-tolerant species. This suggests that the trade-off between per-
forming well in shaded environments and competing effectively under high-light conditions may
not be as pronounced for this species. This observation is further supported by the widespread
and dense distribution of F. sylvatica in the study area.

A study by Ligot et al. (2013) examined the dominance of F. sylvatica in continuous cover silvicul-
ture in Belgium. They found that, when comparing height growth between Q. petraea and F. syl-
vatica, the latter consistently exhibited greater height growth across all light conditions. They con-
cluded that in this forest community, controlling canopy openings alone is insufficient to promote
the regeneration of Q. petraea. In the present analysis, F. sylvatica did not always show higher
growth across all light conditions, but it was able to achieve greater increments when canopy
openness exceeded 50%. This contrasts with the findings of Lupke & Hauskeller-Bullerjahn
(2004), who observed that Q. petraea achieved greater growth under high-light availability.

Several studies have compared the light response and shade tolerance of F. sylvatica and A. pseu-
doplatanus. Petritan et al. (2009) found that A. pseudoplatanus exhibited greater growth than F.
sylvatica under high-light conditions. This aligns with the findings from this analysis, where A.
pseudoplatanus showed slightly higher height growth at high-light conditions. In the growth re-
sponse curves modelled in this study, both species appear to have very similar growth responses
across different light conditions. These results align with those of Brillhardt et al. (2020) who at-
tributed their findings to the suppression effect on A. pseudoplatanus during early development.
Their study found that the annual height increment of A. pseudoplatanus decreases with age, a
pattern not observed for F. sylvatica. This suggests that suppression, which is common in contin-
uous forests, has a stronger negative effect on A. pseudoplatanus than on F. sylvatica. Under open
light conditions and given the same young age, A. pseudoplatanus would theoretically achieve

21



greater height growth than F. sylvatica. However, due to past suppression, this advantage could
not be fully realized, resulting in both species exhibiting similar height growth patterns. If the
height growth potential of other tree species also decreases with age, suppression could similarly
lead to reduced competitive ability compared to F. sylvatica.

The approach used in this study assumes that light-driven height growth is determined by the cur-
rent canopy openness, disregarding previous light conditions. While the long-term effects of early
suppression on later growth remain largely unclear, this represents a potential limitation. In une-
ven-aged forests, many seedlings likely grow under shaded conditions in their early years, leading
toinitial suppression. For P. abies, it has been observed that height growth only began to increase
five years after a significant canopy opening (Hokka & Makela, 2014). Collet et al. (2011) studied
the response of F. sylvatica and A. pseudoplatanus to canopy openings and found that F. sylvatica
responded immediately with increased height growth, whereas A. pseudoplatanus showed a de-
layed response of two years.

4.2 Other predictors

A positive effect of tree height on height growth was observed for all tree species. Similar relation-
ships have been documented in previous studies, such as for P. abies (Hokka & Makela, 2014) and
F. sylvatica (Collet & Chenost, 2006; Feldmann et al., 2020).

The fact that understory woody density exhibited a positive relationship with height growth across
all species suggests that this variable can be interpreted as an indicator of site productivity. The
benefits of greater site productivity may outweigh potential negative effects of competition. It is
important to note that the trees analysed in this study were dominant individuals, and care was
taken to ensure that their light conditions were not influenced by neighbouring shrubs or regener-
ation. However, root competition, and thus competition for nutrients from adjacent vegetation,
cannot be ruled out. Interestingly, understory woody density showed no correlation with canopy
openness (Figure 6). This suggests that understory woody density is correlated with other site
characteristics that promote strong height growth. An alternative explanation could be that seed-
lings and saplings increase their height growth as a response to high competition in the under-
story. However, no direct evidence supporting this hypothesis could be found in the literature.

When comparing the standard deviation of height growth across different forest districts by spe-
cies, it is notable that Q. petraea & Q. robur and T. cordata & T. platyphyllos exhibit the greatest
variability across different forest regions. A possible explanation is that in many cases, only one
of the two grouped species was found and measured within a given forest district. Consequently,
a portion of the variability between forest districts may actually reflect the inherent variability be-
tween the combined species.

4.3 Model performance

4.3.1 Limitations in model formulation

A comparison of R? values by species reveals that the chosen modelling approach fits some spe-
cies betterthan others. This suggests that an alternative model considering different relationships
and possibly incorporating additional factors—such as climatic conditions, soil properties, expo-
sure, or substrate variables—might be more suitable for certain species.

22



During model development, a Generalized Additive Model (GAM) was also tested but was not used
further to prevent overfitting and to allow for a numerical comparison across species (Appendix
Figure A.1). A comparison of the GAM results with the primary model used in this study showed
that the model fit varied by species. For example, A. alba, L. decidua, and Q. petraea & Q. robur
displayed a curve shape inthe GAM models that resembled an asymptotic growth response curve,
indicating saturation in the growth response to light availability. Other studies have found that, for
A. alba, canopy openness above 30% or 50% negatively affects growth (KuCerava et al., 20183;
Stancioiu & O’hara, 2006). Although our analysis does not confirm a negative effect of too much
light, an asymptotic growth response curve appears to be a more appropriate assumption for A.
alba than the exponential growth model applied here. Petritan et al. (2009) observed that an as-
ymptotic growth response curve effectively described the growth response of F. sylvatica under
different light conditions. Although such aresponse curve is not possible in the model formulation
used in this study, a visual inspection of the data distribution and the GAM model suggests that
this relationship is possible but rather unlikely.

As described in the methods section, the second light variable, potential direct solar radiation,
was excluded from this study due to its limited additional explanatory power compared to canopy
openness when considering the entire dataset. However, Schmid et al. (2021) demonstrated that,
for P. abies at higher elevations, potential direct solar radiation had a greater influence on height
growth than canopy openness. While the exclusion procedure used in this study accounted for
differences across elevation gradients, a species-specific analysis of the influence of potential
direct solar radiation may be worthwhile.

4.3.2 Variability among species

A closer examination of the distribution of data points, the modelled response curves, and the
associated confidence intervals for each tree species reveals that some species exhibit clearer
patterns, while others show greater variability among individuals. This variance is also reflected
inthe RMSE, which was highest for A. pseudoplatanus. Brillhardt et al. (2020) compared the light-
dependent growth of F. sylvatica and A. pseudoplatanus and also found that models for A. pseu-
doplatanus yielded higher RMSE values than those for F. sylvatica. This suggests considerable
variability among individuals of this species. Whether this variability is driven by genetic factors,
site-specific conditions, or previous developmental history remains unclear. However, Caspersen
& Kobe (2001) and Kobe & Coates (1997) found that shade tolerance in certain species is linked
to site-specific soil moisture conditions. This implies that, depending on the species, interactions
between the effect of light availability and the effect of site conditions on growth may play a cru-
cialrole in growth dynamics.

4.4 Limitations in data collection

4.4.1 Varying data distribution across species

One limitation of the data collection method used in this study is that the various light conditions
were not equally represented for all tree species. It remains unclear to what extent this is due to
the varying light-dependent occurrence of tree species or whether it results from inconsistencies
in data collection. However, this leads to variations in the accuracy of model predictions depend-
ing on the tree species.
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Furthermore, the distribution of tree height among individuals varied by species, and the average
tree height differed between species. This is problematic because shade tolerance in certain tree
species changes as they progress through different developmental stages. Kneeshaw et al. (2006)
even found that, among all seven tree species examined, significant differences in shade toler-
ance emerged during development, even in individuals between 0 and 400 cm in height. Kunstler
et al. (2009) also observed varying classifications of shade tolerance when comparing seedlings
(tree height <100 cm) and saplings (tree height >100 cm). Since the height distribution of meas-
ured individuals differs between species, comparability across species in this regard is not en-
sured.

4.4.2 Dominant tree individuals

Itis important to highlight that the restriction to dominant individuals reduces the ecological rep-
resentativeness of this study and its comparability with other research. Instead of capturing the
entire range of individuals, the focus was placed on those individuals that performed best within
a given group. This limitation enhances the relevance of the findings for forestry, as it aligns with
the selection of future dominant trees (Z-Baume) that are likely to be promoted in forest manage-
ment strategies.

4.5 Managementimplications

With the goal of forestry to maintain or even increase species diversity in forests, it is often argued
that larger canopy gaps are necessary to promote the regeneration of less shade-tolerant species
(Annighofer et al., 2019; Brullhardt et al., 2022). In some cases, however, large gaps alone appear
to be necessary but not sufficient for the promotion of light-demanding species. Collet et al.
(2008) investigated regeneration in a forest dominated by F. sylvatica and A. pseudoplatanus and
highlighted the importance of advance regeneration in these species. Even within gaps, a signifi-
cant portion of regeneration consisted of advance regeneration of F. sylvatica and A. pseudoplat-
anus. This challenges the classical gap theory, which suggests that large canopy disturbances
primarily facilitate the regeneration of light-demanding pioneer species. They concluded that con-
trolling advance regeneration is essential for ensuring the successful recruitment and establish-
ment of light-demanding species.

Model predictions by Zimmermann et al. (2014) indicate that F. sylvatica will lose its competitive-
ness and dominance in lower elevations of Switzerland in the future. Oak species (Quercus spp.),
in particular, are regarded as promising future tree species and are being actively promoted
(Pluess et al., 2016). At present, however, the regeneration of F. sylvatica remains highly compet-
itive. This study has demonstrated that, in addition to its well-documented shade tolerance (Pe-
tritan et al., 2009; Wagner et al., 2010), F. sylvatica is also capable of competitive height growth
under high-light conditions. When considered alongside the previously mentioned significance of
advance regeneration and the anticipated shifts in species distribution due to climate change,
these findings highlight the importance of early silvicultural interventions in beech-dominated
stands. Such interventions should occur shortly after gap formation to prevent excessive compe-
tition and the potential suppression of light-demanding species such as Quercus spp.

Advance regeneration also plays a significantrole in spruce-dominated forests. In a P. abies stand
affected by a bark beetle outbreak, it was found that although advance regeneration comprised
only a small portion of total regeneration, it exhibited an above-average survival rate (Macek et al.,
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2016). In the management of protection forests, which are often dominated by P. abies, advance
regeneration is frequently promoted to enhance forest resilience and enable faster recovery fol-
lowing disturbances (Brang et al., 2015; Bundesamt fur Umwelt BAFU, 2024; Pluess et al., 2016).
This is done by avoiding large-scale interventions to maintain the protective function of the forest,
resulting in relatively small gaps and limited light availability for regeneration.

Itis generally assumed that, due to climate change, vegetation zones will shift upward by approx-
imately 500 to 700 meters by the end of the 21st century (Frehner et al., 2018). Specifically, it is
predicted that several shade-tolerant species, such as A. alba, F. sylvatica, and P. abies, will find
favourable environmental conditions at higher elevations (Pluess et al., 2016; Zimmermann et al.,
2014). Consequently, promoting advance regeneration in protection forests at these elevations
does not necessarily conflict with fostering climate-adapted tree species. Their shade tolerance
enables them to establish and persist under low-light conditions, contributing to advance regen-
eration. However, given the uncertainties surrounding these projections, particularly regarding ex-
treme weather events and indirect effects of climate change, maintaining a high degree of tree
species diversity remains essential. Therefore, the promotion of light-demanding species should
also be a priority in higher elevations. Achieving this goal requires careful planning of silvicultural
interventions that consider the presence of potential seed trees for future climate-adapted spe-
cies and, where stand conditions allow, favor the creation of larger canopy openings. Additionally,
thinning and tending operations can contribute to species diversity following both planned inter-
ventions and natural disturbances (Bebi et al., n.d.; Pluess et al., 2016).

Depending on the site, other factors beyond light availability can significantly influence regenera-
tion dynamics. In particular, browsing pressure has a significant impact on species composition
in regeneration in certain regions and should therefore be carefully considered (Bundesamt fur
Umwelt BAFU, 2010; Kupferschmid et al., 2015).
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5 Conclusion

For all thirteen investigated tree species, it was possible to model how height growth of regenera-
tion depends on canopy openness, using data from various forest sites across Switzerland. In all
cases, a significant effect of canopy openness on height growth was observed. However, the
shape and magnitude of the growth response curve varied among species.

A correlation between growth under high light availability and shade tolerance could only be con-
firmed for a subset of species. This suggests that testing such relationships across diverse forest
communities with varying site conditions may not be meaningful. As previously reported in other
studies, the shade-tolerant F. sylvatica exhibited remarkable height growth under high-light con-
ditions. This finding reinforces the challenge of regenerating light-demanding species in beech-
dominated forests.

Overall, the performance of the selected model formulation— which accounted for factors such
as tree height, site productivity, elevation, competition from the understory, and forest district—
was satisfactory for most species. However, applying the same model structure to all species in-
troduces limitations. The model's fit varied between species, suggesting that a species-specific
model selection could provide more differentiated insights into species-specific light-dependent
growth response curves.

There remain unresolved questions regarding the impact of suppression, as well as the effects of
different episodes of canopy opening and closure on an individual’s long-term growth potential.
Future research could focus on how quickly and effectively various tree species recover from pro-
longed shading and subsequently benefit from improved light conditions. Additionally future re-
search could investigate how the height growth potential of different tree species changes with
age, and how this may influence the competitiveness of individuals that have grown under sup-
pressed conditions.
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7 Appendices

Table A. 1: Overview of generative Al and Al-assisted technologies used in this study.

Al-based tool Use case Scope URL
Claude 3.7 Sonnet by R code generation for data analy-  Methods & Re- https://claude.ai/
Anthropic sis and visualization sults
Connected papers Literature search Introduction & https://www.connectedpa-
Discussion pers.com/
Scite Literature search Introduction & https://scite.ai/
Discussion
ChatGPT (GPT-4) by Translation and Revision of text Entire work https://chatgpt.com/
OpenAl
DeepL Translation and Revision of text Entire Work https://www.deepl.com/
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Figure A.1: Response curves based on a Generalised Additive Mixed Model (GAMM) illustrating the species-specific
relationship between canopy openness and height growth. Data points represent raw observations, while lines show
prediction from a GAMM with 95% confidence intervals. For model predictions, tree height is set to 150 cm, while all
other fixed effects—except for canopy openness—are held at their species-specific mean values. The random effect
of the forest district is excluded. Species in this figure: A. alba (Abies alba), A. pseudoplatanus (Acer pseudoplatanus),
B. pendula (Betula pendula), F. sylvatica (Fagus sylvatica), L. decidua (Larix decidua), P. abies (Picea abies).

34



P. sylvestris P. avium

200 200 4
150 1 150 1
3
L
s
2
9 100 1001
o
£
>
[T}
T
504 S0 /
04 04
T T T T T T T T T T
0 25 50 75 100 0 25 50 75 100
Canopy openness (%) Canopy openness (%)
P. menziesii Q. petraea & Q. robur
200 200
150 150
£
L
£
2
2 100 1 100 4
(=]
=
=
O
T
50 50
04 04
T T T T T T T T T T
0 25 50 75 100 0 25 50 75 100
Canopy openness (%) Canopy openness (%)

T. cordata & T. platyphyllos

200 4

150 1

1001

Height growth (cm)

50

0 25 50 75 100
Canopy openness (%)

Figure A. 1: (continued) Sepcies in this figure: P. sylvestris (Pinus sylvestris), P. avium (Prunus avium), P. menziesii

(Pseudotsuga menziesii), Q. petraeca & Q. robur (Quercus petraea & Quercus robur), T. cordata & T. platyphyllos (Tilia
cordata & Tilia platyphyllos).
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