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Introduction 1

Understanding where species occur is without doubt one of the central question in ecology
(MacArthur, 1972; Sutherland et al., 2013). To describe the occurrence of species de-
pendent on environmental variables, ecologists have used abundance response curves (El-
lenberg, 1952; Whittaker, 1967; Ter Braak and Prentice, 1988). To explain the
abundance response of species with the variation of the underlying demographic processes
to the environment (Maguire, 1973; Schurr et al., 2012; Normand et al., 2014), process-
explicit species distribution models have been proposed (SDM; e.g., Higgins et al., 2012;
Schurr et al., 2012; Normand et al., 2014; Pironon et al., 2017; Kunstler et al., 2021;
Schultz et al., 2022).

In forest ecology, however, a contradiction between theory and modelling practice has
been striking: On one hand, the crucial role of juvenile trees, i.e. seedlings and saplings,
for tree establishment and species composition has been widely accepted (Grubb, 1977;
Young et al., 2005; Lines et al., 2019). It has furthermore been recognized, that saplings
often respond differently to the environment than their conspecific adults (Eriksson, 2002;
Bertrand et al., 2011; Ni and Vellend, 2021), which leads to the conclusion that different
environmental responses of saplings can control forest species composition. On the other
hand, process-explicit models that aim to explain tree species occurrence by environmen-
tal variation of demographic rates (Vanderwel et al., 2017; Schultz et al., 2022, e.g.,),
rarely include demographic processes at the seedling and sapling stage (Price et al., 2001;
Hanbury-Brown et al., 2022; König et al., 2022), thus ignoring the different responses
of early life stages to the environment. Disregarding the dynamics of young trees in par-
ticular could lead to wrong forecasting of future species distributions. Despite forecasting
being one of the main selling points of process-explicit species distribution models in the
first place (Buckley et al., 2010; Pagel and Schurr, 2012; Zurell et al., 2012; Thuiller
et al., 2013; Merow et al., 2014).

To overcome this limitation and to gain better insight into forest dynamics, this work
lays out an argument in three main chapters to include the environmental response of
saplings in forest models. First, in Chapter 2, we establish that juvenile trees frequently
occur under different conditions along environmental gradients compared to adults, which
can be attributed to ontogenetic effects. Consequently, in Chapter 3, a simple process-
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1. Introduction

explicit model is proposed that includes demographic processes at the sapling stage. It is
further demonstrated how the model can be used to forecast competitive equilibria in a two-
species system. To synthesize the two chapters before, in Chapter 4, the model is applied
to explain environmental variation of species composition with environmental variation of
demographic rates of saplings and adult trees. Finally, in conclusion (Chapter 5), the im-
plications of the findings for forest ecology on the one hand and for ecological modelling
on the other hand will be discussed.
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Divergent occurrences of juvenile and adult trees are
explained by both environmental change and ontogenetic
effects 2

Abstract

Recent climate warming has fueled interest into climate-driven range shifts of
tree species. A common approach to detect range shifts is to compare the divergent
occurrences between juvenile and adult trees along environmental gradients using static
data. Divergent occurrences between life stages can, however, also be caused by onto-
genetic effects. These include shifts of the viable environmental conditions throughout
development (“ontogenetic niche shift”) as well as demographic dependencies that con-
strain the possible occurrence of subsequent life stages. Whether ontogenetic effects
are an important driver of divergent occurrences between juvenile and adult trees along
large-scale climatic gradients is largely unknown. It is, however, critical in evaluating
whether impacts of environmental change can be inferred from static data on life stage
occurrences. Here, we first show theoretically, using a two-life stage simulation model,
how both temporal range shift and ontogenetic effects can lead to similar divergent oc-
currences between adults and juveniles (juvenile divergence). We further demonstrate
that juvenile divergence can unambiguously be attributed to ontogenetic effects, when
juveniles diverge from adults in opposite direction to their temporal shift along the en-
vironmental gradient. Second, to empirically test whether ontogenetic effects are an
important driver of divergent occurrences across Europe, we use repeated national for-
est inventories from Sweden, Germany, and Spain to assess juvenile divergence and
temporal shift for 40 tree species along large-scale climatic gradients. About half of
the species-country combinations had significant juvenile divergences along heat sum
and water availability gradients. Only a quarter of the tree species had significant de-
tectable temporal shifts within the observation period. Furthermore, significant juvenile
divergences were frequently associated with opposite temporal shifts, indicating that on-
togenetic effects are a relevant cause of divergent occurrences between life stages. Our
study furthers the understanding of ontogenetic effects and challenges the practice of
inferring climate change impacts from static data.
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2. Divergent occurrences

2.1 Introduction
Recently, global climate change has put rapid external pressure on ecosystems (Walther
et al., 2002; Feehan et al., 2009; Lindner et al., 2010). In addition, European ecosystems
have experienced regional changes in land-use practices (Smith et al., 1999; Hodgson et al.,
2005; Turner et al., 2007). In response to pressure from environmental change, species
can shift their ranges. Plant species have been shown to shift ranges over time in response
to land-use change (e.g., Cudlín et al., 2017; Perring et al., 2018), and there has been
elevated interest in climate change-driven range shifts—in particular in tree species (e.g.,
Lenoir et al., 2008; Chen et al., 2011; Gibson-Reinemer and Rahel, 2015).

In order to show climate-driven range shifts in trees, many recent studies have compared
the occurrence of different size classes within a species along environmental gradients (e.g,
Lenoir et al., 2009; Monleon and Lintz, 2015; Smithers et al., 2018). In these studies,
tree size is assumed to reflect tree age, so that larger trees are used as a proxy for conditions
further in the past, compensating the lack of historical tree occurrence data. Many studies
have found that the distribution of smaller trees (here called “juveniles”) was shifted to
higher elevations (e.g., Lenoir et al., 2009; Wason and Dovciak, 2017), higher latitudes
(e.g., Woodall et al., 2009; Monleon and Lintz, 2015), or lower temperatures compared
to the distribution of larger “adult” trees (e.g., Bell et al., 2014; Mathys et al., 2018).
Given that trees are sessile organisms with long life cycles, it is assumed that their ranges
respond slowly to environmental pressure. And since the size class of juvenile trees has faster
turnover than adults, under a changing environment the range of juveniles is thought to track
the niche conditions more closely (Monleon and Lintz, 2015). Consequently, divergent
occurrences of two size classes or life stages are commonly interpreted as an indicator of a
temporal range shift of the entire population because juveniles have established in a new
range (e.g., Peñuelas et al., 2007; Smithers et al., 2018).

Assuming that divergent occurrences of juveniles and adults result from temporal change
alone is however problematic. During ontogeny, i.e. the progress through stages of develop-
ment (Gatsuk et al., 1980), here reflected by size classes, the occurrence of trees can also be
influenced by different types of ontogenetic effects (Figure 21). In particular, one of these
ontogenetic effects, different responses of life stages to the environment, sometimes referred
to as “ontogenetic niche shift” (e.g., Werner, 1984; Parish and Bazzaz, 1985), can cause
divergent occurrences of juveniles and adults as well (Eriksson, 2002; Young et al., 2005;
Miriti, 2006; Bertrand et al., 2011; Ni and Vellend, 2021). Ontogenetic niche shift is
a likely mechanism acting on tree species (e.g., Stohlgren et al., 1998; Cavender-Bares
and Bazzaz, 2000; Bertrand et al., 2011), because a tree species’ phenotype undergoes
marked change during its life history from seedling to adult stage (e.g., Thomas and Win-
ner, 2002; Augspurger and Bartlett, 2003; Lusk, 2004; Niinemets, 2006; Niklas
and Cobb, 2010; Vitasse, 2013; Leuschner and Meier, 2018). This is why Máliš et al.
(2016) have recently highlighted that divergent occurrences between juvenile and adult trees
can not simply be interpreted as temporal range shifts. Instead, they have demonstrated that
observed distributional differences between seedlings and adults along an elevation gradient
in the Western Carpathians are better explained by their life stage than temporal range shift
(see also Sittaro et al., 2017). Nevertheless, subsequent studies have interpreted ontogeny
as a proxy for time when analyzing range shifts in trees on larger scales (Wason and Dov-
ciak, 2017; Mathys et al., 2018; Smithers et al., 2018), while the relative importance of
ontogenetic effects for divergent occurrences along large-scale climatic gradients remains

4



2.1. Introduction

still unknown.
Here, we evaluate at a continental scale whether impacts of climate and land-use change

on tree species ranges can be inferred from static data, by dissecting which processes are im-
portant drivers of divergent occurrences of tree life stages across Europe: temporal range
shifts or ontogenetic effects. Expanding on the argument of Máliš et al. (2016) who con-
centrated on the ontogenetic effects niche shift, niche expansion and contraction, we analyze
an additional ontogenetic effect: demographic dependencies between life stages, which can
also lead to divergent occurrences of juvenile and adult trees (Figure 21).

To understand how ontogenetic effects can cause divergent occurrences of life stages
in environmental space, it is necessary to, first, clarify the distinction between Hutchinson
niche and occurrence of a species and, second, break down the Hutchinsonian niche concept
to life stages:

The Hutchinson niche is a hypervolume in environmental space representing the envi-
ronmental conditions where the entire population of a species is potentially able “to survive
and reproduce” (Hutchinson, 1957). But the actually observable occurrence space of a
species is not equivalent to the niche (Soberón and Peterson, 2005): limited dispersal
will reduce occurrence compared to the niche, not all niche conditions might actually be
realized in geographical space, and finally, in a changing environment, occurrence can be
out of equilibrium and trailing the niche conditions.

Second, the niche concept can be applied to individual life stages within a population.
Maguire (1973) introduced the analytical view of breaking down the niche into multiple
hypervolumes representing the responses of ontogenetic stages to the environment, here
called “ontogenetic niches”. Ontogenetic niches can be defined analogously to the funda-
mental niche (Hutchinson, 1957) of a whole population: As the fundamental niche com-
prises the environmental conditions at which an ideal population would persist independent
of dispersal and species interactions (Hutchinson, 1957; Soberón and Peterson, 2005),
we define ontogenetic niches as the environmental conditions where ideal populations of life
stages would persist if they were independent of all other life stages. Thus, independence
of other life stages is a key distinguishing property of ontogenetic niches compared to life
stage occurrences, which are necessarily interdependent through transitions between them.

Independent shift, expansion or contraction of niches between life stages through differ-
ent demographic responses to the environment (Grubb, 1977; Parish and Bazzaz, 1985;
Miriti, 2006; Bertrand et al., 2011; Vecchio et al., 2020) can lead to observed divergent
occurrences between juveniles and adults (Bertrand et al., 2011; Pironon et al., 2017).
The occurrence of a life stage, however, is constrained by the occurrence of earlier life stages
(Young et al., 2005) and the environmentally-dependent probability of proceeding to later
life stages. Demographic dependencies between life stages can therefore also lead to diver-
gent occurrences of life stages.

Here, we aim to disentangle the contribution of temporal range shift and ontogenetic
effects to the patterns of divergent occurrences between juvenile and adult trees (juvenile
divergence; Figure 21), with regression models applied to both theoretical data from simula-
tions and empirical data from repeated forest inventories. First, we explore with a theoretical
two-life stage simulation model how life stage occurrences along an environmental gradient
respond to temporally shifting environmental conditions and ontogenetic effects. Our simu-
lations illustrate how both temporal range shift and ontogenetic effects can cause divergent
occurrences of two life stages, and how temporal range shift and ontogenetic niche shift
can act simultaneously. Second, we empirically evaluate with a regression model whether

5



2. Divergent occurrences

Occurrence patternsDriving processes

temporal shift
of juveniles

juvenile
divergence

temporal rangeshift

ontogeneticeffects
1. nicheshift
2. nicheexpansion/contraction
3. dependencybetween lifestages

Figure 21: Ontogenetic effects and temporal range shift can have different observable effects on
occurrence patterns of sessile organisms like trees: Juvenile divergence, i.e. the observed difference of
juvenile occurrence compared to adult occurrence along an environmental gradient, can be driven by
both ontogenetic effects and advancing juveniles under a temporal range shift of the entire popula-
tion. An observed temporal shift of juveniles along the gradient, however, unambiguously indicates
a temporal range shift.

temporal range shifts or ontogenetic effects are responsible for juvenile divergences observed
along two large-scale climatic gradients, i.e. long-term averages of heat sum and water avail-
ability, across European forests. To this end, we estimated the effect of time and life stage
on species’ occurrence centers along each climatic gradient using two repeated surveys of
national forest inventories (NFIs) from Sweden, Germany, and Spain. Since the vast ma-
jority of forests in these countries have been managed (McGrath et al., 2015), we expect
that the estimated occurrences of life stages will be impacted by management and thus that
temporal shifts could emerge from both climate change and changes in management regime
(e.g., forest encroachment at higher altitudes after abandonment; Améztegui et al., 2010).
To attribute the pattern of juvenile divergence to either temporal range shift or ontogenetic
effects, we propose a framework of hierarchical tests, that takes advantage of the observed
temporal shifts of juveniles from repeated surveys and compares differences in occurrence
patterns instead of trying to infer different niches. Applying this framework to occurrence
patterns of tree species along two large-scale climatic gradients, we assess the relevance
of ontogenetic effects compared to environmental change-driven temporal range shifts for
divergent occurrences between life stages in Europe. Our results challenge the common
practice of inferring climate change impacts on tree species from divergent occurrence of
tree life stages using static data.

2.2 Methods

We used a two-life stage population model to show with theoretical simulations how tempo-
ral range shifts and ontogenetic effects can drive divergent occurrences between life stages
and how these can be deteceted with beta regression models. We used the same beta re-
gression models with data from three NFIs to empirically quantify temporal range shifts
and ontogenetic effects in European forests. All simulations and data analyses have been
performed with R (version 4.0.2; R Core Team, 2020).

6



2.2. Methods

2.2.1 Two-life stage simulation model
For a simple model of a population with two interdependent life stages, we used ordinary
differential equations expressing the transitions between two states, abundances of juveniles
and adults. Juvenile J and adult A abundances were coupled via growth, i.e. transition
rate g, and regeneration rate r. The life stages’ carrying capacities k (juveniles), k̂ (adults),
expressing density dependence within life stages, and their respective density-independent
mortality rates m, m̂ were modeled as a function of a theoretical environmental gradient e⃗.
The environmental gradient was discretized into n equal-width cells, so that the abundance
change rates in the ith cell were described by

dJi
dt = (rDi −m(t, ei) · J − gJi)(1−

Ji
k(t, ei)

) (2.1)

dAi

dt = (gJi − m̂(t, ei)) · (1−
Ai

k̂(t, ei)
). (2.2)

D represents the diaspores dispersed from A that are recruited into J . Dispersal was
modelled as a centered rolling average of A with window width d, so that the ith cell of D
was the average of the d cells around the ith cell of A.

To simulate ontogenetic niches, we made the parsimonious assumption that two demo-
graphic parameters related to survival are dependent on the environmental gradient: the car-
rying capacity k, which expresses density-dependent survival, and the density-independent
mortality m, so that both density-dependent and density-independent niche effects were
accounted for. The responses to the environment were bell-shaped for carrying capacity and
reversely bell-shaped for mortality, scaled by the same environmental response function f .
This way, carrying capacity k reaches its maximum K and density-independent mortality
m its minimum M under the same optimal environmental conditions:

k, k̂(t, e) = K · f(t, e) (2.3)
m, m̂(t, e) = M · (1− f(t, e)) (2.4)

f(t, e) = exp
(
−1

2

(
e− µ(t)

σ

)2
)

(2.5)

µ(t) = aµ + bµt (2.6)

Different positions of the demographic niches per life stages were thus achieved by life
stage-specific aµ. As indicated by the function argument t, the demographic responses k
and m could not only have different position parameters µ per life stage but could also vary
with time by altering µ with the slope b. Temporally shifting the environmental driver of
the demographic response relative to the original time was thus achieved by linearly shifting
the response function f with time.

To simulate initial life stage abundances prior to any temporal environmental change,
populations of both life stages were let grown from a very low and environmentally-constant
abundance state J = A = 0.5 at time t = 0 to a stable state at t = 10000. We simulated
three scenarios of shifts by varying the life stage-specific niche position µ and the temporal
slope b to yield visibly diverging occurrences (for parameterization see Supplementary Table
S1.1 in Supporting Information): (A) Temporal shift of the environment was simulated by

7



2. Divergent occurrences

linearly shifting the response function over time with a slope bµ > 0 (Figure 23 A). (B)
Ontogenetic niche shift was simulated by assigning juveniles and adults a different optimum
value aµ for the response function f (Figure 23 B). (C) The joint effect of temporally shifting
environment and ontogenetic niche shift was simulated by first running the model to a
stable state with ontogenetic niche shift as in case B, and then altering the stage response
functions over time with the same temporal shift of the environment acting on both life
stage populations, while the two different ontogenetic niches remained offset (Figure 23
C). In all three shift scenarios, the maximal carrying capacity was kept at K = 10000
for juveniles and K̂ = 7000 for adults to reflect that the carrying capacity decreases with
tree size (Figure 23 A–C). In addition, to explore the effect of demographic dependency on
occurrence widths of both life stages, even with equal environmentally-dependent mortality,
we simulated one further scenario without any temporal or ontogenetic shifts or changes of
niche width (Figure 23 D) using the same response function f , carrying capacity K, and
mortality M for juveniles and adults.

To detect temporal shifts and juvenile divergence in the simulated data we used the
same regression method used in the empirical analyses (see Section 2.2.2.3). We gener-
ated presence data by randomly resampling values of the theoretical environmental gradient
with a sampling probability proportional to the abundance. The resulting distribution of
environmental values is equivalent to an “occurrence distribution of environmental values”
at presences, as used with the empirical analyses (Section 2.2.2.3) and shown as probability
density curves in Figure 23 a–c.

To visualize ontogenetic niches (Figure 23 A–D, dashed lines), defined as the envi-
ronmental space where ideal populations of juveniles or adults would persist if they were
independent of each other (Section 2.1), we simulated two independent models for each
life stage for each scenario. Each life-stage was simulated from the same model with the
same environmental response as the size-structured populations, but to remove the interde-
pendence between life stages, regeneration r was simulated from J itself instead of D, and
transition g was simulated from A instead of J .

Ordinary differential equations were integrated with lsoda as provided by the package
‘deSolve’ (version 1.28; Soetaert et al., 2010). For model code see Supplementary Material
S2 in Supporting Information.

2.2.2 Analyses of European national forest inventory data
2.2.2.1 Tree species data

To infer occurrence patterns of juvenile and adult trees in Europe, we used two repeated
national forest inventory (NFI) surveys from three countries (Figure 22): Sweden, Ger-
many, and Spain (survey design detailed in Fridman et al., 2014; Riedel et al., 2017; Ruiz-
Benito et al., 2017). The geographical extent of the countries is spanning a broad climatic
gradient of arid, warm temperate, and boreal climates (Kottek et al., 2006). The survey
repetitions were selected from two (Sweden) or three (Germany and Spain) repetitions to
cover the maximum time period per species. This resulted in different periods between two
surveys per sample plot and country (see Supplementary Tables S1.2, S1.4, and S1.5 in Sup-
porting Information): 10 years in Sweden (periodically-regular and geographically-random
rolling surveys between 2003 and 2017), 10 or 25 years in Germany (two out of three full
surveys in 1987, 2002 and 2017, depending on species), and varying period between 14 and
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34 years in Spain (survey dates between 1980 and 2017). To ensure that a constant environ-
mental sampling space for species presences was maintained across survey repetitions, we
included only those plots that had been surveyed at both times.

We used presence data for two life stages of 40 tree species. Trees were classified as
juveniles when their height was below 130 cm in Sweden and Germany, and when their
diameter at breast height (DBH) was below 2.5 cm in Spain. The lower sampling bounds
for small trees were 10 cm height (Sweden), 20 cm height (Germany), while there was no
lower bound in Spain. Different definitions of juveniles per country were necessary because
small trees were counted in different size classes in the three NFIs (for sampling thresholds
see Supplementary Table S1.3 in Supporting Information). Trees were classified as adults
in all three NFIs when their height was above 130 cm and their DBH exceeded 15 cm,
resulting in a size gap between juveniles and adults.

Since taxonomic concepts, the set of species, and the sampled life stages within species
changed over the repeated inventory surveys, tree observations were subset to maintain a
constant environmental sampling space across life stages and surveys based on the following
criteria within countries: (1) survey repetitions were included for a species, when both life
stages had been sampled, (2) two surveys were chosen to cover the longest possible time
period, and (3) species had to be present on at least 20 plots per life stage and survey.
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Figure 22: Tree plot locations of the three national forest inventories (NFIs)—Sweden (SE), Ger-
many (DE), Spain (ES)—coloured by the climatic variables (A) heat sum (growing degree days) and
(B) water availability (climatic water balance). Box plots show the distribution of climatic variables
by country. The map projection is a Lambert azimuthal equal-area projection.
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2.2.2.2 Climatic variables

To assess occurrence of both tree life stages along large-scale climatic gradients, we used
long-term averages of heat sum and water availability. These variables are widely considered
key climatic determinants of plant and vegetation distribution at larger scales (climatic water
availability: e.g.,Woodward and Williams, 1987; Guisan et al., 2007; heat sum: e.g.,
Woodward, 1988; Sykes et al., 1996). Both variables were derived from long-term averages
over the period 1979–2013 from the CHELSA high resolution climatologies (Karger et al.,
2017), which comprise 12 monthly averages over the entire 34 years at a spatial resolution
of 30 arcsec (1 km).

Heat sum was measured as growing degree days (GDD) within the frost-free period.
To obtain GDD from the monthly climatologies, daily values for mean and minimum tem-
perature were derived from the corresponding monthly values by linear interpolation. For
interpolation, the differences between the values of two consecutive months were divided by
the number of days between the 15th of the two months to obtain an average daily change
rate. Daily temperatures between the two boundary dates were then calculated by cumu-
latively adding the daily changes to the climatology of the first of the two boundary dates.
Daily mean temperature values were summed up from the first day following latest spring
frost (as determined using daily minimum temperatures) until the day before the earliest
autumn frost to obtain GDD [°C d].

Water availability was measured as annual climatic water balance, i.e. the difference be-
tween precipitation and potential evapotranspiration (Thornthwaite, 1948). First, monthly
climatic water balance was obtained from the climatologies by calculating potential evapo-
transpiration according to Hargreaves (Hargreaves, 1994) as implemented in the package
‘SPEI’ (Beguería and Vicente-Serrano, 2017) using minimum and maximum temper-
atures, precipitation, and latitude. The monthly climatic water balance [mm] was then
summed up over all months to obtain annual water availability.

Environmental variable values at the locations of sample plots were extracted from the
raster cell covering the respective point using the extract function from package ‘raster’
(Hijmans, 2020). This resulted in sampled climatic gradients ranging over heat sums from
453 to 6819 °C d, and water availability from -966 to 1863 mm (Figure 22).

Using static gradients of long-term climatic variables to compare species distributions
through time will lead to species shifting their range along the gradients under the assump-
tions of temporal climate change and tracking of climatic niches. Growing degree days
significantly increased in Europe between 1950 and 2010, in particular in the Mediter-
ranean region (Spinoni et al., 2015). Increasing temperatures in southern Europe have
increased drought frequency through higher evapotranspiration, while drought frequency
has decreased in northern Europe through increased precipitation between 1958 and 2014
(Stagge et al., 2017). Since both, heat sum and water availability, have changed in Europe
throughout the NFI survey periods, species are expected to shift along the static gradients,
e.g., towards colder conditions along the heat sum gradient.

2.2.2.3 Estimates of juvenile divergences and temporal shifts from beta regression models

To infer the effects of time and life stage on centers of tree occurrence along climatic gradi-
ents, we fitted beta regression models (Ferrari and Cribari-Neto, 2004) with the package
‘glmmTMB’ (version 1.0.2.1 Brooks et al., 2017).
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Most of the studies that compare the occurrences of different life stages compare the
means or quantiles of the environmental variables at the occurrences of the life stages (e.g.,
Lenoir et al., 2009; Bell et al., 2014; Monleon and Lintz, 2015; Máliš et al., 2016;
Sittaro et al., 2017; Wason and Dovciak, 2017). Here, we use an analogous approach
where the long-term climatic variables at plot locations where a species was present, i.e. the
occurrence distribution of climatic variables, were taken as response variables of regression
models. Pivoting the climatic variables from predictors to the responses and comparing the
distribution centers, has several advantages compared to fitting a more complicated species
distribution model with abundance or occurrence as the response: (1) As the sampling in-
tensities (area) of juvenile trees and adults are different (in addition to changing intensities
across countries and surveys; see Supplementary Table S1.3 in Supporting Information), re-
ducing the data to presences and then taking the occurrence distribution of climatic variables
will yield the same distribution regardless of the sampling intensity, which is independent
of the environmental gradient. But Ni and Vellend (2021) have shown by resampling
that extreme quantiles (e.g., the 95th percentile of heat sum) will underestimate the occur-
rence width of juveniles, when their sampling intensity in NFIs is lower than that of adults.
We avoid the bias that is introduced by extreme quantiles by using the more robust centers
of distributions along a climatic gradient as responses of the beta regression models. Al-
though occurrence centers are not as sensitive to environmental changes as range margins,
the occurrence centers will still reflect changes over the full distribution, including the mar-
gins. (2) Comparing the effects that a predictor has on the position of these distributions is
straight-forward in regression models for which hypothesis tests are readily available. How-
ever, using a species distribution model with occurrence or abundance as a response for the
same objecive, would require first to harmonize the data by modelling (partly unknown) dif-
ferent sampling intensities, then to reduce the possible resulting response curves to a central
measure, and third develop hypothesis tests to compare the effect of time or life stage on
this central measure.

Occurrence distributions of climatic variables were scaled across surveyed plots includ-
ing all countries and species to have the range [ϵ, 1 − ϵ] (with computer precision ϵ =
2.220446 · 10−16), so that the environment along the entire sampled European gradient
was expressed as a variable between zero and one. We used a beta-distribution, which has
two properties that account for different shapes that the occurrence distributions of climatic
variables can take over a climatic gradient with fixed limits: (1) the distribution can be sym-
metrical or skewed, and (2) the distribution can have high or even maximal density towards
one of the limits of the gradient, which reflects that the sampled range can be a sub-sample
of the entire range of a species. Hence, the expected value y (position along the gradient
expressed by parameter µ) and the shape (width and skewness expressed by precision param-
eter ϕ, which was unconstrained to provide any skewed shape) of the occurrence distribution
of climatic variables were made dependent on life stage (juvenile or adult), time (year of
the survey), and their interaction: y ∼ time * life stage, with a dispersion model for
the shape ∼ life stage * time (R-style notation, Wilkinson and Rogers, 1973). This
can be written as a beta model with mean µ and precision parameter ϕ:

y ∼ B(µ = p+Xβ, ϕ = q +Xγ) (2.7)

where p, q are the respective intercepts, β, γ are vectors of coefficients, and the design
matrix X consists of a column vector for time θ, as well as a dummy-coded vector of the
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2. Divergent occurrences

two life stage levels λ and their interaction with time:

X =
{
[θ][λ][θ · λ]

}
(2.8)

Models were fitted independently per country and species, but the response (the respec-
tive climatic variable) and time were scaled with data pooled across all countries, so that
the effect sizes are comparable across countries and species. To account for the geograph-
ical clustering of sample plot locations in the Spanish NFI (Figure 22), the factor region
was included as an additional fixed effect in the models for Spain. The continuous predic-
tor time (year of the survey) was first centered at the level of independent models, i.e. per
species (within cluster for Spanish data) within country, and then scaled linearly in such a
way that the most frequent sampling period, 25 years, corresponded to the range between
−0.5 and +0.5. This way, the slope for time estimates the average linear shift over 25
years, independently for each species–country combination. This harmonization makes the
effect sizes for time comparable across countries and species, while the uncertainty of the
estimates still depends on the original time period between surveys.

Model assumptions were checked with simulated quantile residuals provided by the
package ‘DHARMa’ (Hartig, 2020), and consequently three out of the 58 fits for heat
sum and none of the fits for water availability were discarded because they violated the
assumption of a beta-distributed error (see Supplementary Material S3 in Supporting In-
formation).

To quantify temporal shifts and juvenile divergences, we used marginal effects of time and
life stage on the position parameterµ, as well as post-hoc significance tests (Pr(> |z|) =
p < 0.05) provided by the package ‘emmeans’. The differences in marginal means of the
two life stages (approximately equivalent to the difference between life stage-level intercepts;
Figure 23 a–c) was interpreted as the divergence of juveniles compared to adults (juvenile
divergence). The marginal trend of juvenile occurrence over time (approximately equivalent
to the slope over time within the juvenile stage level; Figure 23 a–c) was interpreted as
the temporal shift. Species-specific juvenile divergences and temporal shifts were averaged per
country by weighting with the inverse of the associated squared standard error 1

SE , and
the frequency of effect directions was counted (Figures 24 B–D and 25 B-D). Since both,
juvenile divergence and temporal shift were transformed to the response scale, they can readily
be interpreted as a change of occurrence center in % along the entire sampled gradient across
all three countries, where 0% corresponds to the minimum and 100% to the maximum of
the environmental gradient.
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Figure 23: Simulated abundances of trees along an environmental gradient under (A) temporal
range shift, (B) ontogenetic niche shift, (C) opposite temporal range shift and ontogenetic niche
shift, and (D) under no shift at all. The three scenarios of shifts (A–C) lead to specific divergence
patterns in beta regression of the occurrence distribution of environmental variables, i.e. the environ-
mental values sampled proportional to abundance, here shown as probability densities (a–c), while
scenario D illustrates the ontogenetic effect of the demographic dependency between life stages.
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2.3 Results
2.3.1 Simulated divergent occurrences
Simulations of the two-life stage population model showed that both environmental-change
driven temporal range shift and ontogenetic niche effects, in particular ontogenetic niche
shift, can cause divergent occurrences of juveniles from adults. The simulated data from
three different scenarios of shifts led to three different combinations of occurrence patterns
detected by the beta regression: (A) Temporal environment shift resulted not only in a tem-
poral shift of juveniles, i.e. the shift of juvenile occurrence over time along the environmental
gradient, but also in juvenile divergence in the same direction, i.e. the difference between
marginal means of occurrence from adults to juveniles (Figure 23 A). (B) In contrast, onto-
genetic niche shift led to juvenile divergence only—in the direction of the ontogenetic niche
shift (Figure 23 B). Ontogenetic niche shift and temporal range shift can act simultaneously.
(C) Only when both processes acted in opposite directions, they could be disentangled be-
cause they led to oppositely directed juvenile divergence and temporal shift (Figure 23 C).

In addition to ontogenetic niche shift, our simulations demonstrate another ontogenetic
effect: Under stable environmental conditions, the occurrence width can contract from juve-
niles to adults due to the demographic dependency of the adult on the juvenile population,
even when the niche width remains constant over ontogeny (Figure 23 D). Despite identi-
cal ontogenetic niches of juveniles and adults, the environmentally-dependent mortality led
to a stable state population where juveniles occurred more widespread towards the extreme
conditions of the environmental gradient. Adults occurred in a smaller range because the
increased juvenile mortality at the niche margins also decreased transition from juveniles to
adults.

2.3.2 Divergent occurrences in NFIs
In the three European countries, tree species had both significant temporal shifts of juve-
niles over the respective time periods between surveys and significant juvenile divergences
along the two gradients of long-term climatic variables. Significant temporal shifts were less
frequent—24% (heat sum) and 21% (water availability) of all 55 species-country combinations—
than significant juvenile divergences—53% (heat sum) and 48% (water availability) of the
cases—(Figure 24 C and 25 C). The effect sizes of juvenile divergence and temporal shift,
scaled to express changes over 25 years, were similar with up to 6.6% of the entire climatic
range across all surveyed plots in all three countries. Most strikingly, the overall frequency
of significant juvenile divergences associated with an opposite temporal shift was similar to
the frequency of significant divergences associated with a temporal shift in the same direction
along both heat sum (59% versus 41% of the significant juvenile divergences; Figure 24 D)
and water availability (39% versus 61%; Figure 25 D).

The predominant direction of juvenile divergences along heat sum strongly varied be-
tween countries: All five significant juvenile divergences in Sweden had juveniles occurring
in colder conditions than adults, while eight out of ten significant juvenile divergences in
Spain were to warmer conditions (Figure 24 C and D). In Germany, the direction of juve-
nile divergences along heat sum was balanced. This pattern was also observed in the average
juvenile divergences over all species per country with juvenile divergence towards colder in
Sweden and warmer in Spain, and moderately colder in Germany (Figure 24 B) – and even
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within species: Juveniles of, e.g., Fagus sylvatica and Quercus robur diverged towards warmer
conditions in Spain but towards colder conditions in the other countries.

Along water availability, juveniles commonly occurred in drier conditions than adults
across all countries. This pattern was consistent across averages per country (Figure 25
B) and frequencies of significant juvenile divergences. Of the significant divergences, 100%
(Sweden), 67% (Germany), and 60% (Spain) were towards drier conditions (Figure 25 C).
Equally, all of the significant juvenile divergences in opposite direction to the temporal shift
were towards drier conditions 25 D), and many of the species with significant juvenile di-
vergences in more than one country shifted exclusively to drier conditions: Sorbus aucuparia,
Populus tremula, Quercus petraea, and Pinus sylvestris (but cf. Castanea sativa and Quercus
robur).

Significant temporal shifts (Figures 24 C and 25 C) only occurred in Germany and Spain,
not in Sweden, the country with the shortest period between observations of 10 years (see
Supplementary Tables S1.4 and S1.5). Average temporal shifts per country were consistently
towards colder and predominantly towards drier conditions across countries (Figures 24 B
and 25 B). There were significant temporal shifts in all directions along the two gradients, but
a small majority was towards colder and drier conditions (Figures 24 C and 25 C). Certain
species had extraordinary large temporal shifts (around 5% of the gradient range): Castanea
sativa, Pseudotsuga menziesii, Prunus serotina, P. padus, and Larix decidua in Germany; and
Pseudotsuga menziesii in Spain.
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Figure 24: Juvenile divergence and temporal shift of juvenile trees along a European heat sum gra-
dient: (A) Effect sizes by species and country in % of the full gradient range across all three coun-
tries, ordered by effect size and significance of the juvenile divergence. Pairs of arrows mark those
significant juvenile divergences that are associated with a significant temporal shift (one-sided test)
and whether the effects are in equal or opposite direction. (B) Average effect sizes by country and
direction, weighted by the inverse of the squared standard error. (C) Count of significant juvenile di-
vergences and significant temporal shifts by country and direction. (D) Comparison of the frequency
between significant juvenile divergences with associated opposite temporal shift and with equidirec-
tional temporal shift (additional significant tests for direction of the temporal shift are emphasized
with arrow symbols). Significance of the estimates was tested with a two-sided test, significance of
the directions with a one–sided test (Pr(> |z|) = p < 0.05).
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Figure 25: A) Juvenile divergence and temporal shift of juvenile trees along a European water avail-
ability gradient: (A) Effect sizes by species and country in % of the full gradient range across all
three countries, ordered by effect size and significance of the juvenile divergence. Pairs of arrows
mark those significant juvenile divergences that are associated with a significant temporal shift (one-
sided test) and whether the effects are in equal or opposite direction. (B) Average effect sizes by
country and direction, weighted by the inverse of the squared standard error. (C) Count of signif-
icant juvenile divergences and significant temporal shifts by country and direction. (D) Comparison
of the frequency between significant juvenile divergences with associated opposite temporal shift and
with equidirectional temporal shift (additional significant tests for direction of the temporal shift are
emphasized with arrow symbols). Significance of the estimates was tested with a two-sided test,
significance of the directions with a one–sided test (Pr(> |z|) = p < 0.05). Large confidence
intervals where cut off only at the upper limit of 6.5%, as indicated by dotted error bars.
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2.4 Discussion
Both temporal range shift and ontogenetic effects, such as ontogenetic niche shifts, can lead
to similar divergent occurrences of juveniles and adults along an environmental gradient, as
demonstrated by our two-life stage simulation model. The analysis of European NFI data
revealed that significant juvenile divergences were as frequently opposite to temporal shifts
as they were in the same direction. This is a strong indication that juvenile divergence can
not simply be interpreted as a sign of environmental change-driven range shift, but that
ontogenetic effects frequently play a major role in divergences between juveniles and adults.

2.4.1 Simulated divergences between life stages
Our simulations illustrate how both temporal shifts of the environment and ontogenetic
niche shifts can cause divergent occurrences between life stages, and how the demographic
dependency of life stages alone can lead to differently widespread occurrences. Many em-
pirical studies, however, assume that different occurrences are exclusively the result of a
temporal shift caused by environmental changes (e.g., Zhu et al., 2014; Mathys et al.,
2018). This is based on the assumption that, when species change their ranges to maintain
niche conditions, juveniles will respond faster and track these conditions more closely than
adults (Monleon and Lintz, 2015). These temporal range shifts that become evident as
shifts of occurrence centers can also include shifts that only occur at either the leading mar-
gins, i.e. juveniles filling a new range, or at the trailing margins, i.e. juveniles regressing
where adults persist (Lenoir et al., 2009). Under ongoing environmental shift, juveniles
will permanently lead the trailing adults throughout time. This permanent and increasing
juvenile divergence is illustrated in Figure 23 A, where the environment had already been
shifted before the first observation so that juveniles do not only diverge on average (Figure
23 a, juvenile divergence), but already at the first observation (Figure 23 a, at t1 = −0.5).
Permanent divergence through time alone can thus not be interpreted as necessarily caused
by ontogenetic niche shift either. Inferring ontogenetic niche shifts from permanent diver-
gence of life stages may however be considered if there are only negligible temporal shifts
over a long period (cf. Máliš et al., 2016).

As shown in our simulations, the pattern of divergent occurrences can also emerge when
the niche shifts between ontogenetic stages (Figure 23 B). Ontogenetic niche shifts, i.e.
juvenile plants requiring or enduring different environmental conditions to grow or survive
than adults of the same species, have been reported in many empirical studies (Eriksson,
2002; Miriti, 2006; Ewald, 2007; Máliš et al., 2016; Andivia et al., 2020). In addition,
it is also possible that observed divergences between life stages could reflect ontogenetic
niche shift of unobserved life stages. These life stages include, e.g., ontogenetic niche shifts
of seedlings below the sampling threshold, the germination of seedlings (Valdez et al.,
2019; Vecchio et al., 2020), but even the environmentally dependent ability of trees of to
produce the life stage of seeds (Rosbakh et al., 2018; Bajocco et al., 2021). Furthermore,
other ontogenetic effects like ontogenetic niche contraction or expansion (Eriksson, 2002;
Bertrand et al., 2011), and the demographic dependency between life stages can lead
to juvenile divergences, when the sampled geographical range does not include the entire
niche (Section 2.4.3.3). Evidence of life stage divergence (as illustrated in Figure 23 a and
b; juvenile divergence) can therefore not simply be interpreted as a result of temporal change
but ontogenetic effects must also be considered as a potential cause.
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2.4.2 Attributing juvenile divergence to temporal range shift or ontogenetic
effects

Since both processes, temporal range shift and ontogenetic effects, can cause divergent oc-
currences between life stages along the climatic gradient, the observed pattern of juvenile
divergence, i.e. the difference in centers of adult and juvenile occurrence along the gradi-
ent averaged over time, can not directly be attributed to either one of the processes (Figure
21). The challenge of attributing juvenile divergence to either temporal range shift or onto-
genetic effects can be partly overcome with repeated surveys. With repeated observations,
the trend of juvenile occurrence over time can be quantified and directly be interpreted as
a temporal shift (Figure 23 a, temporal shift). When temporal range shift and ontogenetic
effects act simultaneously, they can either be directed in the same direction, amplifying ju-
venile divergence. But they can also act in opposite direction, leading to juvenile divergence
that is opposite to the direction of the temporal shift (Figure 23 C) or even to divergences
that cancel each other out (for a discussion of the consequences for inference see Section
2.4.3.1). These associations of directions provide a tool for inferring ontogenetic effects
within species: If a species has significant juvenile divergence associated with a significant
temporal shift in opposite direction, we can attribute the juvenile divergence to ontogenetic
effects because the divergence has not likely emerged from the temporal range shift. In
addition, the frequencies of juvenile divergences and associated directions of temporal shifts
can be used for inference within a set of species: Comparing the overall frequencies of ju-
venile divergences with opposite to those with equidirectional temporal shifts is an indication
of the relative contribution of ontogenetic effects and temporal range shifts to observed
divergences between life stages.

2.4.3 Divergent occurrences between life stages in European forests
2.4.3.1 Temporal range shifts and ontogenetic effects are at least equally relevant for

divergent occurrences

There were about twice as many significant juvenile divergences than significant temporal
shifts along both climatic gradients across species and the three NFI countries. Significant
estimates of juvenile temporal shift in 24% (heat sum) and 21% (water availability) of all
species–country combinations are a unequivocal indicator of temporal range shifts. The high
frequency of juvenile divergences—observed in 53% (heat sum) and 48% (water availability)
of all cases—is however no sufficient evidence of ontogenetic effects, such as ontogenetic
niche shifts. Ontogenetic effects and temporal range shift can both cause juvenile divergences,
and furthermore, the significance of a temporal shift depends on the length of the observed
time period, which varies between species–country combinations (Supplementary Tables
S1.4 and S1.5). Particularly in Sweden the short observation period of only 10 years could
lead to temporal shifts that are not significant. But the contribution of ontogenetic effects
to juvenile divergences can be inferred from the direction of associated temporal shifts within
the same species (Section 2.4.2).

At the individual species level, we found significant juvenile divergences in opposite di-
rection to the temporal shift for five species along the heat sum gradient and for one species
along the water availability gradient. These juvenile divergences can clearly be attributed
to ontogenetic niche shifts, because they could not have arisen from the temporal range
shift. The overall importance of ontogenetic effects, however, is probably greater than ap-
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parent from these individual cases, because our rigorous test for ontogenetic effects within
species will exclude several cases. For instance, ontogenetic niche shifts and other ontoge-
netic effects will not be detected when no significant temporal shift occurred simultaneously
in opposite direction to the ontogenetic niche shift. Additionally, even if ontogenetic niche
shift and temporal shift were in opposite directions, the juvenile divergence could become
too small to be significant under fast temporal shifts. Fast shifting juveniles can diminish
the divergence caused by ontogenetic effects so that both processes cancel each other out,
and they could even overtake the slowly shifting adults along the gradient, so that not ev-
ery opposite ontogenetically-caused divergence can be observed as juvenile divergence in the
opposite direction to the temporal shift.

To further evaluate the relative importance of ontogenetic effects for juvenile divergences
across all species and countries, the odds of a juvenile divergence being associated with a tem-
poral shift in opposite direction rather than in the same direction can be considered, regard-
less of significance or effect size of the temporal shift. Assuming that all juvenile divergences
were caused only by temporal range shifts, all observed patterns of temporal shifts would be
in the same direction as the juvenile divergences (the odds would converge to 0). In contrast,
if we assume that all juvenile divergences were caused by ontogenetic effects—and the tem-
poral range shift was an additional independent process not causing any divergences—the
directions of the temporal shifts of juveniles would split equally among equidirectional and
opposite patterns of temporal shift (the odds would converge to 1).

In our results, the odds of temporal shifts opposite to the juvenile divergence are 17 :
12 = 1.42 along the heat sum gradient and 11 : 17 = 0.64 along the water availability
gradient. This suggests that along both gradients the majority of juvenile divergences are
unlikely caused by a temporal range shift, and in the case of heat sum there are even more
juvenile divergences opposite to the temporal shift than expected from independent pro-
cesses (1.42 > 1). We can thus conclude that ontogenetic effects, like ontogenetic niche
shifts, are at least as relevant for causing divergent occurrences of life stages as environmental
change-driven temporal range shifts.

That occurrence centers of tree species’ life stages can diverge along an environmental
gradient because of ontogenetic niche shift has been suggested by other empirical studies
(Urbieta et al., 2011; Zhu et al., 2014; Máliš et al., 2016). The importance of ontogenetic
effects for divergent occurrences of tree life stages has far-reaching consequences for scien-
tific inference: environmental change impacts can not simply be inferred from static data
on occurrence of tree life stages. Having established that both temporal range shifts and
ontogenetic effects exist in European forest tree species, we will discuss plausible causes of
those processes in the following sections.

2.4.3.2 Temporal shifts in response to environmental change

Under climate warming with increased evaporation, tree species are expected to shift over
time towards colder and wetter conditions along static long-term climatic gradients to main-
tain the conditions of their climatic niche. In line with this expectation, temporal range
shifts towards long-term colder conditions have been reported for several species based on
repeated observations at northern range limits (e.g, Boisvert-Marsh et al., 2014; Sit-
taro et al., 2017) or at high elevations along mountain slopes (e.g., Julio Camarero and
Gutiérrez, 2007; Du et al., 2018). As expected from climate change-driven range shifts,
the average temporal shifts in the three NFI countries were consistently towards colder con-
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ditions. For instance, Prunus padus, P. avium, Betula pendula, and Pinus uncinata (but cf.
Améztegui et al., 2010) shifted towards colder conditions. Prunus padus had a particularly
pronounced shift in Germany, probably due to its effective long-distance seed dispersal
(Nestby, 2020). Contrary to expectations, average temporal shifts along water availability
were mainly towards drier conditions (Figures 24 B and 25 B). This may be partly explained
by regional differences in long-term trends of climatic water availability, e.g., decreased
drought frequency in northern Europe (Spinoni et al., 2015; Stagge et al., 2017). The
temporal shifts in Sweden were not significant for any of the species, probably due to the
comparatively short period between surveys (10 years; see Supplementary Tables S1.4 and
S1.5), which leads to larger uncertainties in the temporal shift estimates. Across all coun-
tries, individual species significantly shifted towards both colder and warmer (8 : 5) and
drier and wetter (8 : 4) conditions. This adds to the body of studies that have found incon-
sistent directions among species in the divergence between adults and juveniles (Rabasa
et al., 2013; Wason and Dovciak, 2017; O’Sullivan et al., 2020) and in temporal shifts
from repeated observations (Woodall et al., 2013; Gibson-Reinemer and Rahel, 2015).
Although hypotheses have been proposed about how climate warming can cause shifts to
warmer and drier conditions along long-term climatic gradients—like competitive release
at the warmer margin or other climate-driven habitat modifications that indirectly allow for
range shifts (Lenoir et al., 2010; Crimmins et al., 2011)—it is problematic to assume that
any temporal range shift is driven by climate warming.

Instead, the set of species associated with many of the most pronounced temporal shifts
suggests a connection to land-use change, including (1) introduction and promotion of in-
dividual species through forestry and (2) management regime change. First, silviculturally
introduced species are likely to change their range to new environmental conditions be-
cause the climatic conditions at planting locations frequently differ from the their actual
niche conditions (Ruiz-Benito et al., 2012). Unsurprisingly, introduced timber species
are responsible for almost all of the large temporal shifts in Germany and Spain (Figure 24
and 25; Germany: C. sativa, P. menziesii, P. serotina, L. decidua; Spain: P. menziesii). The
exotic conifer species P. menziesii has naturalized and expanded in mountainous regions
in Germany (Knoerzer, 1999) and Spain (Broncano et al., 2005). L. decidua has been
planted outside the native range within central Europe (Jansen and Geburek, 2016). The
deciduous species C. sativa (Seemann et al., 2001) and P. serotina have been introduced
in Germany, where P. serotina in particular has become invasive (Starfinger et al., 2003).
Second, in addition to introduction and promotion of individual species, changing forest
management regimes, especially abandonment, has been changing species composition of
forests, e.g., through giving up traditional fire management in Spain (Seijo et al., 2018)
or coppice management in central Europe (Müllerová et al., 2015). Consistently, native,
resprouting species that had benefited from these traditional management regimes, e.g.,
Quercus spp. and Carpinus betulus also show significant temporal shifts. Overall, the underly-
ing drivers of range shifts—climate, land use, or any other temporal pressure—can not be
inferred from the effect of time on the occurrence distributions of environmental variables
alone, and the underlying causes remain speculative.

2.4.3.3 More widespread occurrence of juveniles along European climatic gradients

Juveniles generally occurred in more extreme conditions than adults within countries and
therefore along a wider range of the entire European climatic gradients (Figure 24). The
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number of juvenile divergences per direction and country along a latitudinal gradient from
low mean heat sum in Sweden towards high mean heat sum in Spain followed a striking
opposite pattern (Figure 22): Although in Sweden plant productivity may be limited by heat
sum (Woodward, 1987), all juvenile divergences were towards colder conditions. In Spain,
however, where plant productivity is more likely limited by evapotranspiration associated
with high heat sum (e.g., Larcher, 2003), the majority of juvenile divergences were towards
warmer conditions. Germany, where the directions of juvenile divergences along heat sum
were balanced (Figure 24 C, also takes an intermediate position on the heat sum gradient.
Along water availability, juveniles overwhelmingly diverged towards drier conditions (Figure
25 C), which—again—is a divergence towards more hostile conditions, because at a large
scale only drought but not climatic water excess is a limiting factor for tree growth in Europe
(e.g., Kottek et al., 2006). Juvenile divergences towards more hostile growing conditions
were also expressed in the per-country average juvenile divergences, and particularly distinct
in the significant juvenile divergences opposite to the temporal shift, which are even more
likely to correspond to definite ontogenetic effects (Figures 24 and 25 D).

This pattern—more widespread occurrence of juveniles along large-scale climatic gradients—
can be caused by ontogenetic niche shifts but also by other ontogenetic effects, namely (1)
ontogenetic niche contraction from juveniles to adults, including (2) the special case of
reduced growth at niche margins, but also by (3) demographic dependency between life
stages. First, changes in width of the viable conditions along environmental gradients over
life history, i.e. ontogenetic niche expansion and contraction, have widely been evoked as
an explanation of observed differences in occurrence widths (e.g., Stohlgren et al., 1998;
Copenhaver-Parry et al., 2020a). In particular, wider juvenile occurrence has been ex-
plained by ontogenetic niche contraction (Eriksson, 2002; Young et al., 2005; Quero
et al., 2008; Bertrand et al., 2011; Máliš et al., 2016), which can emerge through more
severe mortality of adults under the same conditions. For example, Bertrand et al. (2011)
have suggested that species’ niches ontogenetically converge towards better nutritional con-
ditions because the nutrient demand of adults may be higher. Furthermore, it has been
shown that larger trees are more susceptible to drought-induced mortality (Bennett, 2015),
partly because ontogenetically increasing leaf area is directly linked to higher evapotranspi-
rative demand (Buras et al., 2018). This will result in juvenile occurrences at environmental
conditions that can not supply the development into adults, which can be regarded as sink
populations (Soberón and Peterson, 2005). Second, reduced growth at the niche margins
can be interpreted as a special case of ontogenetic niche shift or niche contraction, when
ontogenetic progression is not measured in terms of age but, as in this case, in terms of size
as a measure for the progress through stages of development (Gatsuk et al., 1980). If under
extreme water- or heat supply-limited conditions growth rates are diminished (Coomes and
Allen, 2007), or trees adaptively never exceed certain sizes at the niche margins (e.g., Lines
et al., 2012), small individuals are more likely to be found at extreme climate conditions than
larger individuals, leading to an ontogenetic niche change between size stages. Relatively
higher abundance of small-sized trees toward climate extremes is an additional challenge to
any approach using static data on tree size as a substitute for age to infer temporal shifts of
range limits (e.g., Rabasa et al., 2013; Mathys et al., 2018).

Third, adults can occur under narrower and less extreme environmental conditions than
juveniles simply because the abundance of adults is not only determined by their own onto-
genetic niche, but also dependent on the abundance of earlier life stages (Young et al., 2005).
Adults are confined to the intersection of their own ontogenetic niche with that of prior life
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stages, potentially limiting adult occurrence to a smaller range on the gradient than any of
these “filters” (Young et al., 2005) alone. In our two-life stage simulation (Figure 23 D), we
have shown that the effect of narrower occurring adults due to the dependency on juvenile
abundance even arises under ontogenetically identical niches of juveniles and adults, if, due
to environmentally-dependent mortality alone, disproportionally fewer juveniles transition
to adults at the niche margins (see Zhu et al., 2014, “turnover effect”).

While only the first of the three mechanisms—ontogenetic niche contraction—is onto-
genetic niche change or shift in the strict sense, all of them are ontogenetically acting effects:
For all three mechanisms, trees transition less frequently to later life stages at the niche mar-
gins, leading to the same pattern of more widely occurring juveniles along environmental
gradients. Any one of these processes—acting individually or simultaneously—could thus
be responsible for the observed juvenile divergence towards colder in Sweden, towards hotter
in Spain, and towards drier conditions across all three countries.

Here, instead of modelling life stage’s niches, we modelled the change in the occurrence
distribution of climatic variables over time and per life stage, because this allows for differ-
ences in sampling protocols between life stages and countries (see Section 2.2.2.3) as well
as the fact that the sampling does not cover the entire climatic range of all species. Without
these data limitations, however, a niche modelling approach that characterizes ontogenetic
niches would be preferable to accurately predict species occurrences. Furthermore, to sepa-
rate the ontogenetic effects that act on the occurrences of life stages into ontogenetic niche
differences and demographic dependencies between life stages, an ontogenetic niche mod-
elling approach will also have to account for these demographic dependencies. For example,
recently, it has been discussed whether juvenile trees have wider or narrower ontogenetic
niches than adult trees (Bertrand et al., 2011; Copenhaver-Parry et al., 2020a; Ni and
Vellend, 2021). We have shown that to answer this question, the vital performance of life
stages along environmental gradients has to be assessed separately, because occurrence of a
particular life stage is also constrained by its dependency on other life stages.

2.4.4 Conclusions
We conclude that divergent occurrences between life stages are caused by both temporal
range shifts and ontogenetic effects—including ontogenetic niche shift, expansion or con-
traction, and demographic dependency between observed or unobserved life stages. That
juvenile divergences associated with temporal range shifts in opposite direction are as fre-
quent as divergences in the same direction, indicates that ontogenetic effects are at least as
relevant for divergent occurrences between life stages as temporal range shifts.

The important role of ontogenetic effects at the continental scale emphasizes that im-
pacts from changing climate on forest ecosystems can not simply be inferred from divergent
occurrence of life stages in static data on tree occurrences. Instead, future studies should rec-
ognize demographic dependencies between life stages and that early tree life stages can have
different ontogenetic niches than adult trees that could cause even more sensitive responses
to environmental change (Grubb, 1977; Lines et al., 2019).
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Which demographic processes control competitive
equilibria? Bayesian calibration of a size-structured forest
population model 3

Abstract

In forest communities, light competition is a key process for community assembly.
Species’ differences in seedling and sapling tolerance to shade cast by overstory trees is
thought to determine species composition at late-successional stages. Most forests are
distant from these late-successional equilibria, impeding a formal evaluation of their
potential species composition. To extrapolate competitive equilibria from short-term
data, we therefore introduce the JAB model, a parsimonious dynamic model with in-
teracting size-structured populations, which focuses on sapling demography including
the tolerance to overstory competition. We apply the JAB model to a two-“species”
system from temperate European forests, i.e. the shade-tolerant species Fagus sylvat-
ica L. and the group of all other competing species. Using Bayesian calibration with
prior information from external Slovakian national forest inventory (NFI) data, we fit
the JAB model to short timeseries from the German NFI. We use the posterior es-
timates of demographic rates to extrapolate that F. sylvatica will be the predominant
species in 94% of the competitive equilibria, despite only predominating in 24% of the
initial states. We further simulate counterfactual equilibria with parameters switched
between species to assess the role of different demographic processes for competitive
equilibria. These simulations confirm the hypothesis that the higher shade-tolerance
of F. sylvatica saplings is key for its long-term predominance. Our results highlight
the importance of demographic differences in early life stages for tree species assembly
in forest communities.

3.1 Introduction
Among the species interactions that shape community composition, competition is one of
the most important in forest ecosystems (Tilman, 1982; Goldberg and Barton, 1992).
While in recent years, the role of facilitation in species assembly has been increasingly ac-
knowledged (Bruno et al., 2003; Pretzsch et al., 2013; Simha et al., 2022), trees in forests
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are subject to exceptional levels of competition for light. Tree species are in an evolutionary
arms race with other plants and acquired slowly-growing woody structures as a means of
increasing their access to light with increasing height (Clements et al., 1929; Givnish,
1988; Keddy, 2001). Not only does the upper hand in height lead to an advantage for as-
similating carbon that is size-symmetric, but harvesting light that comes from above means
excluding trees below, which is a size-asymmetric competitive advantage for larger trees
(Schwinning, 1998). Hence, the differential ability of tree recruits to tolerate the shading
effect of the competing overstory is a key determinant of tree species assembly in forests
(Emborg, 1998), in addition to competitiveness for belowground resources such as water
and nutrients (Putz and Canham, 1992; Coomes and Grubb, 2000).

Evidence from around the world suggests that high shade-tolerance of saplings is a
mechanism for individual tree species to attain predominance in forests at the competitive
equilibrium, i.e. the equilibrium of species abundances as the result of interacting demo-
graphic processes in the absence of major disturbances (Pickett, 1980). Instances, where
species with shade-tolerant saplings tend to be predominant in late-successional forests are
common across climate zones and clades, e.g.: Tsuga canadensis (L.) Carrière in temperate
forests (eastern North America; Rogers, 1978; see also Canham, 1989), Sloanea woollsii F.
Muell. in subtropical rainforests (eastern Autralia; Baur, 1957; Floyd, 1990), and Gilber-
tiodendron dewevrei De Wild. in tropical lowland forests (Ituri Forest of Zaïre; Hart,
1995). Shade-tolerant tree species, whose recruits are viable under a closed canopy over
long periods, are generally contrasted with “pioneer” species that are only able to regenerate
after a disturbance has opened the canopy (Whitmore, 1989). These different recruiting
strategies highlight the crucial importance of the sapling stage for competitive exclusion,
which can finally lead to predominance at the competitive equilibrium.

In temperate European forests, Fagus sylvatica L. (European beech, hereinafter abbre-
viated “Fagus”) is traditionally thought to be the shade-tolerant tree species that dominates
at competitive equilibrium (Watt, 1923; Ellenberg, 1963). Fagus saplings can survive
particularly well under shading (Petrovska et al., 2021a), so that Fagus is thought to natu-
rally predominate, at least in environments at submontane elevations without higher abiotic
stress or major disturbances (Ellenberg, 1963). That Fagus would potentially predominate
in Central European forests, has however not been tested with data at a large scale. This
kind of test is impeded by the fact that in reality the Central European landscape has been
altered by humans, ever since Fagus’ ongoing post-glacial immigration (?Magri, 2008), so
that Fagus is not de facto the predominant tree species: Knapp (2008) estimates that cur-
rently only 4.5% of Germany is covered with beech forests, in contrast to their projected
natural cover of about 66%.

Given that only data from disturbed and managed forests are available, models can be
used to project which species will predominate at the competitive equilibrium. Not all
models, however, are suited to the task: Along the spectrum between correlative (statistical)
and process-based models (Dormann et al., 2012a), purely correlative models have the
advantage that they can be easily fitted to data. Correlative models, however, have the
disadvantage that they cannot be used for extrapolating states outside the domain of the
data, and furthermore, they can only rarely be used for inference on the underlying processes
(Korzukhin et al., 1996; Dormann et al., 2012a). On the other extreme, process-based
dynamic vegetation models can extrapolate potential community states outside the data
domain by assuming that the same processes act universally, but are often hard to fit to
data as they require a multitude of parameters to be calibrated (Korzukhin et al., 1996;
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Hartig et al., 2012). Several modelling attempts have been undertaken to extrapolate the
equilibrium forest vegetation with relatively complex process models that concentrate on
larger trees, but neither explicitly consider the role of the sapling stage nor quantify the
role of sapling demography (e.g., Prentice et al., 1993; Bugmann and Solomon, 2000;
Badeck et al., 2001). However, the critical role of recruitment processes in determining
forest composition has recently led to calls for explicit modelling of these processes (Price
et al., 2001; Kunstler et al., 2009; Hanbury-Brown et al., 2022; König et al., 2022).

Here, to extrapolate long-term competitive equilibria from short-term forest dynam-
ics, we propose the JAB model, a simple dynamic population model that includes species
interactions and a sapling stage. The JAB model explicitly represents the species-specific
response of saplings to competition from the overstory with a two-layer size structure (e.g.,
as in Lundqvist, 1995; Cordonnier et al., 2019). Besides the competition response to
the overstory, the sapling dynamics in the model include key demographic processes, like
competition effects among saplings, growth, and seedling recruitment. In contrast, the com-
petition between trees of the overstory is only represented by a simple density-dependent
population model. Thus, being based on demographic processes but decisively parsimonious,
the JAB model combines the advantages of the correlative and process-based modelling: It
is relatively easy to fit to data while still being suited for predicting competitive equilibria
(see also Clark et al., 2020) and inferring the role of individual demographic processes (see
also Briscoe et al., 2019).

We apply the JAB model by fitting it to data from the German national forest inventory
(NFI), using Bayesian calibration with prior parameter distributions based on external in-
formation from the Slovakian NFI data. For the question at hand, “will Fagus sylvatica be
predominant at the competitive equilibrium?” we group all other tree species into one pop-
ulation and let them compete with Fagus to project the population states at the competitive
equilibria. To test the hypothesis that the higher tolerance of Fagus saplings to competition
from the overstory is key in its predominance, we simulate and compare the predominance
in counterfactual competitive equilibria where demographic parameters have been switched
between Fagus and others.

3.2 Methods

Here, we present the JAB model (Section 3.2.1) and the NFI data that were used for its
calibration (Section 3.2.2 and A.1). Using a Bayesian calibration approach, we facilitated
the fit of the model by constraining the seedling recruitment rates with prior parameter dis-
tributions, which were inferred by regression with auxiliary data from the Slovakian NFI
(Sections 3.2.3 and A.4). With the inferred priors, we used an observation model to fit
the JAB model to count data (Section 3.2.4), linking the area-standardized basal area states
in the model to angle count data with basal area-related offsets (Section 3.2.2.2 and A.2).
Finally, we simulated data from the fitted JAB model for inference about competitive equi-
libria and their drivers (Section 3.2.5).

All data analyses were performed with R (version 4.0.5; R Core Team, 2021). All
models have been written in the language stan (version 2.30.1; Stan Development Team,
2022) and were fitted with the package cmdstanr (version 0.5.3; Gabry and Češnovar,
2021) and the default Hamiltonian Monte Carlo (HMC) algorithm (Section 3.2.6).
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3.2.1 JAB model

The JAB model is a dynamic model with competition effects that includes an explicit ju-
venile stage (Figure 31; for code see B). The JAB model describes populations of species
that are logistically limited by the same resource (Gause, 1932) but differs from a classical
competitive Lotka-Volterra model in four main aspects: (1) size-structured populations, (2)
basal area growth, (3) reduced complexity of competition effects, (4) influx from outside the
populations.
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Figure 31: The JAB model represents three different size stages of a tree population ( J, A, B) and de-
mographic processes, including the competitive interactions between size stages and multiple species.
There are processes that contribute to population growth: seedling input into the population from
temporal or spatial dispersal Lp (dependent on regional basal area Bp), within-population seedling
recruitment r, transitions from a smaller to a larger stage (g, h), and the net basal area growth b.
The processes that limit population growth comprise the competition effect from the total sum of
the sapling stage J on species-specific J (cJ ), the competition from the sum of A and B, i.e. the total
basal area of all species BA, on A and B (cA, cB), as well as the asymmetric competition from BA on
J (“shading” effect s). The choice of thresholds between size stages is informed by the size classes in
the data. In the German NFI small trees between height 20 cm and dbh 7 cm were counted, while
trees with dbh > 10 cm were additionally measured in terms of basal area, so that intermediary size
stage A acts as a mediator beween count data for J and the basal area data for B. The factor βuA, i.e.
the upper basal area of a tree in A, converts A from counts to basal area.

In the JAB model, populations are structured into three size stages that interact: the
juvenile stage J, representing the understory, and the stages A and B, jointly representing
the overstory (Figure 31). Partitioning tree populations into understory and overstory, we
can express asymmetric competition between the two fundamentally different forest layers
(Schwinning, 1998): the understory is affected by the shading of the overstory, while the
overstory is directly exposed to light and unaffected by the understory (Valladares and
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Niinemets, 2008; Angelini et al., 2015; Cordonnier et al., 2019; De Lombaerde et al.,
2019). The overstory (BA) is divided into A and B to enable conversion between measures
of tree abundance in the sapling stage J, which is quantified as a count density, and the
final stage B, which is represented in terms of basal area. The count density in J reflects
the common measure of sapling inventories in NFI (see Section A.1.1), whereas the basal
area in the overstory stage B is a common measure for timber growth and competition
(Biging and Dobbertin, 1992). The size stage A functions as an intermediary between
J (only counts) and B (only basal area) by having counts that are converted to basal area
with a conversion factor. The JAB model represents growth as transition rates in absence
of competition: from the understory stage J to the intermediary stage A (parameter g) and
from A to B (parameter h). In addition to transitions from A, the final stage B has intrinsic
basal area growth (parameter b; Table 31).

To reduce the complexity of competition compared to a full Lotka-Volterra model, we
represented only the differences in species’ response to competition, assuming a similar com-
petition effect among species (simplifying from a matrix of n2 parameters to parameter vec-
tors of n competing species). More specifically, species are affected by the competition from
the sum of the basal area of all species within their respective layers, i.e. they have a differ-
ent competitive response to the sum of all inter- and intraspecific competition (vectors of
species-specific parameters cJ , cA, cB). In applying this competition structure, we assume
that the difference in competitive response between species is much more important than
their difference in competitive effect (Tilman, 1982; Goldberg and Landa, 1991; Gold-
berg, 1996). The asymmetric competition from the overstory BA on J is represented by the
“shading” parameter s.

In the JAB model, there are two different sources of seedling recruitment: (1) local
recruitment that is proportional to the local conspecific basal area (parameter r), and (2)
external seedling input. The external seedling input Lp represents all long-term persistence
of diaspores and long-distance dispersal into a subpopulation that is not not explained by
the local conspecific basal area of a plot p. It is proportional to a measure of long-term and
large-scale distribution of the species Bp with the coefficient and parameter l (detailed in
A.3).

Table 31: Parameters of the JAB model and their explanation. The parameters generally link two
model states, so that there is an effect acting from some model state on another that can be positive
or negative (indicated in column “direction”).

Stage Symbol Explanation Effect from ... on (direction)

J l seedling input from large-scale and long-term basal area average to specific J B J +
r seedling recruitment from the local basal area to specific J BA J +
cJ competition effect from total count of juveniles on specific J sum J J -
s competition effect from total basal area on specific J sum BA J -

J/A g transition due to survival and growth from specific J to specific A J/A A/J +/-
A cA competition effect from total basal area on specific A sum BA A -
A/B h survival and growth from specific A to specific B A/B B/A +/-
B b net basal area increment of specific B dependent on specific B (also includes mortality) B B +

cB competition effect from all basal area on specific B (includes both mortality and growth reduction) sum BA B -

Based on these principles, we implemented the JAB model as a discrete-time iteration
rule in stan, with hyperbolic density dependence (see Watkinson, 1980; Ellner, 1984;
Levine and Rees, 2004), similar to a Lotka Volterra-type model formulation in Din (2013).
The iteration rule comprises a set of four equations (Equations 3.1–3.4) that relate states at
year t + 1 to states at year t. Here, in accordance with the software implementation, we
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provide a vectorized formulation of the model, where all variables, including the parameters,
and the stages J [ha−1], A [m2 ha−1], B [m2 ha−1], and BA [m2 ha−1] are vectors with
length n (number of species). These vectors are operated on with element-wise multipli-
cation ⊙ and division ⊘; the operator sum reduces the stages to a scalar, representing the
total abundance of a stage across species.

Jt+1 = Lp + r ⊙ BAt + (Jt − g ⊙ Jt)⊘ [1 + cJ sum(Jt) + s sum(BAt)] (3.1)
At+1 = g ⊙ Jt ⊘ [1 + cJ sum(Jt) + s sum(BAt)] + (At − h⊙At)⊘ [1 + cA sum(BAt)]

(3.2)
Bt+1 = h⊙At · βuA ⊘ [1 + cA sum(BAt)] + (1 + b)⊙Bt ⊘ [1 + cB sum(BAt)]

(3.3)
BAt+1 = At+1 ⊙ βmA +Bt+1 (3.4)

All parameters (r, cJ , s, g, cA, h, b, cB , and Lp = lBp) are generally assumed to be
positive, so that all model states are strictly positive at any time (in fitting the model, this
will be ensured by exponentiating the parameters sampled on a log-scale; Section 3.2.4.1).
The four equations, representing size stages, are coupled through states of other stages, so
that changes in one state propagate in discrete time steps, e.g., from BA to J to A to B. The
fractions of trees that survive and grow in the absence of competition from J to A and from
A to B are expressed by the transition rates g and h (∈ (0, 1)), respectively. The counts
in A are transformed to basal area at two different occasions: (1) In the transition to B,
the counts are converted by factoring in the basal area of one tree at the threshold between
A and B, a species-independent scalar factor βuA, which is dependent on the threshold
diameter at breast height (dbh; Equation 3.3); (2) the combined basal area BA is calculated
by multiplying the counts within A with a vector of the corresponding mean basal areas βmA,
which are species-specific constants from the data (Equation 3.4; Fagus: 0.01586m2; others
0.01611m2).

All stages ( J, A, and B) are logistically limited by interspecific tree density: The sapling
stage J is limited by the competitive effect from the total basal area across species BA (s) and
from the total counts within the same stage (cJ ), while the stages A and B are only limited
by the competitive effect of BA (cA, cB). This limitation is implemented by dividing the
states with a denominator that is slightly greater than 1: [1 + cJ sum(Jt) + s sum(BAt)]
and [1 + cA,B sum(BAt)], for understory and overstory respectively. Not only the stage
abundances are limited, but also the growth processes are density-dependent. The growth
rates under competition are expressed by the density-dependent terms g⊘[1+cJ sum(Jt)+
s sum(BAt)], h⊘ [1 + cA sum(BAt)], and b⊘ [1 + cB sum(BAt)], respectively (Table 32).

Overall, this leads to a system of populations that are in an arms race from a disturbed
state towards a competitive equilibrium: Depending on their seedling recruitment (Lp and
r), through transition (g, h) and net basal area increment (b) populations can intrinsically
only grow or stagnate. This assumes that density-independent mortality is negligible in J and
A, and that density-independent mortality in B is included in b and does not exceed basal
area growth in the long term. Thus, the model is built on the assumption that populations
of Fagus and others are viable in the given environmental range. Although, populations can
never go extinct, they can decline through interspecific competition (cJ , s, cA, cB). These
properties enable the JAB model to extrapolate species composition under the assumption
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that species composition is mainly determined by a competitive equilibrium (Ellenberg,
1963).

3.2.2 NFI data
To fit the JAB model to observed tree populations of Fagus and others, we used data from two
different national forest inventories (NFI): the Slovakian NFI with one survey (2015–2016)
and the German NFI with three repeated surveys (main years 1987, 2002, 2012; Table S1).

Data from the Slovakian NFI, which include observations of seedlings with height 10–
20 cm, were used to infer prior probability distributions for the seedling recruitment rate r
(for details on the Slovakian NFI data see Section A.1.2).

Subsequently, the short-term time series data from the German NFI were used to fit the
JAB model to repeated observations of aggregated populations (for details on the German
NFI data see Section A.1.1).

3.2.2.1 Tree size classes J, A, and B

To calibrate the JAB model with data from the German and the Slovakian NFI, trees were
grouped into size classes corresponding to the stages of the JAB model. The stage J included
all trees between height 20 cm and dbh 7 cm in the German NFI (Table S2). For stages A
and B represented in basal area in the JAB model, we included all trees with a dbh above 10
cm, which is the lower size threshold for the angle count sampling in the German NFI. The
threshold between A and B was set to dbh 18 cm. Because the lower dbh threshold of angle
counts, and correspondingly the upper threshold for sapling counts, was changed from 10
cm in 1987 to 7 cm in 2002 in the German NFI, counts for saplings of this size were not
available for all NFI years creating a size gap between J and A. Despite this gap, in the JAB
model fit, we treat the count data in size class J as a proxy for all trees between height 20
cm and dbh 10 cm. For inferring the seedling recruitment rate from the Slovakian NFI,
the basal area was summed up over the same size classes A and B (BA) and was used as a
predictor for the count density of a size class right below J, seedlings of height 10–20 cm.

For analyzing the potential predominance of Fagus sylvatica with the JAB model, trees
were split up into F. sylvatica and all others, a binary classification for which we will use
“species” as a shorthand. Within species and size class, stage abundances were calculated
per plot by summing up the counts in J and A, and adding up the basal area in A and B.

3.2.2.2 Accounting for varying sampling areas

To model tree abundances recorded with varying sampling areas using a count process in
the likelihood of the JAB model (Section 3.2.4.2) as well as in the models for prior inference
(Section 3.2.3), we used different offsets. In general, the offsets o convert the model states
x̂, which are abundances standardized per hectare, to the scale of observed counts x:

x ∼ o x̂ (3.5)

Different offsets were used depending on the type of the abundances in the model and
the corresponding data: for the offsets that scaled the basal area states in the model to count
data from the angle count method see Section A.2.1; for the offsets that scaled counts in
the model to counts on different fixed areas see Section A.2.2. Because all NFI sampling
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Figure 32: Locations of the 1000 randomly selected NFI clusters in Germany. Each cluster consists
of one to four sampling plots, depending on whether the location was forested. One random plot
per cluster was selected if its elevation was at 100–600 m, if there was any observation of both Fagus
and others, if the observation period included all of the three surveys (1987, 2002, and 2012; which
excludes former East Germany), and if there were no records of management within the period. Each
selected plot (cluster) is represented by one subpopulation in the JAB model. The map projection is
Lambert Conformal Conic, the color shading indicates elevation and relief.
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protocols made observation areas dependent on size or abundance, the offsets for zero ob-
servations had to be derived separately (see Section A.2.3).

These offsets account for the varying sampling intensity that also affects the variance of
observations. Furthermore, using a count process with offsets is (1) preferable over mod-
elling a continuous response for the basal area because it reflects the actual observation pro-
cess with discrete numbers of trees (even when being multiplied with a tree-specific basal
area), and (2) preferable over upscaling the small sampling areas to a common area because
this would break distributional assumptions by deflating small counts in the data, e.g. when
a plot size is one fourth of the common standard area 1 hectare, the smallest measured count
per hectare would be 4.

3.2.3 Prior parameter distributions
Prior to fitting the JAB model to aggregated population data from the German NFI, we
estimated priors from several sources. First, we used external information from Slovakian
NFI data to directly estimate species-specific uncertainty distributions for seedling recruit-
ment r (Table S5). The regression method for inferring priors on r from the density of small
seedlings with height 10–20 cm in the Slovakian NFI is detailed in A.4. The uncertainty
of the estimated species-specific parameter distributions was expanded with a factor (see
Section A.4) and then used as priors to constrain the model. Second, in addition to the es-
timated species-specific priors, we specified vague and species-unspecific priors for all other
parameters of the JAB model (Section 3.2.3.2). Further, we specified several regularizing
priors for technical parameters, detailed in Section 3.2.4. For parametric specifications of
prior distributions for the model parameters see Table 32.

3.2.3.1 Propagating the estimated priors

We propagated the fitted posterior parameter distributions for the species-specific recruit-
ment rate r (see Section A.4) as priors in the JAB model fit. We first visually checked
the posteriors for normality and then fitted a closed-form maximum likelihood estimate of
the normal distribution (fitdistr() in the R package ‘MASS’ version 7.3; Ripley, 2022)
to the posterior HMC samples of species-specific log r. To express the additional uncer-
tainty due to historical and geographical differences in Slovakia (see Section A.1.2), the
fitted standard deviations of log r were multiplied with a factor 4. Finally, the multiplied
standard deviations, together with the means of the distributional fits, were passed on to
species-specific normal priors of the parameter log r.

3.2.3.2 Other vague priors for model parameters

In addition to the species-specific priors on seedling recruitment that were directly inferred
from auxiliary data (log r), vague and species-unspecific normal priors were provided for
all other log-transformed parameters of the JAB model (log l, log cJ log s, log g, log cA,
logh, log b, log cB ; Table 32). These priors were specified (1) to improve the convergence
of the model fit by reducing the parameter space, (2) in accordance with prior predictive
checks of the resulting stage abundances, (3) and to express some prior beliefs: The limiting
parameters log cJ , log cA, and log cB express the expectation that the competition response
of J to J cJ is relatively small and that it increases for larger trees parameters cA and cB .
The belief that “shading” log s has a stronger effect on J than cJ was expressed with a vague
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prior (µ = −6, σ = 2). Priors for transition rates express the belief that the fraction
of ingrowth relating to saplings J (log g: µ = −5, sigma = 2) is smaller than ingrowth
relating to the narrow size class A (logh: µ = −4, sigma = 2). The prior for log b was
based on the yearly net basal area increment estimated for surviving trees from the German
NFI by (Ruiz-Benito et al., 2014) of approximately 4% (µ = log 0.04 ≃ −3.2) and thus
specified with higher confidence (σ = 1). The seedling input rate l was assumed to be
distributed around exp(4), which is roughly in line with the seedling input that was not
explained by conspecific basal area in the regression on Slovakian data (see Section A.4 and
Table S5, where the intercept exp(6) ≲ k ≲ exp(7) divided by the average basal area of the
respective species (Table 33 is about exp(4)). Importantly, these priors were equally applied
to both species, so that there is only a conservative bias regarding inference about differences
between species. For both the vague and species-unspecific, as well as the inferred species-
specific priors see Figure 33 and Table 32.

3.2.4 Bayesian calibration of the JAB model
3.2.4.1 Model structure

Each sample plot from the German NFI is represented as a subpopulation that changes over
time in the JAB model. Each subpopulation has unknown random initial states of the three
stages J, A, and B, which are fitted to the first observed state of each plot, and then simulated
forward with the JAB model. The JAB model parameters (Table 31) are sampled globally, i.e.
it is assumed that the simulations of all subpopulations are generated from parameters with
one global uncertainty distribution, respectively. These parameter uncertainty distributions
are sampled on the log-scale, informed by the corresponding priors (Section 3.2.3), and
transformed with an exp() statement to be strictly positive, before they are plugged into the
JAB model (Equations 3.1–3.4). The seedling input parameter l has subpopulation specific
values, Lp = exp(log l)Bp iterated over the subpopulations or NFI plots p. This way, the
regional basal area Bp informs the subpopulation-specific seedling input Lp, plugged into
Equation 3.1.

To improve convergence of the model, gamma-distributed priors were specified for the
unknown initial states per subpopulation. These priors express our belief that the initial
states are close to the observed value in the data and avoid model fits where the initial states
would significantly deviate from the data to compensate for the model dynamics due to
extreme parameter combinations. The gamma distributions were parameterized with mode
ν and standard deviation ζ,

β =
ν +

√
ν2 + 4ζ2

2ζ2
(3.6)

α = 1 + νβ. (3.7)

By specifying the mode, we set the highest probability to the observed value, and different
standard deviations σ per stage dependent on the observed count κ so that σ = [J: 100+20κ,
A: 10 + 2κ, B: 1 + 0.2κ]. Cases with zero observations were parameterized with expected
value E = α

β and shape α. By setting α = 1 and E to [J: 0.1, A: 0.02, B: 0.01] times
the minimum observed value within that stage, we assumed a shape with the maximum
probability always near 0 and different degrees of uncertainty for unobserved trees.
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3.2.4.2 Likelihood function

The JAB model was fitted to two kinds of data, both from count processes: (1) Count data in
the size classes J and A originate from a count process on varying areas per tree size, so that
the area-standardized model state (counts per hectare) is related to the observations with
an offset o, which is the average area of one sampling plot (see Section A.2). (2) Basal area
data in size class B also originate from a count process of individual trees with varying areas,
but in addition, each tree originally had an individual basal area record. Hence, to relate
the model state of B (basal area per hectare) to observed counts in size class B, we used a
basal area-related offset that includes both the average sampling area and a factor cp

bap , which
expresses how many counts cp are added per unit of basal area bap on average per plot (see
Section A.2.1). The offsets o transform the area-standardized and strictly positive model
state (JAB) to the counts C in the data, so that for each plot p within a subpopulation
c, year t (or survey r), species j, and stage s, the likelihood function is expressed by the
statement:

Cptjs ∼ NegativeBinomial(JABtjs optjs , ϕrjs). (3.8)
The precision parameter ϕ was fitted separately per stage, species, and survey. We al-

lowed for different levels of ϕ to account for the different sampling protocols or sampling
areas of the stages. Species-specificϕwithin stage were necessary because others—consisting
of multiple species—are assumed to have a much lower dispersion in forests than the stochas-
tic counts of a singular species—F. sylvatica. For the initial state, which was constrained with
priors based on the first survey in the data, a separate level for ϕ than for the later obser-
vations was assumed. Since the sampling areas of size class J changed between surveys, we
assumed separate levels for ϕ for all three surveys for this size class, so that overall there were
six levels of ϕ in stage J, and each four levels for stage A and B. A very vague half-normal
prior for the inverse of ϕ was specified to improve convergence: 1

ϕ ∼ H(10).

3.2.5 Posterior simulations
3.2.5.1 Simulating competitive equilibria

Using the posterior probability distributions of the parameters, we simulated the JAB model
forward from the initial state to obtain trajectories of model states over time (Figure 34) until
final equilibrium states were reached (Figure 35). The criterion for reaching equilibrium
was that the greatest species-specific relative change in basal area (BA) in the last time step
should not be greater than 1‰: max |(BAt − BAt−1) ⊘ BAt| ≤ 0.001. This numerical
method for finding the equilibrium points of the JAB models is equivalent to the established
procedure for numerical solution of fixed-points of a function by formulating the function as
an iteration rule (Burden and Faires, 1993). In addition to the equilibrium criterion, the
model was simulated over a period of at least 250 years to exclude that potential temporary
extrema at the beginning of the trajectory were mistaken as an equilibrium (Figure 34), and
for at most 5000 years.

3.2.5.2 Simulating counterfactual equilibria

To test the role of species-specific differences in the JAB model parameters for the equilib-
rium, we further simulated new equilibria from the initial state with the parameters switched
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between species. Additionally, some sets of parameters whose interactions determined de-
mographic processes were switched jointly. Jointly switched parameters include the two
seedling recruitment parameters r and l, as well as parameters that appear together in a
density-dependent term, i.e. g and s and cJ , h and cA, b and cB (Table 33). By assigning
the parameter of Fagus to others and vice versa in each model run, we generated a distri-
bution of counterfactual equilibria for each parameter and combinations to test how their
species-specific differences drive competitive equilibria (Figure S4; Table 33). As a mea-
sure for the role of species-specific parameter differences in determining the predominance
at the equilibrium, we calculated the percentage of cases across subpopulations and HMC
samples, i.e. “posterior cases”, where either species had the majority after switching the
parameters (Figure 36).

3.2.6 HMC sampling
The models, including the JAB model and the model for prior inference on seedling recruit-
ment, were fitted with the Hamiltonian Monte Carlo (HMC) algorithm implemented by
the software stan (version 2.21.0; Stan Development Team, 2022). We used the default
setting of 1000 iterations for both the warmup and the sampling phase, in four independent
HMC chains, so that there were 4000 samples of the posterior distributions (see Table 32
for bulk effective sample size, Vehtari et al., 2021). Convergence of the four chains was
checked with stan’s default diagnostic R̂.

3.3 Results
The JAB model was successfully fitted to size class abundance data from the German NFI
(HMC chain convergence for all parameters: R̂ < 1.05), conditioned on prior parameter
distributions. Fitting the model with priors to short-term timeseries data, we obtained
species-specific demographic rates that were used to extrapolate long-term trajectories and
competitive equilibria of subpopulations (Figure 34). Fagus sylvatica was extrapolated to be
the predominant species at the competitive equilibrium in about 94% of the posterior cases,
despite being in the minority at the initial state. Fagus’ predominance at the competitive
equilibrium was at least partially explained by its weaker response to competition from the
overstory compared to other species (“shading” parameter s), as revealed by the fact that
extrapolating new equilibria with s switched between species led to others predominating in
100% of the cases.

3.3.1 Estimates of demographic rates
We obtained distinct posterior estimates of demographic rates for the two species, despite
all rates but r having common prior uncertainties (Figure 33, Table 32).

Of the marginal posteriors with common priors for both species (l, g, s, cJ , h, cA,
b, and cB), external seedling input l and shading-response s were the most differentiated
between species (Figure 33). Both l and s were orders of magnitude higher for others. The
competition response within J (cJ ) was however greater for Fagus than for others. The
overstory parameters (cA, h, b, cB) were consistently more similar between species with at
least some overlap of the posteriors.
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Table 32: Prior and posterior distributions of JAB model parameters (mean ± standard deviation).
In addition to the growth rates g, h and b, the corresponding density-dependent (d.d.) terms are
given at initial (init.) and equilibrium (eq.) state, i.e. log {g ⊘ [1 + cJ sum(Jt) + s sum(BAt)]},
log {h⊘ [1+ cA sum(BAt)]}, and log {b⊘ [1+ cB sum(BAt)]}. The dispersion parameter ϕ relates
to different levels of uncertainty per stage and survey.

Posterior Prior bulk ESS

Fagus other Fagus other Fagus other
log l 4.018 ± 0.1156 5.398 ± 0.1276 4 ± 2 (common) 4149.079 3494.801
log r 2.349 ± 0.1981 4.825 ± 0.1296 4.237 ± 0.5114 3.054 ± 0.7887 5115.510 4095.912
log cJ -11.56 ± 0.1798 -9.770 ± 0.9153 -10 ± 2 (common) 3594.346 2055.221
log s -8.908 ± 1.094 -1.211 ± 0.5917 -6 ± 2 (common) 4641.564 1892.538
log g -5.519 ± 0.06480 -3.591 ± 0.5471 -5 ± 2 (common) 4811.408 1923.476
log cA -9.421 ± 1.067 -6.811 ± 0.2345 -7 ± 2 (common) 4019.090 4705.809
logh -2.683 ± 0.06066 -2.843 ± 0.06431 -4 ± 2 (common) 5840.295 3412.199
log b -4.779 ± 0.5712 -3.599 ± 0.2811 -3.2 ± 1 (common) 3655.673 2673.140
log cB -7.287 ± 0.2391 -6.691 ± 0.1724 -7 ± 2 (common) 3578.249 2760.259

log g d.d. init. -5.582 ± 0.06156 -5.766 ± 0.09560 . . 5065.781 4749.521
log g d.d. eq. -5.615 ± 0.06115 -6.188 ± 0.1124 . . 5111.270 4339.732
logh d.d. init. -2.686 ± 0.06120 -2.870 ± 0.06674 . . 5896.932 3423.927
logh d.d. eq. -2.688 ± 0.06163 -2.886 ± 0.06817 . . 5894.770 3451.546
log b d.d. init. -4.796 ± 0.5679 -3.629 ± 0.2763 . . 3659.276 2672.822
log b d.d. eq. -4.806 ± 0.5663 -3.647 ± 0.2740 . . 3658.505 2669.801

ϕ ( J Initial state) 13810. ± 107000. 25120. ± 255000. . . 3418.828 4024.314
ϕ ( J 2nd survey) 0.2561 ± 0.01868 0.2334 ± 0.01332 . . 6993.445 6555.684
ϕ ( J 3rd survey) 0.3029 ± 0.01842 0.2045 ± 0.01091 . . 8347.978 7462.385
ϕ (A Initial state) 7896. ± 166700. 8034. ± 58090. . . 3156.184 3574.011
ϕ (B Initial state) 9504. ± 74570. 16860. ± 187600. . . 2938.323 4433.032
ϕ (A 2nd/3d survey) 2.047 ± 0.2750 1.472 ± 0.1203 . . 7297.655 8996.458
ϕ (B 2nd/3d survey) 2.399 ± 0.2246 2.745 ± 0.1605 . . 4900.993 7813.761

The species’ sapling transition rates were reversed between conditions without competi-
tion (g) and with competition (density-dependent transition term log {g⊘[1+cJ sum(Jt)+
s sum(BAt)]}; Figure S3). While transition without competition g was lower for Fagus,
the density-dependent transition term was much higher than that of others, especially at the
competitive equilibrium. The interspecific differences of demographic rates h and b were,
however, mostly unaffected by density effects (Figure S3; Table 32)).

The marginal parameter estimates for seedling recruitment r deviated from their species-
specific priors (Figure 33; Table 32). The internal seedling recruitment rate r was smaller
than the prior for Fagus and greater for others, which had much greater posterior values,
overall.

A multivariate representation of the posterior parameter distributions revealed strong
correlations among sets of certain parameters (Figure S2): In particular, others’ g was strongly
correlated with its response to competition s and cJ (Pearson correlation 0.98 and 0.90,
respectively). In addition, there were strong correlations between the two parameters de-
termining the basal area growth in B, b and cB , of both species, Fagus (0.83) and others
(0.96).

3.3.2 Initial state and extrapolated competitive equilibria
All subpopulations across all HMC samples reached a competitive equilibrium (Section
3.2.5.1) after forward simulation over a median of 381 and a maximum of 1169 years (Figure
34).

At the initial state, Fagus was the less common species, only predominant in 24.0%
of the cases across subpopulations and HMC samples—predominance being defined as
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Figure 33: Marginal uncertainties of JAB model parameters including prior (transparent) and poste-
rior distributions (solid) for Fagus and others. Prior to the JAB model fit, species-specific distributions
for the seedling recruitment parameter log r were inferred with regression models from Slovakian
NFI data and propagated as species-specific normal priors into the fit of the JAB model. The pri-
ors for all other parameters (log l, log cJ , log s, log g, log cA, logh, log b, log cB) were specified as
common normal priors for both species (Section 3.2.3.2).

Figure34: Timeline of stage abundances, simulated forward from the posterior distribution of mean
initial states across subpopulations to the equilibrium. The simulations were conducted with the
posterior distributions of the parameters, and with the mean per HMC sample of the subpopulation-
dependent seedling input Lp. Hence, the distribution of trajectories reflects both the uncertainty of
the initial states per stage, and the parameter uncertainty. Both axes are √-transformed.
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constituting > 50% of the modelled basal area (Figure 36, Table 33). Also, the mean basal
area of Fagus was much lower at 5.1 m2 ha−1 than others, which predominated at mean 18.4
m2 ha−1 (Figure 35; Table 33). In general, the average predicted initial model states were
close to the average initial observations in the data but slightly larger (Table 33).

Although initially, Fagus was in the minority, it became predominant in around 94%
of the posterior cases at the competitive equilibrium (Figure 36; Table 33). At equilibrium,
Fagus also superseded others in terms of basal area (mean 30.1 and 9.0 m2 ha−1, respectively;
Figure 35; Table 33). High equilibrial basal areas of Fagus were always correlated with low
basal areas of others, and vice versa (Figure 35 B). Further, focusing on the distribution of
the subpopulations that represented the median across HMC samples at the initial state
revealed that these subpopulations, at the equilibrium state had the same distribution as the
total of all subpopulations (Figure 35 A).

3.3.3 Counterfactual equilibria with switched parameters
To test the role of species differences in demographic processes for determining the compet-
itive equilibrium, we simulated counterfactual equilibria with the parameter values switched
between species (Figure 36; Table 33).

Compared to the original equilibria, where Fagus was extrapolated to predominate in
94% of the cases across subpopulations and HMC samples, only switching one of the limit-
ing parameters cJ , s, cA, and cB led to a major change in the distribution of basal area across
species and in the frequency of predominance (Table 33; Figure S4). In particular, switch-
ing the posterior estimates of s between species had the most pronounced effect (Figure 35),
leading to predominance of others in 100.0% of the cases, i.e. reversing the predominance
in all of the cases where Fagus would have predominated before. The limiting parameter
in B, cB , had the second greatest effect on predominance at the equilibria, leading others to
predominate in 94.2% of the cases. Switching of Lp and r, g, and b only amplified Fagus’
predominance.

Switching the density-dependent rates g, h, and b together with their limiting coun-
terparts so that the results refer to the species-specific differences in the density-dependent
transitions and growth together with the density effect on the states, led to a major change
in predominance for the joint switch of g and cJ and s, as well as for h and cA (Figure
S5). The counterfactual equilibrium after joint switch of b and cB , however, had a similar
outcome as the extrapolated equilibrium (87.6 % Fagus).

39



Initial state Equilibrium state Equilibriumwith switched s

Fagus other Fagus other Fagus other

10−4

10−3

10−2

10−1

100

101

102

ba
sa
la
re
a
m

2
ha

−1

(A)

Initial state Equilibrium state Equilibriumwith switched s

10−4 10−3 10−2 10−1 100 101 102 10−4 10−3 10−2 10−1 100 101 102 10−4 10−3 10−2 10−1 100 101 102

10−4

10−3

10−2

10−1

100

101

102

other

Fa
gu

s

f(x
) =
x

1e+05

2e+05
3e+05

count

Specific states basal area [m2 ha−1](B)
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bution of the parameters, a counterfactual equilibrium is shown, simulated with the posteriors of
the “shading” parameter s switched between Fagus and others. The state distributions include both
model uncertainty, as well as spatial variability across subpopulations (NFI plots). (A) While the
distribution of initial states of Fagus is mostly smaller than that of others, Fagus has the majority at
at the competitive equilibrium. The dashed violins represent the model uncertainty of the median
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hexagonal bins that are colored by counts of points to indicate density. Points above the diagonal
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Table 33: Posterior distributions of initial and equilibrium abundances (stages J and A [count ha−1];
B and total BA [m2 ha−1]) and species’ predominance (mean ± standard deviation across subpop-
ulations and HMC samples). Equilibrium states include counterfactual simulations, where some
parameters have been switched between Fagus and others.

Fagus others
J initial state data 1623.4 ± 5361.1 4467.9 ± 13412.

initial model state 1649.3 ± 5357.6 4492.1 ± 13406.
equilibrium state 5265.2 ± 1331.1 4304.5 ± 1272.1

A initial state data 72.964 ± 209.83 245.78 ± 453.27
initial model state 75.714 ± 208.94 247.92 ± 452.14
equilibrium state 262.55 ± 67.135 92.517 ± 33.499

B initial state data 4.0505 ± 7.5868 14.872 ± 15.390
initial model state 4.1454 ± 7.6761 15.016 ± 15.509
equilibrium state 25.971 ± 6.1065 7.5556 ± 3.9755

BA initial state data 5.1049 ± 8.5159 18.395 ± 16.071
initial model state 5.3459 ± 8.6968 19.010 ± 16.354
equilibrium state 30.133 ± 7.0646 9.0462 ± 4.4942
eq. sum across species 39.179 ± 3.0684 .

eq. with switched l and r 84.681 ± 9.7323 0.048748 ± 0.028346
eq. with switched cJ 7.1219 ± 8.4019 25.682 ± 6.4551
eq. with switched s 0.030156 ± 0.025767 76.468 ± 12.579
eq. with switched g 131.84 ± 69.280 0.11712 ± 0.17244
eq. with switched g and s 1.0286 ± 0.85662 36.204 ± 7.6819
eq. with switched cA 14.715 ± 6.1191 22.331 ± 5.6985
eq. with switched h 30.229 ± 7.1389 9.2249 ± 4.5736
eq. with switched h and cA 14.086 ± 6.0263 22.691 ± 5.6290
eq. with switched b 58.235 ± 15.821 2.2481 ± 2.6158
eq. with switched cB 7.4086 ± 6.1813 43.081 ± 16.073
eq. with switched b and cB 26.032 ± 6.2534 11.856 ± 5.1306

Frequency of initial model state 0.23812 ± 0.42593 0.76188 ± 0.42593
predominance equilibrium state 0.94142 ± 0.23484 0.058581 ± 0.23484

eq. with switched l and r 1.0000 ± 0 0 ± 0
eq. with switched cJ 0.10564 ± 0.30738 0.89436 ± 0.30738
eq. with switched s 0 ± 0 1.0000 ± 0
eq. with switched g 1.0000 ± 0 0 ± 0
eq. with switched g and s 0.00022925 ± 0.015139 0.99977 ± 0.015139
eq. with switched cA 0.25013 ± 0.43309 0.74987 ± 0.43309
eq. with switched h 0.93882 ± 0.23966 0.061177 ± 0.23966
eq. with switched h and cA 0.22204 ± 0.41562 0.77796 ± 0.41562
eq. with switched b 0.99471 ± 0.072535 0.0052892 ± 0.072535
eq. with switched cB 0.058321 ± 0.23435 0.94168 ± 0.23435
eq. with switched b and cB 0.87634 ± 0.32919 0.12366 ± 0.32919
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3.4. Discussion

3.4 Discussion
Here, we inferred species-specific demographic rates of Fagus sylvatica and all other species
by fitting the JAB model to short-term timeseries data from the German NFI with prior
parameter distributions for seedling recruitment based on external data from the Slovakian
NFI. Using the posterior estimates of the demographic rates, we extrapolated long-term
population trajectories. Consistent with the traditional consensus, Fagus was extrapolated
to predominate across competitive equilibria, despite being in the minority at the initial
state. The most important demographic process in sustaining Fagus’ predominance is the
weaker competition response of its saplings to the overstory, as demonstrated by simulations
of counterfactual equilibria.

3.4.1 Estimates of demographic rates
The demographic rates, which were estimated globally across all subpopulations and dif-
ferent environments, revealed species-specific differences between Fagus and others (Table
32) that largely followed expectations from demographic traits at different positions along
a pioneer—late-successional spectrum (Whitmore, 1989; Grime, 2001), especially in the
sapling stage J.

Saplings of Fagus, consistent with the consensus on their shade-tolerance (Watt, 1923;
Ellenberg, 1963; Petrovska et al., 2021a), were less affected by competition from the
overstory (s) than saplings of the other species. Although the estimated effect of s also in-
cludes below-ground competition (Putz and Canham, 1992; Coomes and Grubb, 2000),
we assume the response to shading to be the most important component of the competition
response of saplings to the overstory. The competition response of J to itself (cJ ) was orders
of magnitude smaller for others, even when considering the difference of units between J and
BA (Table 33), which indicates that the density-dependent limitation of others’ saplings is
mainly caused by the overstory. That others’ seedling recruitment parameters l and r had
considerably higher estimates, is expected from a species mixture including pioneer species
(Table S3). Especially, the external seedling input l is expected to be much lower in Fagus
sylvatica because, compared to other tree species, it only rarely disperses over larger dis-
tances (Kunstler et al., 2007; Dounavi et al., 2010). In comparison to these parameters,
the transition rate g, i.e. growth from stage J to A in the absence of competition, was less dif-
ferentiated between Fagus and others. The overstory-related parameters (cA, h, b, cB) were
overall more similar among species, which suggests that a major part of the demographic
differentiation happens in the sapling stage J. Still, the net basal area increment b of Fagus
was relatively slower compared to the other tree species, whose basal area in the German
NFI mostly consists of fast-growing timber species (Vospernik, 2021; Table S3).

The parameter estimates have to be interpreted in the context of two major trade-offs
in the model structure, which were revealed by correlations between the posteriors of others’
sapling parameters g, cJ , and s, as well as in the overstory between others’ b and cB (Figure
S2). These strong correlations indicate a certain degree of equifinality, i.e. that the same
model states that fit the data can be produced by multiple parameter configurations (Hartig
et al., 2014), e.g., the same high basal area could be produced by either fast growth or a small
competition effect. Consequently, the parameters g, cJ and s, as well as b and cB should be
interpreted in conjunction to understand their interaction, e.g., by interpreting the complete
density-dependent transition term log {g ⊘ [1 + cJ sum(Jt) + s sum(BAt)]} (Table 32)
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and by jointly switching parameters between species to generate counterfactual equilibria
(Section 3.4.3).

In contrast to the parameter estimate of g, the density-dependent transition term at the
sapling stage log {g⊘ [1+cJ sum(Jt)+s sum(BAt)]} was distinctly greater for Fagus. The
density-dependent growth and survival terms in the overstory, however, were not funda-
mentally different than the density-independent rates h and b (Table 32, Figure S3). This
hints at the exceptional role of competition effects on growth and survival at the sapling
stage.

That the posterior estimates of seedling recruitment r deviated from the species-specific
priors, indicating a conflict between the prior external information and the aggregated pop-
ulation data that the JAB model is fitted to, can be explained by possible biases in the estima-
tion method, which assumes that density of small seedlings are a species-unspecific proxy
for yearly seedling input (see Section A.4). Furthermore, the differences in geographical
conditions and silvicultural history in Slovakia might have biased the estimates.

Overall, the population dynamics as suggested by the demographic rates of Fagus com-
pared to others can be subsumed as slower population growth through seedling input (l, r)
but overall higher sapling survival (joint effect of g, cJ , s), and predominance despite slower
net basal area growth (interaction of b and cb), which is consistent with the demographic
strategy described by Petrovska et al. (2021a) as: “grow slowly, persist, dominate”.

3.4.2 Predominance at the competitive equilibrium
Fagus was extrapolated to be the predominant species in 94% of the competitive equilibria
although being in the minority at the initial state, i.e. the state corresponding to the first
of the German NFI surveys. This long-term extrapolation of population trajectories was
based on short-term demographic rates that were estimated globally, i.e. each JAB model
parameter integrated all subpopulations without being allowed to vary systematically with
the environment. According to the traditional consensus, Fagus is very competitive under
mesophilic conditions but relatively intolerant to abiotic stress like drought on the one hand,
or anoxia on the other hand (Ellenberg, 1963; Meier et al., 2011; Ferner et al., 2012;
Leuschner, 2020). Under the assumption that physiological limitation under extreme con-
ditions is mostly independent of species interactions, it follows that the selected plots where
Fagus was observed at all (see Section A.1.1), do likely not only represent the environmental
range where Fagus is able to physiologically persist but at the same time the range where it
is competitive. Consequently, it is expected that Fagus’ is also predominant in the majority
of equilibria that were extrapolated from globally-inferred estimates of demographic rates
on these plots.

The projected total equilibrium basal area of around 39 m2 ha−1 (Table 33) lies be-
tween the total basal area reported from pristine beech-dominated forests (∼36 m2 ha−1 in
Uholka-Shyrokyi Luh, Ukraine; Stillhard et al., 2022) and the upper limits of European
forests around 50 m2 ha−1 projected by Moreno et al. (2018). A maximum carrying ca-
pacity at the combined basal area below 50 m2 ha−1 is also indicated by the line formed by
bivarietely associated basal areas of Fagus’ and others’ (Figure 35 B, center).

Uncertainty of the equilibrium states originates mostly from the posterior uncertainty
of the model parameters. This is demonstrated by visualizing the equilibrium distribution
for a single subpopulation (taking a population at the median of the initial state, Figure 35).
Given that this single subpopulation had the same uncertainty as the total distribution of
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subpopulations indicates that the equilibrium is independent of the subpopulation-specific
initial state and regional basal area Bp. In conclusion, instead of the subpopulation states,
the parameter uncertainty is responsible for most of the variation in the equilibria.

Comparing the means of the initial model states and the corresponding stages in the
data reveals small but consistent overestimation across size classes (Table 33), which can be
explained by the model assumptions for the latent model states. The initial model state was
fitted to the data as a continuous, strictly-positive random variable with strong priors around
the data, which were less certain for observed zeroes (Section 3.2.4.1), so that the predicted
estimates are distributed more densely around the count levels, including many values close
to but not zero (Figure 35 A). Nevertheless, this approach allowed the initial states to flexibly
adapt to the priors on the one hand and to the model structure with transitions between
stages on the other hand, so that continuous states that had corresponding zeroes in the
data were likely pulled up to higher values if the priors or the other model stages made it
likely.

In general, the predicted model states of the pooled species others are to be interpreted as
an approximate environmental variable that affects the Fagus population, rather than a popu-
lation itself. For this analysis with the focus on Fagus, multiple species have been aggregated
into one, also resulting in a pooled estimate of the different demographic properties within
the pool. This also assumes that the parameters of others are constant over the succession.
In reality the species composition within others would probably change with succession to-
wards more competitors in the pool (Lortie et al., 2004; Vellend, 2010), e.g., Abies alba in
colder regions (Leuschner and Ellenberg, 2017b), and consequently change the overall
demographic properties of others towards more competitiveness. On the other hand, while
the model assumes constant regional basal area Bp that informs the seedling input into
the subpopulation, in reality, the regional basal area would shift towards the predominant
species, which would provide Fagus a dispersal advantage that is not reflected in the model.

3.4.3 Which species-specific differences in demographic rates lead to
predominance?

We tested the hypothesis that the weaker shading effect on saplings plays an important role
in sustaining Fagus’ predominance at the competitive equilibrium (Watt, 1923; Petro-
vska et al., 2021a) with counterfactual simulations of equilibria where parameters had been
switched between species (Table 33; Figure S4). The results clearly confirm the key role of
the shading parameter s, which reversed all equilibria to the benefit of others when switched
(Figure 36). Species differences in the tolerance to overstory competition also played an
important role for Fagus’ predominance after the sapling stage, as evident from the high
predominance of others after the switch of cA and cB . The species differences in growth
parameters g, h, and b in the absence of competition, are all beneficial to others’ equilibria, as
indicated by Fagus’ even greater predominance after the switch. The seedling recruitment
parameters Lp and r were switched jointly because they are part of a similar process and
both posteriors are beneficial for others, but they are trumped by the greater limiting effect
of s and cJ on others.

The shading parameter s also had the most important role in counterfactual equilibria
after joint switches of the rates g, h, and b with their limiting counterparts (Figure S5).
When s is switched together with g, others still predominate in 100% of the cases, even
though the switched g, should improve Fagus’ dynamics. In contrast, the strong positive
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effect of the shift of cB on the abundance of others, disappeared when cB and b were shifted
jointly. Thus, when the correlation between cB and b is accounted for, the joint effect of
the overstory parameters does not appear to be a key determinant of Fagus’ predominance.
That the switch of s reversed all projected equilibria to the benefit of others is, however, not
challenged by the joint switches with correlated parameters.

Overall, the demographic differentiation in the sapling stage, particularly the weaker
response of Fagus to shading (s), is responsible for sustaining the predominance at the com-
petitive equilibrium, which is in line with the traditional view of shade-tolerance leading
to long-term predominance (Watt, 1923; Ellenberg, 1963). Furthermore, our findings
are consistent with the observation that for the recruitment success and predominance of
Fagus, survival of saplings under shading, i.e. a smaller competitive response s to the over-
story, is more important than increased growth rates (Kunstler et al., 2005; Petritan
et al., 2007; Petrovska et al., 2021b; for this mechanism in other shade-tolerant species
see also Kitajima, 1994; Kobe et al., 1995; Canham et al., 1999).

3.4.4 Prospects for the JAB model
Having demonstrated the ability of the JAB model to be fitted to forest inventory data
available at large spatial scales, and used for inference about the demographic processes
underlying species predominance, there are multiple possible extensions of the model that
could be applied in future research.

Formulated in the modelling language stan, the JAB model can be easily extended with
several structural changes: (1) spatial random effects structure for the parameters, (2) tem-
poral random effects structure for the parameters (e.g., adding random pulses to the seedling
input), or (3) temporal process errors for transitions between the model states. These dif-
ferent structural extensions are ways to further clarify the parameter estimates by allocating
some of the current variability in the parameters to the sampling structure (Section 3.4.2).

Further, the JAB model will efficiently scale up to multiple species. Calculations within
the stan implementation are primitive vector operations from the software library Eigen
that scale up efficiently (Guennebaud and Jacob, 2010; Stan Development Team, 2022).
The number of estimated parameters will scale linearly with the number of species, because
we reduced the interactions compared to a traditional Lotka-Volterra model to have only
one-directional competitive effects (Sections 3.2.1).

Furthermore, species abundances along environmental gradients could be explained by
linking the demographic processes in the JAB model to environmental predictors at the
subpopulation level (Briscoe et al., 2019; see also Schultz et al., 2022). This way, questions
like “How does the variation in Fagus’ tolerance to shading at the sapling stage (parameter s)
explain its variation in predominance along environmental gradients?” are readily answered
with the posterior simulations that we demonstrated in Section 3.2.5.

3.4.5 Conclusions
Here, we proposed the JAB model, a parsimonious multi-species system of size-structured
tree populations that concentrates on the interactions between saplings in the understory
and adult trees in the overstory. We demonstrated the JAB model’s ability to extrapo-
late credible long-term competitive equilibria from a fit to short-term time series data (see
Damgaard, 2019). Using commonly available data from the German NFI with external
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information from the Slovakian NFI allowed us to extrapolate that the competitive, shade-
tolerant species Fagus sylvatica will be predominant at the competitive equilibrium in a two-
species system of Fagus and all other tree species, although Fagus has been in the minority
initially.

We further used the posterior parameter distributions from the JAB model fit to demon-
strate with simulations that the species-specific differences in demographic processes of the
sapling stage are crucial in determining the competitive equilibrium between tree species. In
particular, we found strong evidence for the hypothesis that the higher tolerance of Fagus
saplings to shading and other competition from the overstory is key for long-term predomi-
nance of Fagus. Our findings highlight the proposition that limitations in early ontogenetic
stages constrain the potential outcomes at later stages and, in particular, the crucial role of
the seedling and sapling stage for species assembly in forest communities (Maguire, 1973;
Grubb, 1977; Young et al., 2005; Heiland et al., 2022).

Finally, the JAB model presented here can be extended to be applied in future research,
like using systems of multiple species and linking the demographic processes to the envi-
ronment to build demographic distribution models. The JAB model could be instrumental
in improving our understanding of how demographic processes at the sapling stage control
forest composition of tree species communities across the environment.
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Explaining the environmental pattern of beech
predominance with variation of demography 4

Abstract

Understanding where species occur and why is a fundamental question in ecology.
For Central European forests, ecological consensus predicts that common beech Fagus
sylvatica L. predominates at the competitive equilibrium within a specific range of soil
pH and water levels, while other species dominate at less favorable conditions. The
predominance of species in environmental space can be explained with the variation
of demographic rates by employing process-explicit models that incorporate environ-
mental variation.

To test the prediction that Fagus’ predominates at favourable conditions, we fitted
a parsimonious dynamic forest model ( JAB model) that has interacting size-structured
populations, to short time series of observed tree abundances from German national
forest inventory data. By modelling the variability of demographic rates along pH and
soil water gradients, we were able to reproduce the prediction and provide the first
explanation for Fagus’ predominance based on environmentally varying tree demogra-
phy.

Our results largely confirm the prediction that Fagus outcompetes other species at
a central range that extends towards more dry and less acidic conditions. This environ-
mental pattern is explained by the environmental variation of net basal area increment
of overstory trees and competition response at different sizes, rather than by rates at
the sapling and intermediate sizes.

Synthesis: Through inverse calibration of a simple forest population model, we
confirm a long-standing theory of potential forest vegetation in Central Europe and
provide the first demographic explanation for this pattern. By employing our approach
of inverse calibration of demographic rates being dependent on environmental gradi-
ents, ecological modelling can provide deeper insights into environmentally-varying
dynamics and competitive equilibria between species.
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4.1 Introduction
Understanding where species occur is one of the central questions in ecology (MacArthur,
1972; Sutherland et al., 2013). To describe the occurrence of species dependent on en-
vironmental variables, ecologists have used the Hutchinson niche concept (Hutchinson,
1957) and abundance response curves (Ellenberg, 1952; Whittaker, 1967; Ter Braak
and Prentice, 1988). In the quest to go beyond description, ecologists since Maguire
(1973) have sought to explain the variable abundance along environmental gradients with
the underlying environmental variation in demographic and vital processes (Watkinson,
1985; Schurr et al., 2012; Normand et al., 2014).

A method for explaining changing species abundance by the responses of the under-
lying demographic processes, is fitting process-explicit species distribution models (SDM;
e.g., Higgins et al., 2012; Schurr et al., 2012; Normand et al., 2014; Pironon et al.,
2017; Kunstler et al., 2021; Schultz et al., 2022). Process-explicit SDMs received much
attention a decade ago, as part of a research agenda for better forecasting range shifts un-
der climate change (Buckley et al., 2010; Pagel and Schurr, 2012; Zurell et al., 2012;
Thuiller et al., 2013; Merow et al., 2014). There is, however, little evidence that these
dynamic models predict species ranges much better than simple correlative SDMs, and as
a consequence they are not widely used (Morin and Thuiller, 2009; Zurell et al., 2016;
Briscoe et al., 2019). But in contrast to purely-correlative SDMs, process-explicit SDMs
have untapped potential as a tool for understanding why species occur where they do, de-
pendent on environmental variables and interactions with other species (Dormann et al.,
2012b; Schurr et al., 2012; Thuiller et al., 2013; Malchow et al., 2022). Moreover, it
has been shown that early life stages are both critical filters for species composition (Grubb,
1977; Young et al., 2005; Lines et al., 2019) and that saplings can respond differently to the
environment than their adult conspecifics (Bertrand et al., 2011; Heiland et al., 2022).
Therefore, there have been calls for explicit modelling of seedling and sapling recruitment
to capture environmental variation of forest dynamics (Price et al., 2001; Kunstler et al.,
2009; Hanbury-Brown et al., 2022; König et al., 2022). In this study, we fit a process-
explicit SDM that includes both shade-tolerance and recruitment at the sapling stage and
adult dynamics. We fit the model to short forest time series to answer the question of how
interspecific and environmental variation in demographic rates explains Ellenberg’s 1963
theory on the predominance of the tree species Fagus sylvatica in Central European forests,
which has remained the ecological consensus to date (e.g., Fichtner et al., 2012; Mellert
et al., 2016; Leuschner, 2020; Cailleret et al., 2020; Petrovska et al., 2021a).

The Ellenberg theory states that Fagus sylvatica L. (common beech) is the predominant
tree species at mesic soil conditions of submontane Central European forests, because it is
more competitive than other species (Ellenberg, 1963). Mesic soil conditions, i.e. condi-
tions without extreme chemical properties and shortages or excess of water, are assumed to
be physiologically optimal for most tree species, so that their physiological response along soil
pH and water gradients would be similar among species–were it not for species interactions
(Ellenberg, 1952). In particular, Fagus sylvatica outcompetes other tree species at mesic
soil conditions, so that their ecological optima are shifted towards more extreme conditions
(see also Keddy, 2001). Fagus’ competitive demographics compared to other species in-
clude better shade-tolerance of seedlings and saplings (Heiland et al., 2023; Käber et al.,
2021), which gives rise to a positive feedback mechanism between sapling recruitment and
the shading from the overstory, so that at late successional stages Fagus predominates at the
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competitive equilibrium (Leuschner and Ellenberg, 2017b; Petrovska et al., 2021a).
However, towards the extremes of the soil gradients, Fagus ceases to be predominant. This
species turnover can only be explained by the environmental variation of demographic rates
of either Fagus or other tree species.
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Figure 41: The environmental range of predominating Fagus sylvatica as postulated by Ellenberg
(1963) (A) and the fraction of the total basal constituted by Fagus at the initial state corresponding to
the first German NFI survey (B). Short time series from the NFI were used to infer the environmen-
tal variation of demographic rates. The optima (minima) of estimated growth rates are visualized
by ellipses representing the standard deviations around the mean of the center parameter (C). The
demographic rates were extrapolated to yield spatially-varying competitive equilibria (fraction of
Fagus in D). Points representing forest plots in environmental space were jittered by 0.1 in both
directions. Translation of the hydromorphic soil water levels to English according to Leuschner
and Ellenberg, 2017a.

Although Ellenberg’s theory about predominance of Fagus and the ecological response of
other tree species has been generally accepted (Mellert et al., 2016; Leuschner and El-
lenberg, 2017a; Cailleret et al., 2020), there is no clear understanding how this species
turnover along soil gradients is explained by variable response of demographic processes,
including interspecific competition (Meier et al., 2011; Maréchaux et al., 2021). Further-
more, it has not yet been confirmed with large-scale data that the demographic rates of
Fagus vary across the environment in such a way that Fagus would be extrapolated to dom-
inate only at mesic conditions. We therefore ask, how does the environmental variation of
demographic rates of Fagus and other tree species lead to the environmental variation of
Fagus’ predominance?

To tackle this question, we use the JAB forest population model (Heiland et al., 2023).
This parsimonious dynamic model explicitly includes a sapling stage and the competitive
interactions between two “species”, Fagus sylvatica and all other species. We fit the model
using short time series data from the German NFI, using Bayesian inverse calibration of
species-specific and environmentally-dependent demographic rates (Hartig et al., 2012).
This allows us to (1) infer how rates of Fagus sylvatica vary along soil pH and water level
(defining a two-dimensional space, i.e. ecogram, Ellenberg, 1963). We then (2) extrap-
olate competitive equilibria to test the prediction that Fagus sylvatica will predominate only
at mesic conditions. Finally, (3) we use a simulation method to test which demographic
rate’s variation explains Fagus’ predominance along soil gradients.
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4.2 Materials and Methods
4.2.1 JAB Model
The JAB model (Heiland et al., 2023) is a simple dynamic forest population model that in-
cludes a sapling stage. The model concentrates on competition between multiple species and
on the species-specific differences in sapling dynamics by assuming a simple two-layer size
structure (see also Valladares and Niinemets, 2008; Cordonnier et al., 2019), while the
interactions within the overstory are simplified to a density-dependent population model.

Table 41: Demographic rates in the JAB model and their explanation. The rates generally link two
model states, so that there is an effect acting from some model state on another that can be positive
or negative (indicated in column direction).

Stage Symbol Explanation Effect from ... on (direction)

J l seedling input from large-scale and long-term basal area average to specific J B J +
r seedling recruitment from the local basal area to specific J BA J +
cJ competition effect from total count of juveniles on specific J sum J J -
s competition effect from total basal area on specific J sum BA J -

J/A g transition due to survival and growth from specific J to specific A J/A A/J +/-
A cA competition effect from total basal area on specific A sum BA A -
A/B h survival and growth from specific A to specific B A/B B/A +/-
B b net basal area increment of specific B dependent on specific B (also includes mortality) B B +

cB competition effect from all basal area on specific B (includes both mortality and growth reduction) sum BA B -

The JAB model structures forest tree populations into three size stages that interact: the
juvenile stage J, representing the understory, and the stages A and B, jointly representing
the overstory (Fig. S1). The overstory (BA) is divided into the intermediary stage A and
the final stage B, allowing conversion between count density in the sapling stage J and basal
area as a measure for competition in the final stage B (Biging and Dobbertin, 1992). The
overstory (A and B) shades the understory, while being directly exposed to light, not affected
by the understory J (Angelini et al., 2015; Cordonnier et al., 2019; De Lombaerde
et al., 2019). Hence, the JAB model captures asymmetric competition (Schwinning, 1998)
between overstory and understory.

The JAB model incorporates several key demographic processes that are specific-specific
(Table 41). In the sapling stage J, these include the competition response to the overstory’s
basal area BA (s), competition among saplings (cJ ), growth and survival to stage A (g),
external seedling input (Lp = Bp l, see Suppl. Section A.2), and seedling regeneration
from the local overstory (r). Transition from stage A to B is represented by the growth and
survival rate h together with a conversion factor from counts to basal area (βuA, see Suppl.
Section A.1). Basal area growth in the final stage B is captured by the net increment rate
b. The overstory stages A and B have competition response to BA (cA and cB) so that all
stages are logistically limited by the intraspecific tree density through different competition
parameters ( J: s, cJ ; A: cA; and B: cB). The density-dependence applies not only to the
stages but also to the growth rates g, h, and b so that in addition to these rates at the ab-
sence of competition, we provide the density-dependent growth terms g

1+s sum(BA)+cJ sum(J) ,
h

1+cA sum(BA) , and b
1+cB sum(BA) (Table 42 and Fig. S7).

The JAB model can be fitted to short forest time series to (1) infer the role of species-
specific differences in demographic rates, (2) extrapolate long-term competitive equilibria,
and (3) predict the environmental variation of these processes (Heiland et al., 2023). As
a demographic abundance dynamics model (Briscoe et al., 2019), the model combines the
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benefits of correlative and process-based approaches, as its parsimony makes it relatively
easy to fit to data yet capable of extrapolating states and simulating counterfactual scenarios
(Heiland et al., 2023).

For a detailed explanation of the JAB model, see the description in Supporting Infor-
mation A.1 and Fig. S1, reproduced from Heiland et al. (2023).

4.2.2 Data

4.2.3 Short time series from NFI data
For fitting the JAB model we used short time-series with repeated tree counts and measure-
ments from the German NFI (main years 1987, 2002, 2012; Table S1).

The forest plots of the German NFI are arranged on a regular quadratic grid with clusters
that are 4 km apart, each consisting of four plots that are 150 m apart (Tomppo et al.,
2010). In certain federal states, the grid may be intensified to 2.83 km or 2 km between
clusters. To fit the JAB model, one randomly selected plot per cluster was used to represent
a subpopulation, as the within-cluster variance of tree abundances was high, yet selecting
one plot per cluster still avoids potential dependencies among the plots of one cluster.

In the German NFI, trees above 10 cm diameter at breast height (dbh) were sampled
using the angle count method (Riedel et al., 2017), which selects all trees appearing wider
than a defined angle around a central observer at 1.3 m height (Kangas and Maltamo,
2006). Instead of a fixed area for all tree sizes, the selection with an angle leads to a sampling
area that varies with dbh. This method delivers data where each counted tree has (1) a
corresponding distance to the center, (2) a dbh that is equivalent to a potential sampling
distance, i.e. area and sampling probability, (3) as well as a calibration factor k [m2 ha−1]
for the sampling angle. In this study, the angle count plots were truncated to have a fixed
maximum radius of 15 m (for details see Section A.3.3).

Trees were grouped into size classes corresponding to the stages of the JAB model.
Stages A and B, represented in basal area in the JAB model, included all trees above the
lower size threshold for angle count sampling (10 cm). The threshold between A and B was
set to dbh 18 cm. Saplings between height 20 cm and dbh 7 cm were counted on circular
fixed area plots with radii dependent on size class and survey and were subsumed as size
class J in the analyses (Table S2). Because the lower dbh threshold of angle counts, and
correspondingly the upper threshold for sapling counts, was changed from 10 cm in 1987
to 7 cm in 2002 in the German NFI, counts for saplings of this size were not available for
all NFI years creating a size gap betwen J and A. Despite this gap, in the JAB model fit, we
treat the count data in size class J as a proxy for all trees between height 20 cm and dbh 10
cm.

As the analysis is about the environmental variation of Fagus sylvatica we divided trees
into two categories (referred to as “species” for brevity): F. sylvatica and all other species.
Within each species and size class, stage abundances were calculated per plot by summing
counts in J and A and adding up basal area in A and B. If one of the two species was not
present on a plot that was recorded as forested in the NFI, the observation of the respective
species was supplemented with 0 for each size class.

To ensure that the data were relevant for Ellenberg’s original predictions for submon-
tane elevations and appropriate for inferring population demographics, we selected plots at
elevations between 100 and 600m (which is inclusive regarding latitudinal variation; El-
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lenberg, 1963) that included corresponding records of soil water level (Section 4.2.4) and
with repeated observations, that were unmanaged during the observation period. Plots were
selected that were surveyed thrice—in 1987, 2002, and 2012—which confines the sampled
area to former West Germany. Clear cuts were ruled out by excluding plots that had tree
observations in the first or second survey but only zero-observations in a subsequent survey.
Plots where categories of management were recorded (sowing, planting, harvested sample
trees, or damage through forestry) in the second or third survey were also excluded. Plots
with missing sample trees for “unknown reasons” (category only available in the third survey)
were also excluded. But contrary to Heiland et al. (2023), we did not select the plots based
on whether Fagus was present or not, to sample a greater environmental range of plots.

To reduce computational cost, a random subsample of plots was selected, stratified based
on the two environmental variables used in the analysis (Section 4.2.4). The variables were
split into seven uniform intervals between their minimum and maximum values, resulting
in 49 bins in environmental space. To achieve an overall sample size below n = 1200 either
⌈ n
49⌉ = 25 plots were randomly sampled per bin, or in case there were less than 25 plots,

all plots were selected (Table S4). Overall with plot exclusion and sampling criteria, from
61666 plots in 21574 clusters before selection, 795 plots were sampled (Table S1).

4.2.4 Environmental variables

We matched the two soil gradients in the original formulation of the prediction on predom-
inance of Fagus (Ellenberg, 1963) by using soil pH and soil water level as environmental
predictors in the model fit. For the analyses, we scaled and centered both variables. To visu-
alize forest plots in two-dimensional environmental space, we added a consistent uniform
jitter [−0.1, 0.1] around the unscaled variables.

4.2.4.1 Soil pH

We used the top soil pH in CaCl2, provided as a spatial raster at 500 m resolution by the
European Soil Data Centre (Ballabio et al., 2019). Values of the spatial raster were ex-
tracted based on the coordinates of the forest plot locations. Soil pH is commonly used as
a proxy for plant nutritional conditions because it is tightly correlated with factors such as
base saturation and C/N ratios (Härdtle et al., 2004).

4.2.4.2 Soil water level

We further used hydromorphic soil water and groundwater categories from the National
Forest Soil Survey (Benning et al., 2019) at locations of the German NFI to match the soil
water gradient of Ellenberg’s prediction. The categories were ranked and converted into a
pseudo-ratio scale according to the levels in Ellenberg (1963) and based expert knowledge
and the category descriptions in Benning et al. (2016), so that the levels between “dry” (-
6.0), “damp” (0.0), and “very wet” (8.0) were uniformly spaced (see Suppl. Table S3 for
ranking details). The pseudo-ratio values were averaged per plot, weighted by the respective
soil layer thickness and surface area.
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4.2.4.3 Environmental range

We compared the environmental range of the German NFI with the range of European
distribution of Fagus sylvatica by extracting environmental variables at all plots used in the
analysis, and at locations of Fagus sylvatica’s presence in Europe (Suppl. Fig. S3). As
presences we used raster cells with predicted Relative Probability of Presence > 1% from
The European Atlas of Forest Tree Species (https://forest.jrc.ec.europa.eu/en/eur
opean-atlas/; de Rigo et al., 2016). To visualize differences in pH ranges, we used top
soil pH in CaCl2 (European Soil Data Centre, Section 4.2.4.1). For comparing ranges of
water availability across Europe, instead of water soil level, we used a climatic water balance,
described in Heiland et al. (2022).

4.2.5 Fitting the JAB model with environmental variation of demographic rates
4.2.5.1 Model subpopulation structure

In the JAB model, each forest plot is represented as a subpopulation that changes over time.
Each subpopulation has random initial states of the three stages ( J, A, and B), which are
fitted to the first observed states of each plot, and then simulated forward. The forward-
simulated yearly model states are matched to the observed data, with the discrete time t
after the initial state t = 1 in the model to the tth year after the first data survey (e.g., 1987).
The subpopulation-specific demographic rates (Table 41) are generated dependent on the
respective environmental variables (Section 4.2.5.2).

Using random initial states allowed flexibility for subpopulation trajectories; but to im-
prove convergence and express different levels of certainty we constrained them with gamma
priors per species, stage and subpopulation. The gamma distributions were parameterized
with mode µγ and standard deviation σγ ,

β =
µγ +

√
µ2
γ + 4σ2

γ

2σ2
γ

(4.1)

α = 1 + µγβ. (4.2)

By specifying the mode, we set the highest probability to the observed value, and different
standard deviations σ per stage dependent on the observed count ω so that σ = [J: 50+30ω,
A: 5+ 3ω, B: 0.5+ 0.3ω]. Cases with zero observations were parameterized with expected
value E = α

β and shape α. By setting α = 1 and E to [J: 0.02, A: 0.01, B: 0.005] times
the minimum observed value within that stage, we assumed a shape with the maximum
probability always near 0 and different degrees of uncertainty for unobserved trees.

4.2.5.2 Environmental variation of demographic rates

Environmental variation of the JAB model rates (r, cJ , s, g, cA, h, b, and cB) is achieved by
fitting bell-shaped paraboloids dependent on the two environmental variables x (soil pH)
and y (soil water level). The parabolic response of a demographic rate (f ) at a subpopulation
(p) is expressed as the sum of two quadratic response curves,

fp = exp
{
ζx(xp − κx)

2 + ζy(yp − κy)
2 + ϵ

}
, (4.3)
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where ϵ is the extreme value of a rate, κ are the positions of the extremum along the
two environmental axes x and y, ζ are the two respective spreads of the curves, and the
exponentiation ensures that all JAB model rates are strictly positive.

This vertex parameterization, with five paraboloid parameters per demographic rate,
makes it straight-forward to formulate prior distributions for all parameters. The extreme
value ϵ is the general height of the response and is assumed to be similar to the posterior rate
estimates of the JAB model published in Heiland et al. (2023) (for priors see Table 42).
The centers κ were assumed to conform to a normal distribution κ ∼ N (0, 1). Since the
environmental variables (Section 4.2.4) were scaled and centered, this expresses the belief
that the extremum is positioned along the range of the respective variable with a higher
probability of intermediate values. The spreads ζ determine the direction (bell shape or
upside-down bell shape) and the curvature of the paraboloid along the two axes. The growth
rates (r, g, h, b) were assumed to have negative ζ, indicating a maximum and slower growth
towards the margins, while the limiting rates (cJ , s, cA, cB) were assumed to have positive ζ
with a minimum and greater limitations towards the margins along both axes. The curvature
is assumed to follow a half-normal prior with its greatest mass close to zero, ±ζ ∼ H(σζ),
which means that a flat response to the environment with value ϵ is the most likely case a
priori. The standard deviation σζ of the prior was adapted to the prior expected value for ϵ
to make it comparable across demographic rates. Comparability is achieved by calculating
σζ = ζx,y so that the exponentiated parabola would have a consistent slope q = 0.1 at
x, y = 1 and for κ = 0. Given that the ζ of the respective other gradient is 0, the slope is
q = 2ζx exp

(
ϵ+ ζx2

)
. Hence σζ = W0(

1
2q exp−ϵ), where W0 is the principal branch of

the Lambert W function.
All priors were specified equivalently for both species.
In contrast, the seedling input rate l varies not with the environmental variables, but

with a spatial smooth of the regional conspecific basal area, a measure for long-distance and
long-term dispersal (details in Suppl. Section A.2). The regional basal area Bp informs the
subpopulation-specific values, Lp = exp(log l)Bp iterated over the subpopulations or NFI
plots p.

To characterize the variation of demographic rates along environmental gradients, we
took the means of the posterior log rates per subpopulation and summarized these environ-
mental distributions by calculating means and standard deviations (Table 42).

4.2.5.3 Likelihood function

The JAB model states, including the unknown initial state, were fitted to the data with the
same Negative Binomial likelihood function but with varying offsets and observation error.

Different offsets were used to integrate two kinds of data, both from count processes (see
Suppl. Section A.3 for details): (1) Count data in the size classes J and A originate from
a count process on varying areas per tree size, so that the area-standardized model state
(counts per hectare) is related to the observations with an offset o, which is the average area
of one sampling plot . (2) Basal area data in size class B also originate from a count process
of individual trees with varying areas, but in addition, each tree originally had an individual
basal area record. Hence, to relate the model state of B (basal area per hectare) to observed
counts in size class B, we use a special offset that includes both the average sampling area
and a factor cp

bap , which expresses how many counts cp are added per unit of basal area bap on
average per plot. The offsets o transform the area-standardized and strictly positive model
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state (JAB) to the counts C in the data, so that for each plot p within a subpopulation
c, year t (or survey r), species j, and stage s, the likelihood function is expressed by the
statement:

Cptjs ∼ NegativeBinomial(JABtjs optjs , ϕrjs). (4.4)

We accounted for variations in sampling protocols and areas by fitting the precision
parameter ϕ separately for each stage, species, and survey (Table S6). Species-specific ϕ
within stage were necessary because the dispersion of a set of multiple species (others) is
much lower than that of a single species–F. sylvatica, which had more stochastic abundance.
For the initial state, which was initialized based on the data of the first survey, a different
level for ϕ was assumed (Suppl. Table S6). Additionally, changes in sampling areas for size
class J between surveys required different values of ϕ for all three surveys in this class. As a
result, there were six levels of ϕ in stage J, four levels in stage A, and four levels in stage B.
A half-normal prior for the inverse of ϕ was used to improve convergence: 1

ϕ ∼ H(1).

4.2.5.4 HMC sampling

The JAB model was implemented in stan stan (version 2.31.0; Stan Development Team,
2022) and fitted with the package cmdstanr (version 0.5.3; Gabry and Češnovar, 2021)
using its default Hamiltonian Monte Carlo (HMC) algorithm. We used 800 iterations for
the warmup and 1000 iterations for the sampling phase, in four independent HMC chains,
so that there were 4000 samples of the posterior distributions (see Table 41 for bulk effective
sample size, Vehtari et al., 2021). Convergence of the four chains was checked with stan’s
default diagnostic R̂ < 1.05. All data preparation and posterior analyses were performed
with R (version 4.2.3; R Core Team, 2021).

4.2.6 Posterior simulations from the fitted JAB model
Using the posterior probability distributions of the demographic rates, we simulated com-
petitive equilibria and the effect of demographic rates’ environmental variation. The simu-
lations were implemented in the generated quantities block within the stan model.

4.2.6.1 Competitive equilibria

We simulated the JAB model forward from the initial state to obtain trajectories of subpop-
ulations over time until final equilibrium states were reached. The criterion an equilibrium
was that the greatest species-specific relative change in basal area (BA) in the last time step
should not exceed 1‰: max |(BAt − BAt−1)⊘ BAt| ≤ 0.001. This method for finding the
equilibrium points of the JAB models is equivalent to the established procedure for numeri-
cal solution of fixed-points of a function as iteration rule (Burden and Faires, 1993). The
model was simulated forward at least 250 years to ensure that temporary extrema at the be-
ginning of the trajectory were not mistaken as equilibrium (Heiland et al., 2023), and for
a maximum of 6000 years. Additionally, we generated counterfactual equilibria where the
regenerative rates (l, r, b) of the respective other species were set to 0, to show the potential
abundant centers of each species (Suppl. Fig. S8). Further, to demonstrate the role of the
shading parameter s, which had been shown to be the most important for predominance
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at the equilibrium overall (Heiland et al., 2023), we simulated equilibria with s switched
between species at the subpopulation level (Suppl. Fig. S8 G).

Equilibrium abundances were visualized by fitting and predicting two-dimensional smooth-
ing splines along the two environmental axes using the gam function of the mgcv package
(version 1.8; Wood, 2021). The model was fitted to the posterior distribution with a Gaus-
sian response for basal area and binomial response for fraction of total basal area. Predictions
from the model were visualized within the convex hull that included the non-jittered po-
sitions of the observed plots. The line indicating the range of Fagus predominance was
visualized by predicting the isocline of 50% basal area fraction at equilibria (Fig. 41 and
Suppl. Fig. S8 B).

4.2.6.2 Effect of demographic environmental variation on equilibria

To quantify the effect of environmental variation of demographic rates on the competitive
equilibria, we calculated the differences in Fagus’ basal area fractions at the equilibria with
and without environmental variation of demographic rates. To simulate counterfactual equi-
libria with a flat environmental response of demographic rates, we used the mean rate across
subpopulations in all subpopulations. We obtained a posterior distribution of the environ-
mental variation effect by subtracting the fraction of Fagus at equilibria with flat rates from
those with environmentally-dependent rates, with negative differences indicating that the
rates’ environmental variation has a negative effect on the basal area at equilibrium. In Fig.
43, we provide a summary of the environmental variation effect for each demographic rate,
represented by the mean of the absolute differences.

We further visualized the simulated environmental variation effect in environmental
space using Gaussian smoothing splines, as outlined in Section 4.2.6.1 (Fig. 44 and Suppl.
Figs S9). To identify credible effects, we determined the fraction of the posterior per sub-
population that was greater or smaller than 0. If more than 90% of the posterior met either
condition, we determined the environmental variation effect of a subpopulation as credibly
positive or negative, respectively.
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Table 42: Posterior distributions of JAB model parameters, including the paraboloid parameters
(mean ± posterior standard deviation) and the environmental distribution of log demographic rates
(mean ± environmental standard deviation). Demographic rates are generated by the correspond-
ing paraboloid parameters ϵ, κ, ζ with the respective environmental axes x (pH) and y (soil water
level). In addition to the growth rates log g, logh and log b the corresponding density-dependent
(d.-d.) terms across all subpopulations are given at initial and equilibrium state, i.e. log

(
g ⊘ [1 +

cJ sum(Jt) + s sum(BAt)]
)
, log

(
h⊘ [1 + cA sum(BAt)]

)
, and log

(
b⊘ [1 + cB sum(BAt)]

)
.

Stage Rate Parameter Explanation Fagus others Prior

J r log r env. distribution 2.232 ± 0.1561 4.629 ± 0.1366
ϵr extremum 2.235 ± 0.1560 4.632 ± 0.1367 4 ± 1
κr x center (pH) 0.0001603 ± 0.9643 0.1004 ± 0.9937
κr y center (soil water) 0.008588 ± 0.9955 0.01348 ± 0.9690
ζr x spread (pH) -0.0007368 ± 0.0005630 -0.0007302 ± 0.0005647
ζr y spread (soil water) -0.0007352 ± 0.0005440 -0.0007166 ± 0.0005464

cJ log cJ env. distribution -12.23 ± 0.2726 -8.272 ± 0.7036
ϵcJ -12.79 ± 0.3719 -8.964 ± 0.8795 -11 ± 2
κcJ x 0.4383 ± 0.6883 0.8527 ± 0.6355
κcJ y -0.9838 ± 0.6394 -0.9699 ± 0.6583
ζcJ x 0.1329 ± 0.08853 0.1771 ± 0.1001
ζcJ y 0.1736 ± 0.09618 0.1731 ± 0.09071

s log s -9.367 ± 1.030 -0.3539 ± 0.5606
ϵs -10.25 ± 1.216 -0.5047 ± 0.5613 -6 ± 2
κs x 0.2164 ± 0.7749 -0.1824 ± 0.9156
κs y -0.2101 ± 0.7144 1.039 ± 0.8310
ζs x 0.2539 ± 0.2006 0.02001 ± 0.01794
ζs y 0.3971 ± 0.3607 0.04323 ± 0.02879

J/A g log g env. distribution -5.190 ± 0.1140 -2.304 ± 0.5375
ϵg -4.863 ± 0.1734 -2.227 ± 0.5361 -4 ± 1
κg x -0.3004 ± 0.7416 -0.2853 ± 0.8740
κg y 1.015 ± 0.5867 0.4063 ± 0.9424
ζg x -0.06200 ± 0.04883 -0.01870 ± 0.01612
ζg y -0.1155 ± 0.05590 -0.02175 ± 0.01889
d.-d. term at initial state -5.224 ± 0.1109 -4.895 ± 0.1050

at equilibrium -5.254 ± 0.1090 -6.053 ± 0.2159

A cA log cA env. distribution -8.859 ± 1.082 -6.622 ± 0.2118
ϵcA -9.551 ± 1.328 -6.756 ± 0.2456 -7 ± 2
κcA x 0.1756 ± 0.7395 0.1406 ± 0.8022
κcA y -0.2601 ± 0.8150 0.1530 ± 0.8889
ζcA x 0.3011 ± 0.2648 0.04833 ± 0.04099
ζcA y 0.1924 ± 0.1923 0.03918 ± 0.03615

A/B h logh env. distribution -2.835 ± 0.1221 -2.988 ± 0.07214
ϵh -2.412 ± 0.2077 -2.823 ± 0.08453 -3 ± 1
κh x 0.9856 ± 0.5552 -0.09541 ± 0.8960
κh y 0.4131 ± 0.4774 1.089 ± 0.4414
ζh x -0.1220 ± 0.06250 -0.01314 ± 0.01197
ζh y -0.1421 ± 0.08160 -0.06805 ± 0.02732
d.-d. term at initial state -2.841 ± 0.1232 -3.017 ± 0.07450

at equilibrium -2.850 ± 0.1250 -3.062 ± 0.08182

B b log b env. distribution -3.546 ± 1.292 -3.047 ± 0.2228
ϵb -2.947 ± 0.4956 -3.004 ± 0.2172 -3 ± 1
κb x 0.5314 ± 0.7471 0.006300 ± 0.9264
κb y -0.4941 ± 0.9391 0.1035 ± 0.9095
ζb x -0.1114 ± 0.1490 -0.009622 ± 0.009471
ζb y -0.1498 ± 0.2490 -0.01575 ± 0.01439
d.-d. term at initial state -3.576 ± 1.281 -3.078 ± 0.2171

at equilibrium -3.614 ± 1.271 -3.126 ± 0.2115

B cB log cB env. distribution -6.754 ± 0.6812 -6.543 ± 0.1965
ϵcB -6.916 ± 0.7710 -6.600 ± 0.2057 -7 ± 2
κcB x 0.1291 ± 0.8907 0.4474 ± 0.8884
κcB y -0.3808 ± 0.8419 0.4679 ± 0.8594
ζcB x 0.04258 ± 0.04792 0.01304 ± 0.01124
ζcB y 0.05732 ± 0.07456 0.01776 ± 0.01516

( J) Lp logLp env. distribution 2.428 ± 0.1205 7.656 ± 0.1531
log l 1.691 ± 0.1205 5.095 ± 0.1531 5 ± 2
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4.3 Results

4.3.1 Estimates of demographic rates

The fitted paraboloid parameters (ϵ, κ, ζ; Section 4.2.5.2) determined the JAB model pa-
rameter values at the subpopulation level (r, cJ , s, g, cA, h, b, and cB). The resulting
environmental distributions of subpopulation-level rates (Section 4.2.5.2), were primarily in-
fluenced by the extreme values ϵ (Table 42).

Notably, the extreme values and environmental distributions showed the most differen-
tiation between Fagus and others at the sapling stage J compared to the later stages (Table 42).
Specifically, others’ saplings exhibited competition response that was orders of magnitude
higher than Fagus’, both in terms of competition from the overstory (s) and within-sapling
competition (cJ ). while Fagus had much lower estimates for seedling recruitment (r) and
external seedling input (Lp).

In the overstory stages A and B, others still had greater response to competition, but the
species differences decreased as tree size increased from A (cA) to B (cB).

Regarding growth and transition rates in the absence of competition (g, h, b), the species
differences varied across size classes. Fagus exhibited a lower fraction of saplings transition-
ing to stage A (g) but a higher fraction transitioning from stage A to stage B (h). The net
basal area increment (b) was smaller for Fagus compared to others. These species relations
generally held true for density-dependent growth terms (Section 4.2.1), except for the tran-
sition term g

1+s sum(BA)+cJ sum(J) , which was greater for Fagus but only at the equilibrium.

4.3.2 Environmental variation of demographic rates

Fagus showed much greater environmental variation compared to others in the demographic
rates at the overstory stages A and B, as indicated by the standard deviations of environmen-
tal distributions on the log scale (Table 42), and the resulting paraboloids (Fig. 42). At the
sapling stage J, however the environmental variation was more similar between species.

Specifically, rates that represent mortality in the JAB model, typically had the largest
environmental variation per stage. The most significant variation was observed in the net
basal area increment (log b, including density-independent mortality) of Fagus in overstory
stage B, ranging from a maximum of −3.5 (Table 42) to values below −4.8 (Fig. 42). The
competition response in stage B (log cB) also varied from a minimum of −6.75 to values
below −6.45. In the smaller size stages, the limiting rates log cA (stage A), and log s, log cJ
(stage J) also showed considerable variation, with standard deviations up to 1 on the log
scale.

Across species and most demographic rates, the extreme value was positioned near the
center of both the soil pH and the water level gradient (Fig. 42). the extremum for all
demographic rates was located close to the center, around moderately acidic values of pH
4.5–6, with a slight tendency towards less acidic conditions indicated by positive κx (Table
42). In contrast, along the soil water gradient, there was more variation in the position of
the extrema across species, as reflected by larger absolute values of κy.

The density-dependent growth terms (4.2.1), exhibited variations in environmental space
similar to the corresponding growth rates (h and b). The density-dependent transition term
for saplings g

1+s sum(BA)+cJ sum(J) , however, had a minimum at the center under equilibrium
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4.3. Results

conditions, expressing the pattern of the two limiting rates s and cJ together with the equi-
librium abundance, instead of g (Suppl. Fig. S7).

4.3.3 Equilibria in environmental space
At the simulated equilibria, Fagus predominated (basal area fraction >50%) at the central
region of the environmental space and its fraction of basal area decreased towards the mar-
gins (Fig. 41, Suppl. Fig. S8). Even though, at the initial state, Fagus was at only 14%
on average (Table S7) with the highest fractions of Fagus found at marginal regions (Suppl.
Fig. S8 A). Especially at the wet and at the acidic margin, Fagus decreased steeply, result-
ing in predominance of other species at the equilibrium. However, at the dry margin, the
equilibrium basal area fraction of Fagus showed minimal decline.

In counterfactual equilibria where others were absent due to simulations without their
regeneration, Fagus remained the most abundant species in the central region of the envi-
ronmental space. However, in the absence of Fagus regeneration, others no longer exhibited
the highest abundance at the margins but instead showed a similar abundance at the central
region previously occupied by Fagus. Simulating equilibria while switching the shading re-
sponse (s) between species, revealed that Fagus would only locally gain a maximum of 50%
of the basal area and would never become the predominant species (Suppl. Fig. S8 G).

4.3.4 Effect of demographic environmental variation on equilibria
Demographic rates of Fagus mostly had a much larger environmental variation effect com-
pared to others, i.e. greater absolute mean difference in basal area fractions at equilibria with
environmentally-varying demographic rates compared to equilibria with flat mean rates (Fig.
43). The most pronounced effects were observed in Fagus’ overstory stage B, specifically in
the limiting rate cB and the net basal area increment b. The combined environmental effect
of these two rates also had the largest overall impact. The next largest effect was observed
in the sapling stage J, in the rate cJ . The combined effect of g and the limiting rates cJ
and s also had considerable influence. In contrast, at the intermediate stage A, the rates
of growth (h) and competition (cA) were not as influential. Interestingly, for Fagus, both
the seedling recruitment (r) and seedling input rate (Lp) exhibited minimal effects on the
environmental variation of equilibria.

The environmental variation effects in others were considerably smaller compared to Fa-
gus, and in the overstory rates the relative ranking of their magnitudes closely resembled
that of Fagus. Specifically, the rate cB had the most significant effect, followed by b. How-
ever, overall in others’ the equilibria were primarily influenced by the seedling input rate Lp

and the shading parameter s. On the other hand, it is worth noting that the rate with the
smallest environmental variation effect across species was seedling recruitment r.

Analyzing the environmental patterns of the three most significant effects (rates b, cJ ,
cB) reveals a response that is consistent with the fitted paraboloids (Section 4.3.2). The
environmental variation of these rates has a positive effect on Fagus’ basal area in a central
region within its range of predominance, while the range of credibly positive effects is even
narrower within (90% of the posterior differences > 0). Outside the range of predomi-
nance, towards the margins, the effect changes to negative, although this negative effect is
only credible for a few subpopulations at the very edges (see Fig. 44). Notably, the fourth
most significant effect, the sapling transition rate g in Fagus (Suppl. Fig. S9), exhibited
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a deviating environmental pattern. The strongest positive effect was observed under moist
and more acidic conditions whereas a negative influence of declining g was obseverved to-
wards dry conditions. The environmental effect of the seedling input Lp, despite being the
most important within others, showed no systematic environmental variation (Suppl. Fig.
S11).

The combined environmental variation effects of the sapling rates g, cJ , and s, the rates
of the intermediate stage h and cA, as well as the rates of the final stage b and cB , exhibit an
amplified pattern. These combined effects have a greater magnitude and higher credibility
compared to their individual effects, indicating a stronger influence on the system (Suppl.
Fig. S10).

For the environmental patterns of environmental variation effects for all rates see (Suppl.
Fig. S9).
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4. Environmental variation of demography

4.4 Discussion
4.4.1 Species differences of demographic rates
Environmental distributions of demographic rates revealed differences between the two
species (Section 4.3.1, Table 42) aligning with expectations based on respective positions
along a spectrum between pioneer species (others) and a late-successional species (Fagus;
Whitmore, 1989; Grime, 2001; see also Heiland et al., 2023). The environmental dis-
tributions are determined by the paraboloid parameters, primarily the extreme value ϵ, but
also spread ζ, and center κ, as discussed in Section 4.4.3).

Consistent with the original theory by Ellenberg (Ellenberg, 1963, Section 4.1), saplings
of Fagus were less affected by competition from the overstory through shading and below-
ground competition (s) than saplings of the other species (see also Watt, 1923; Petro-
vska et al., 2021a; Heiland et al., 2023). The competition response of others’ saplings to
itself (cJ ) was significantly smaller, indicating that density-dependent limitation in others
is mainly caused by the overstory. Higher estimates of seedling recruitment r in others was
expected due to the high fraction of pioneer species (Table S5). Fagus seedling regeneration
however, was mainly driven by local basal area (r) due to rare long-distance dispersal (Kun-
stler et al., 2007; Millerón et al., 2013; Axer et al., 2021). That the overstory-related
parameters (cA, h, b, cB) became increasingly similar among species with increasing tree
size suggests that a major part of the demographic differentiation happens in the sapling
stage J.

While the estimate for the sapling transition rate g in the absence of competition was
smaller for Fagus, the corresponding density-dependent transition term at the equilibrium,

g
1+cJ sum(J)+s sum(BA) , was notably higher compared to others (Table 42). This suggests that
shading and other density effects play a significant role in influencing growth and survival
at the sapling stage, particularly for others.

The distinct posterior estimates of demographic rates for the two species are remark-
able, given that all prior uncertainties were equal among species (Table 42). Hence, any
differences between species’ parameter estimates are informed by the data.

It is important to exercise caution when interpreting the species differences in demo-
graphic rates because (1) the JAB model has simplifications regarding possible sources of
mortality and moreover (2) there is potential equifinality in the model structure. Specif-
ically, density-independent mortality is only included in the net increment b of stage B,
while in stages J and A only experience density-dependent mortality (see Heiland et al.,
2023). These simplifications might result in underestimating growth rates in stages J and
A compared to a system with density-independent mortality. Furthermore, correlations in
the posterior estimates of particular rates, e.g., the extrema of overstory rates ϵb and ϵcB ,
reveals a trade-off in the model structure that can lead to equifinal results, i.e. that the
same model states that fit the data can be produced by multiple parameter configurations
(Hartig et al., 2014). Consequently, the rates b and cB , should be interpreted together
considering their interactions. To address this, we interpret the demographic rates that
lead to the abundance within one stage in conjunction. e.g., g, s and cJ , as well as h and
cA. Specifically, we compare the estimates with the full density-dependent growth terms,
e.g. g ⊘ [1 + cJ sum(Jt) + s sum(BAt)] (Table 42), and we jointly average parameters for
computing their joint environmental variation effect (Section 4.4.3).

Carefully interpreting the potential equifinal processes within one stage together, we can
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4.4. Discussion

still conclude with certainty that Fagus benefits significantly from higher sapling survival
(joint effect of g, cJ , s) enabling its predominance despite slower net basal area growth
(interaction of b and cb).

4.4.2 Theoretical predictions and simulated competitive equilbria in
environmental space

4.4.2.1 Fagus predominates at the center of environmental space

Our findings provide strong evidence for Ellenberg’s original theory on predominance of
Fagus. Fagus is the predominant tree species at a central to dry region of the environmental
space, as inferred from environmentally-dependent demographic rates with short time series
from the German NFI (Section 4.3.3; Fig. S3), only slightly deviating from the predictions
of Ellenberg (1963).

Our equilibrium simulation shows that Fagus predominates in a central region that ex-
tends towards both the neutral extreme along the pH axis and the dry extreme along the
soil water level axis (Section 4.3.3). The wider distribution of rate extrema along soil water
compared to pH for both species may contribute to the broader abundance along the soil
water axis (Fig. S8), suggesting a complementary effect. While the original prediction by
Ellenberg (1963) also has Fagus’ extending to alkaline conditions, the original predictions
suggests a switch in dominance at the dry margins, whereas our results only show minimal
decline of Fagus’ abundance. This discrepancy may be attributed to three limitations of the
data at the dry edge: First, in contrast to Ellenberg’s formulation the scale available to this
study only has the level “dry” and does not differentiate “very dry” (Benning et al., 2019;
Suppl. Table S3; Ellenberg, 1963). That the soil water level data is too undifferentiated
at the dry edge is also indicated by the much higher number of sampled forest plots at the
dry compared to the wet edge (Suppl. Table S4). Second, the sampled data range covers a
relatively moist portion of Fagus’ range, as evident from the distribution of climatic water
balance of the German National Forest Inventory plots compared to the broader range in
the European Atlas of Forest Tree Species (means and standard deviations: 215.8 ± 193.5
vs. 158.3 ± 343.9 mm a−1; Suppl. Fig. S3; de Rigo et al., 2016). Third, there may be
a selection bias in the cultural landscape where extremely dry areas that could be forested
(typically with predominance by Quercus spp.), have consistently been turned into grasslands
throughout Germany (Poschlod, 2015). Consequently, such areas may be excluded from
the forest sample, although they are included in Ellenberg’s theory about natural forests.

The simulated total equilibrium basal area of around 57 m2 ha−1 (Table S7) is higher
than expected from observations. Stillhard et al., 2022 report total basal areas of ∼36
m2 ha−1 from pristine beech-dominated forests in Uholka-Shyrokyi Luh, Ukraine, while
Moreno et al. (2018) project an upper limit of European forests around 50 m2 ha−1 (see
also Heiland et al., 2023 where a JAB model based on a different selection of plots pro-
jected maximum carrying capacities below 50 m2 ha−1). The high basal area projections
may be partly caused by the assumption of paraboloid environmental variation of the demo-
graphic rates, as indicated by the large variation in equilibrium basal areas (sd 28 m2 ha−1).
Nevertheless, considering that our model does not account for disturbance events like fires,
storms, and pathogen damage, the extrapolated equilibria fall within a realistic range and
can serve as external validation of the model (e.g., Cailleret et al., 2020).
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4.4.2.2 In Fagus’ absence, others would also predominate at the center of environmental
space

In a counterfactual simulation where Fagus regeneration was absent, others showed similar
maximum abundance at the central region otherwise occupied by Fagus (Fig. S8 F). This
demonstrates that others also have their physiological optimum at the center of the environ-
mental space but are outcompeted by Fagus. This mechanism, whereby most species have
their physiological optimum under intermediate conditions, and species turnover along envi-
ronmental gradients being primarily driven by species interactions (ecological optimum), is a
central principle of Ellenberg’s original theory (Ellenberg, 1952, 1963; see also Hutchin-
son, 1957; Keddy, 2001). The theory also aligns with the stress-gradient hypothesis (Bert-
ness and Callaway, 1994), which proposes that as stress decreases in favourable conditions
competition intensifies, as supported by empirical findings on Fagus by Meier et al. (2011).
Consequently, it can be concluded that Fagus predominates because its demographics are
disproportionally more beneficial at the center so that it outcompetes others.

4.4.3 How do environmentally-varying rates control predominance?
Fagus’ predominance in mesic environmental conditions is primarily driven by the environ-
mental variation of Fagus’ demographic rates rather than the variation of the aggregated
other species. Fagus exhibits greater environmental variation of demographic rates com-
pared to the others (Section 4.3.2), leading to much effects on the variation of basal area
fraction (Fig. 43, Section 4.3.4).

Although the environmental variation of the log demographic rates (Table 42) already
hints at the impact on the environmental response of relative abundance, the actual effect
that the demographic rates have in environmental space is also dependent on the other
processes in the JAB model. We therefore quantified environmental effects by comparing
equilibria with the given environmentally-varying demographic rates to equilibria with flat
mean rates along environmental gradient (Section 4.2.6.2, Fig. 44).

Rates that encompass limitation, rather than growth rates, had the largest environmen-
tal variation effect within each stage (Figure 43). Specifically, within the sapling stage ( J),
the competition responses (s and cJ ) had a greater effect than the growth rates (r, Lp, g).
In intermediate trees (A), the competition response cA had a stronger effect than transi-
tion rate h. Among large overstory trees, the net increment b, which includes both basal
area growth and density-independent mortality, had the most prominent influence along
with competition response cB . This finding aligns with previous evidence that individual
growth or population growth rates alone are insufficient predictors for tree species abun-
dance (Thuiller et al., 2014; Bohner and Diez, 2019; Kunstler et al., 2021).

The variation of demographic rates in large trees (b and cb in stage B) had the most
significant impact on the predominance in environmental space. This finding may initially
seem surprising, as a previous study has shown that the lower response to shading (s) is the
primary factor driving the predominance of Fagus at the competitive equilibrium (Heiland
et al., 2023; see also Petritan et al., 2007; Leuschner and Ellenberg, 2017b; Petro-
vska et al., 2021b). However, this apparent contradiction can be resolved. While variation
in shade-tolerance is not the main driver of the species’ abundance response in environmen-
tal space, the mechanism of shade tolerance remains crucial for Fagus to prevail overall. This
is supported by simulated equilibria where the shading response (s) was switched between
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species (Suppl. Fig. S8 G). Furthermore the recruitment rate of seedlings (r) does not
have a significant environmental variation effect, which indicates that the environmental
variation of seedling recruitment is better explained by variation of a species’ basal area than
by the variation of seedlings survival. The smaller environmental variation effect observed
in seedling and sapling rates aligns with the theory that the occurrence of a particular life
stage is constrained by the presence of earlier life stages due to “demographic” or “ontoge-
netic dependency” (Heiland et al., 2022; Young et al., 2005; Ramachandran et al., 2023).
Therefore, earlier tree life stages often have broader environmental distributions, as shown
by Bertrand et al. (2011); Zhu et al. (2014); Máliš et al. (2016); Copenhaver-Parry
et al. (2020b).

4.4.4 Conclusions
Our study confirmed the prediction first formulated by Ellenberg (1963), that Fagus syl-
vatica’s predominates at the competitive equilibrium in a mesic environmental range. Using
model simulations based on demographic rates inferred from short time series, we showed
that Fagus outcompetes other species within this environmental range, due to its dispropor-
tionally advantageous demographics. However, our predicted range slightly deviated from
Ellenberg’s original predictions, which could be attributed to limitations of the utilized soil
water scale.

We further explained the environmental pattern of Fagus’ predominance with the envi-
ronmental variation of demographic rates by simulating environmental variation effects. On
the one hand, we discovered that the variation in Fagus abundance is primarily driven by its
own demographic rates, rather than those of other species. On the other hand, we identified
that the most impactful environmental variation occurs at the overstory stage, despite the
shade-tolerance of Fagus at the sapling stage being crucial for overall predominance. Finally,
our results indicate that demographic rates related to a high chance of survival, rather than
rapid growth, are more important for the environmental pattern of Fagus’ abundance.

Our study presents a significant finding: Inverse calibration of a simple forest popu-
lation model enables replication of plausible abundance patterns along environmental gra-
dients and, for the first time, provides an explanation for the ecological consensus on the
predominance of common beech in Central European forests using demographic rates. This
suggests that indirect calibration has the potential to serve as a viable alternative to direct es-
timation of demographic rates along environmental gradients. For better interpretability of
demographic rates, the JAB can be enhanced by incorporating more realistic environmental
rates and employing informative priors. By employing our approach, ecological modelling
can help gain deeper insights into the complex dynamics between species, dependent on
their environment.
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Discussion 5

This dissertation has emphasized the importance of considering the environmental response
of seedlings and saplings in order to fully comprehend and predict tree species occurrence
and forest composition.

First, by investigating the abundance response of early life stages, we have demonstrated
that juveniles frequently diverge from their conspecific adults due to ontogenetic effects
(Chapter 2). The ontogenetic effects that can contribute to the observed divergences in-
clude changes of the viable environmental conditions during development (ontogenetic niche
shift, contraction, or expansion) as well as demographic dependencies that constrain the pos-
sible occurrence of subsequent life stages (see also Ramachandran et al., 2023). These
insights have led us to develop a dynamic forest population model ( JAB model) that specif-
ically includes a sapling stage and its interactions with the overstory, enabling us to better
understand the environmental responses of different life stages and deconstruct their on-
togenetic niches (Chapter 3). We fitted this model to short forest time series, to infer
environmental responses of demographic rates of different stages, to deconstruct the niches
of the life stages. As a result we gained specific insights into the demograpic drivers of
predominance in central European forests, specifically for common beech (Fagus sylvatica).
In particular, shade tolerance at the sapling stage was identified as a crucial factor for the
overall predominance of this species, highlighting the significance of earlier life stages for
forest composition (Chapter 3). But for the environmental response of Fagus’ relative abun-
dance, the variation of other processes were shown to be more impactful (Chapter 4). The
environmental variation of Fagus’ abundance was primarily driven by the demographic rates
of adult overstory trees rather than early life stages. However, environmental variation of
survival at the sapling stage had the second greatest impact. Moreover, our results suggest
that survival-related demographic rates, rather than rapid growth, are important for Fagus’
environmental abundance. Notably, the environmental variation of Fagus seedlings had
no significant impact. The seedling recruitment rate was relatively constant across environ-
ments and did not affect the environmental abundance patterns.

With these findings, we present a novel perspective on the widespread distribution of
juvenile trees, their ontogenetic niche, and their importance for forest dynamics and species
composition. Grubb (1977) established the pivotal role of the “regeneration niche” in a sem-
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inal paper on species diversity. Plant regenerative processes, ranging from pollination to the
seedling establishment, are highly sensitive to environmental conditions. Consequently, the
special environmental conditions that enable these key processes are a crucial bottleneck of a
species’ niche. However, this does not imply that seedlings can only survive under narrower
conditions compared to their conspecific adults along large-scale environmental gradients.
In fact, Chapter 2 and several prior studies have demonstrated the more widespread envi-
ronmental distributions of early tree life stages in comparison to adults (Bertrand et al.,
2011; Zhu et al., 2014; Máliš et al., 2016; Copenhaver-Parry et al., 2020b). This has
recently sparked a discussion regarding whether juvenile trees have broader or narrower on-
togenetic niches than adults (Bertrand et al., 2011; Copenhaver-Parry et al., 2020a; Ni
and Vellend, 2021). In the past, the wider occurrence of juveniles has been attributed to
ontogenetic niche contraction (Bertrand et al., 2011; Copenhaver-Parry et al., 2020a;
Ni and Vellend, 2021), which can emerge through more severe mortality of adults under
the same conditions because they demand more ressources Bertrand et al. (2011); Ben-
nett (2015).

However, we have shown that more widespread juvenile occurrence can also be at-
tributed to demographic dependency between life stages, without necessitating distinct
niches (Chapter 2; see also Ramachandran et al., 2023). Even when juveniles and adults
share identical ontogenetic niches, adults may be found in narrower environmental condi-
tions simply because their abundance is influenced not only by their own ontogenetic niche
but also by the abundance of earlier life stages (Young et al., 2005).

Since the occurrence of a specific life stage is also constrained by its demographic de-
pendency on other life stages, the question about juvenile niche width cannot be solely ad-
dressed by comparing the occurrences of life stages. Instead, we employed the JAB model
to compare their distinct vital performance across environmental gradients (Chapter 4). By
incorporating the sapling stage into our model, we were able to make a significant contri-
bution to the ongoing discourse, by demonstrating that the sapling niche is not the primary
bottleneck in F. sylvatica. In fact, we revealed that the environmental variation of adult
survival imposes a more important constraint on the relative abundance of this species.

In summary, this dissertation presents an innovative approach by employing a demo-
graphic species distribution model that includes a sapling stage to explain the mechanisms
of forest composition along environmental gradients. By considering the environmental
responses of juvenile trees, wer were able to draw conclusions regarding the differentiation
between juvenile and adult niches. Specifically, this enabled us to differentiate between the
distinct role of saplings for forest composition overall on the one hand, and their environ-
mental variation for abundance patterns on the other hand. This underscores the importance
of integrating early tree life stages into forest models to achieve a mechanistic understanding
of forest composition.

Finally, our findings on juvenile tree ecology provide hope about resilience of forest
ecosystem in the face of a rapidly changing environment. The widespread occurrence of
seedlings and saplings today suggests that juvenile trees may already be present in conditions
that will be suitable for adults in the future.
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Appendices to Chapter 3 II

A Methods

A.1 NFI data
A.1.1 German NFI data

Germany is situated in the European temperate vegetation zone, with the main potential
natural vegetation being beech (F. sylvatica) and mixed beech forests (Bohn and Gollub,
2006). The NFI plots used for calibration, which have been selected to include at least some
observation of Fagus, have Fagus as the most abundant species with an average of about 24%
of the basal area (Table S3).

The forest plots of the German NFI are arranged in clusters of four plots on a regular
quadratic grid. The standard grid has clusters arranged at longitudinal and latitudinal dis-
tance of 4 km. In some federal states the grid may be intensified to either the grid centers
(distance 2.83 km) or the sides (distance 2 km) of the grid quadrants (Tomppo et al., 2010).
Each grid point is the position of the south-western plot within a quadratic cluster of four
potential forest plots, which are arranged at distance 150 m. To fit the JAB model, we used
one randomly selected forested plot of a cluster corresponds to a subpopulation. One plot
per cluster was selected, instead of averaging or summing up per cluster, because the within-
cluster variance of abundances was very high, yet selecting one plot per cluster still avoids
potential dependencies among the plots of one cluster.

In the German NFI data, trees above 10cm dbh were sampled with the angle count
method (Riedel et al., 2017), which selects all trees that appear wider than a defined angle
around a central observer at height 1.3 m (Kangas and Maltamo, 2006). The selected trees
are then recorded together with their distance and diameter at breast height (dbh, 1.3 m).
Instead of a fixed area for all tree sizes, the selection with an angle leads to a sampling area
that varies with dbh. The angle count method—besides providing counts that are directly
proportional to the basal area—delivers data where each counted tree has (1) a corresponding
distance to the center, (2) a dbh that is equivalent to a potential sampling distance, i.e. area
and sampling probability, (3) as well as a calibration factor k [m2 ha−1] for the sampling
angle. In this study, the angle count plots were truncated to have a fixed maximum area of
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14 m (for details see A.2.3). Saplings between height 20 cm and dbh 7 cm were counted on
circular fixed area plots with radii dependent on size class and survey and were subsumed as
size class J in the analyses (Table S2).

For analyzing potential predominance of Fagus, we selected plots with repeated obser-
vations that were unmanaged during the observation period: First, to rule out clear cuts,
we excluded all plots that had tree observations in the first or second of the three surveys,
but had only zero-observations across all tree sizes in a subsequent survey. Further, plots
where management was recorded in the second or third survey were excluded. Records of
management in the German NFI include unnatural forest regeneration (sowing, planting),
harvested sample trees, and damage through forestry in sample trees. We also excluded
plots with records of individual sample trees that went missing for “unknown reasons” in
the third survey (category not available in the first and second survey). Subsequently, to
make sure that the data is robust for inferring trajectories of populations over time, plots
were selected that were surveyed thrice. Selecting only plots with observations in all three
surveys—1987, 2002, and 2012—confines the spatial extent of the German NFI to former
West Germany. Further, to make sure that only locations are selected that are likely within
the fundamental niche of Fagus sylvatica, we limited the data to plots that had any record
of Fagus (and others) in any size stage at any time and to plots at submontane elevations
100–600m (Ellenberg, 1963). From the remaining clusters we sampled one random plot
per cluster. Finally, to limit the computational expense, 1000 plots each representing one
cluster were randomly sampled (compared to originally 61666 plots in 21574 clusters; Table
S1).

A.1.2 Slovakian NFI data

The forested areas in Slovakia are mostly part of the European temperate vegetation zone
and have similar potential natural beech and mixed beech forests (Bohn and Gollub, 2006)
and current species composition (Tables S3–S4) as in Germany. The selected forest plots in
Slovakia have F. sylvatica as the predominant species with about 28% of the basal area.

In the Slovakian NFI, full tree counts and circumference measurements were conducted
on 500 m2 fixed-area plots that are arranged on a regular quadratic grid (Šebeň, 2017). The
lower size threshold for sampling trees is dbh 7 cm. Smaller seedlings and saplings with
height 10 cm and greater were sampled on varying circles with increasing areas, i.e. 3.14,
7.07, 12.57, 28.27, and 50.26 m2. The sampling area for seedlings and saplings was adapted
depending on field estimates of the tree density so that at least 15 trees were counted.

To infer seedling recruitment rates from the Slovakian NFI, we selected only plots with-
out records of unnatural regeneration. This reduced the number of plots from 1412 to 1402
(Table S1).

A.2 Accounting for varying sampling areas with offsets
A.2.1 Offsets for the angle count method

Count data from the angle count method (size stage A in the German NFI) were related
to the count states in the JAB model by scaling with area offsets. In angle count sampling,
each tree has a specific sampling area a dependent on its dbh with a = π k2 dbh2, where
k is a constant for the sampling angle (here, k = 25). Thus, for the sampling area of a
plot, which corresponds to the actually observed trees on a plot we use the weighted mean
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ap =
n∑

i=1
wiai /

n∑
i=1

wi, where the weights wi are the respective area-standardized counts
per hectare. This weighted mean has the property that—together with the actually observed
counts on a plot cp—it conveys equivalent information as the sum of all area-standardized
counts per hectare on a plot cA =

cp
ap

[ha−1]. The area ap was used as the offset for size
stage A (o in Equation 3.5).

To relate count data from the angle count method to the basal area state in the model
(size stage B in the German NFI), we used an offset factor that not only includes the sam-
pling area ap but transforms the basal area per hectare in the JAB model to counts. This
was achieved with an offset o that also included the total observed basal area bap on a plot:
o = ap

cp
bap [ha m−2] . By multiplying the model state x̂ [m2 ha−1] with this offset we trans-

formed the model state to counts, by including the data on basal area (“how many counts
are one unit of basal area?”) on the right hand side of the model statement: x ∼ ap

cp
bap x̂.

A.2.2 Offsets for counts on fixed-area plots

Counts on fixed-area plots (seedlings in the Slovakian NFI and saplings J in the German
NFI) were also standardized using area offsets. In the statistical model inferring priors for
the seedling recruitment rates r from the Slovakian NFI data (see A.4), we used areas of the
corresponding subplots as offsets. In the German NFI data, the size class J of the JAB model
consists of multiple size classes with different sampling areas, which also change between
surveys (Table S2). As in the angle count data, we calculated a weighted mean area per
plot, where the different sampling areas were weighted by the counts per area within the
corresponding size classes. The weighted mean area per NFI plot was used as an offset to
relate the sapling counts to the area-standardized counts of J in the JAB model [ha−1].

A.2.3 Offsets for zero observations

Because all NFI sampling protocols made observation areas dependent on size or abundance
(see A.1.2 and A.1.1), the observation area was not readily available when there were no
observations for a stage on a plot. For zero observations in the angle count data in the
German NFI (size classes A and B), we used the sampling area of the other species, or,
if both species had zero observations, the mean sampling area per size class and survey as
an offset (for a test of the robustness of this approach, see below). To be able to compute
a mean area for the largest size class B, we truncated the angle count data to a maximum
sampling radius of 14 m. The truncation included dropping all trees outside the sampling
radius, which is about the 98th percentile of tree counts in A and B and assigning the new
maximum sampling area to all trees that were within the maximum radius but had a dbh
that was originally corresponding to a sampling area greater than the new maximum area
(dbh > 60 cm). Truncating the angle count data to a fixed maximum area removes a source
of bias (missed tree observations at higher radii) at the cost of moderate added variance
(Berger et al., 2020), and furthermore leads to a finite sampling area that can be averaged
over. The mean sampling area per size class (A and B) was calculated by dividing the definite
integral from 0 up to the respective maximum radius—by the maximum radius. This mean
area was used as an offset for zero observations in size class A. To obtain an offset for zero
observations in size class B, we also needed an additional factor that scaled the basal area
to the scale of observed counts. Instead of multiplying the area with the plot-specific factor
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cp
bap (as for non-zero observations, see A.2.1), we included the mean of the factor per survey
and additionally per species to differentiate between their average basal areas.

We made sure that the choice of the particular area offset for zero observations did not af-
fect the relations of the parameter estimates, nor the conclusions regarding the extrapolated
equilibria, nor the importance of the “shading” parameter s, by running the entire analysis
pipeline with three alternative choices for the sampling area of zero observations: the count
per hectare-weighted mean of all observation areas per survey and species, as well as the
analogous first quantile and the third quantile (weighted quantiles from package DescTools
version 0.99.45; Signorell, 2021).

Zero observations in the sapling counts of the size class J in the German NFI were
assigned an equally weighted mean of all possible sampling areas for the respective set of
smaller size classes within the corresponding survey (Table S2).

For zero observations in seedling counts in the Slovakian NFI there were two possible
cases: If only one of Fagus and others had no seedling observation on a plot in a year, the
zero observation was assigned the sampling area from the respective other species. If there
was no seedling observation at all, we used the maximum possible area (50.26 m2), because
the sampling protocol prescribed increasing the subplot area until sufficient seedling density
was reached (see A.1.2).

A.3 Species’ regional abundance for predicting seedling input
To derive the regional species abundance Bp used to estimate the external seedling input
(parameter l, see Section 3.2.1) we used thin plate spline regressions with the geographic
coordinates as predictors to interpolate the species-specific basal area per hectare on the
German NFI grid (Table S6, Figure S1).

For fitting the thin plate splines from the regular standard grid of the German NFI
(4 km; see A.1.1), which is homogeneous across Federal states, we selected only the basal
area records from the last survey (2012), because the grid had changed over surveys. We
completed non-forested clusters of the regular grid, and also all of the four plots within
clusters, with zero observations to obtain an unbiased sample of the geographical density
of tree species. To obtain a response variable for each set of coordinates, we calculated the
species abundances per cluster by averaging the basal area per hectare above the sampling
threshold (BA) over the four plots. This average basal area per hectare on the completed
grid was spatially smoothed with a two-dimensional geographic thin plate spline. Based on
the coordinates, a “spline on sphere” was fitted with the gam() function from the package
mgcv (k = 200; version 1.8-39; Wood, 2021), where the average basal area per hectare
was the response. The response variable had been rounded to an integer to be able to fit
a negative binomial response. The predicted plot-specific regional species abundances Bp

were used as a proxy for the probability of seedling input, which factors into the JAB model
with a species-specific effect size l, Lp = Bp l. By using a strictly positive negative binomial
response for Bp, it was made sure that plots were not excluded from invasion in the JAB
model.

A.4 Prior inference on seedling recruitment
To infer priors for the rate r, i.e. seedling recruitment by the local basal area, we fitted a
regression model with the data from the Slovakian NFI (Table S5). The Slovakian NFI
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includes counts of small seedlings with height 10–20 cm, which is right below the size class
J in the German NFI (height 20 cm to dbh 7 cm, Section 3.2.2.1). The density of the small
seedlings on a plot was used as a proxy for the number of seedlings having appeared in a year
on a plot. Although the size class height 10–20 cm neither completely covers yearlings nor
excludes older or younger trees, data on seedling growth suggests that this size class can be
a rough approximation for yearling count density: The common conifer Pinus sylvestris L.,
e.g., reaches average height 20.0 cm after two years (Geudens et al., 2004), Fagus sylvatica
and Quercus robur L. both have an average height between 10 and 15 cm after one year
(Welander and Ottosson, 1998). As a predictor of yearling count density we used the
conspecific basal area per hectare above the sampling threshold (dbh ≥ 10 cm).

We fitted a joined hurdle regression model for Fagus and others, where the species-
specific yearly seedling recruitment rate r is a function of the local and conspecific basal
area BA. All other yearly seedling input, i.e. appearing seedlings due to long-distance or
temporal dispersal, is included as an intercept k. The hurdle model is implemented as a two-
component mixture where the probability density D is the sum of a Bernoulli distribution
and a zero-truncated Negative Binomial distribution (ZTNB), parameterized with mean
and precision ϕ, such that:

Ŝps = ks + rs BAps (S1)

Σ̂p =
2∑

s=1

Ŝps (S2)

dp = Bernoulli[1 | logit−1(θa +mΣ̂p)] (S3)

Dps =

{
dp if Sps = 0

(1− dp) ZTNB(Sps | ŜpsAa, ϕa) if Sps > 0
(S4)

where Sps are the observed and Ŝps the predicted seedling density, which are a function
of intercept k and conspecific basal area BAps with slope r, and where variables vary with
plot p and species s and plots can have one of the sampling area levels a. The Bernoulli
density dp describes the probability of observing no seedlings, which has an inverse logit-
transformed linear predictor dependent on the latent total seedling density on a plot across
species Σ̂p with slope m, but also on the factor sampling area (parameter θa). The hurdle
model with a separate process for zero observations was chosen to account for the deflated
zeroes with small sampling areas and inflated zeroes with great sampling areas. A deflation
of zeroes at smaller sampling areas that could not be explained by a Negative Binomial
distribution was likely a product of the sampling protocol, where the sampling area was
increased in steps when the total seedling density was too small, depending on field estimates
(see A.1.2). Because the total seedling density Σ̂p is included in the linear predictor for
the probability of observing a zero dp, other than in a classical hurdle model, the zeroes
in the data also inform the predicted seedling density Ŝps. The zero-truncated Negative
Binomial distribution, which describes the non-zero counts, is parameterized with mean
Ŝp multiplied by an offset for the sampling area Âa and precision ϕa, which also varies with
the levels of sampling area.

The model was fitted with weakly informative, normally-distributed priors for log-transformations
of the parameters of interest log r ∼ N (5, 10), log k ∼ N (5, 10)—and regularizing priors
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θ ∼ N (0, 2), m ∼ N (0, 2), and the half-normal 1√
ϕ

∼ H(1). The resulting posterior
distribution of the basal area-dependent seedling recruitment rate log r was propagated as
a prior for the corresponding parameter in the JAB model (Section 3.2.3.1; Tables S5 and
32).

B Code repository
All software to reproduce the study, including the JAB model, has been made openly avail-
able at https://doi.org/10.5281/zenodo.8032461.

C Data repository
The data supporting the findings of this study have been made available by the authors at
https://doi.org/10.5061/dryad.3ffbg79pv.

D Supplementary tables

Table S1: Scope of the two NFIs and plot selection.

German NFI Slovakian NFI
No. of surveys 3 1
... years 1986–1989, 2000–2003, 2011–2013 2015–2016
No. of plots 61666 1412
... after selection 1000 1402
No. of clusters 21574 .
... after selection 1000 .

Table S2: Size classes for saplings counts and corresponding radii of sampling circles in the three
surveys of the German NFI (main years 1987, 2002, 2012). The size classes up to dbh 7 cm, which
were consistently sampled across all three surveys, were assigned to the size class J in fitting the JAB
model.

1987 2002 2012
height 20–50 cm 1 m 1 m 1 m
height 50–130 cm 2 m 1.75 m 2 m
height 130–∞ cm and dbh 0–5 cm 2 m 1.75 m 2 m
dbh 5–6 cm 4 m 1.75 m 2 m
dbh 6–7 cm 4 m 1.75 m 2 m
dbh 7–8 cm 4 m . .
dbh 8–9 cm 4 m . .
dbh 9–10 cm 4 m . .
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Table S3: Taxa composition of the German NFI on the selected plots. All observed taxa are listed,
ranked by the mean basal area per plot. In addition, the mean percentage of the total plot basal area
is given.

Taxon Mean basal area [m2 ha−1] Mean percentage of the basal area
1 Fagus sylvatica 6.174 24.492%
2 Picea abies 5.084 19.730%
3 Pinus sylvestris 4.139 13.145%
4 Quercus petraea 2.692 10.027%
5 Quercus robur 1.293 4.436%
6 Pseudotsuga menziesii 0.779 3.366%
7 Larix decidua 0.767 3.073%
8 Carpinus betulus 0.797 2.825%
9 Acer pseudoplatanus 0.572 2.515%
10 Betula pendula 0.521 2.515%
11 Fraxinus excelsior 0.597 2.309%
12 Abies alba 0.533 2.176%
13 Quercus 0.623 2.158%
14 Prunus avium 0.224 0.949%
15 Tilia 0.208 0.794%
16 Larix 0.246 0.786%
17 Quercus rubra 0.146 0.639%
18 Populus tremula 0.133 0.427%
19 Alnus glutinosa 0.165 0.386%
20 Castanea sativa 0.123 0.364%
21 Acer platanoides 0.061 0.319%
22 Alnus 0.115 0.309%
23 Acer campestre 0.074 0.304%
24 Salix 0.049 0.278%
25 Robinia pseudoacacia 0.107 0.203%
26 Populus 0.074 0.189%
27 Larix kaempferi 0.076 0.188%
28 Pinus nigra 0.068 0.179%
29 Sorbus aucuparia 0.035 0.133%
30 other coniferous (German NFI) 0.035 0.127%
31 Sorbus 0.04 0.110%
32 other Abies (German NFI) 0.024 0.104%
33 Aesculus hippocastanum 0.025 0.067%
34 Ulmus 0.021 0.059%
35 other deciduous (German NFI) 0.015 0.048%
36 Pinus strobus 0.012 0.047%
37 other Acer (German NFI) 0.01 0.041%
38 Ilex aquifolium 0.01 0.031%
39 Populus nigra 0.014 0.028%
40 Abies grandis 0.005 0.027%
41 Prunus padus 0.007 0.026%
42 Sorbus aria 0.005 0.018%
43 other Pinus (German NFI) 0.005 0.017%
44 Thuja 0.004 0.014%
45 Sorbus torminalis 0.003 0.008%
46 other Picea (German NFI) 0.001 0.007%
47 Juglans 0.002 0.004%



Table S4: Taxa composition of the Slovakian NFI on the selected plots. All observed taxa are listed,
ranked by the mean basal area per plot. In addition, the mean percentage of the total plot basal area
is given.

Taxon Mean basal area [m2 ha−1] Mean percentage of the basal area
1 Fagus sylvatica 9.102 27.859%
2 Picea abies 7.578 21.290%
3 Quercus petraea 2.54 8.267%
4 Pinus sylvestris 1.92 6.325%
5 Carpinus betulus 1.437 6.316%
6 Abies alba 1.225 3.551%
7 Quercus cerris 0.816 2.768%
8 Betula pendula 0.507 2.600%
9 Acer pseudoplatanus 0.776 2.405%
10 Robinia pseudoacacia 0.519 2.231%
11 Larix decidua 0.638 1.937%
12 Alnus glutinosa 0.508 1.628%
13 Fraxinus excelsior 0.473 1.622%
14 Salix caprea 0.263 1.326%
15 Acer campestre 0.259 1.143%
16 Cerasus avium 0.177 0.882%
17 Populus tremula 0.201 0.864%
18 Salix alba 0.191 0.815%
19 Tilia cordata 0.186 0.675%
20 Alnus incana 0.147 0.591%
21 Quercus robur 0.157 0.556%
22 Pinus nigra 0.153 0.356%
23 Pyrus pyraster 0.048 0.340%
24 Acer platanoides 0.094 0.311%
25 Malus sylvestris 0.043 0.286%
26 Populus x canadensis cv. I 214 0.14 0.265%
27 Prunus domestica 0.024 0.252%
28 Populus nigra 0.189 0.207%
29 Sorbus aucuparia 0.036 0.195%
31 Morus alba 0.021 0.174%
32 Pinus cembra 0.024 0.168%
33 Quercus rubra 0.045 0.165%
34 Sorbus aria 0.046 0.150%
35 Populus x canadensis cv. Robusta 0.011 0.143%
37 Ulmus minor 0.02 0.135%
38 Ulmus glabra 0.034 0.132%
39 Tilia platyphyllos 0.042 0.129%
40 Quercus pubescens 0.028 0.116%
41 Juglans regia 0.007 0.082%
42 Ulmus laevis 0.006 0.071%
44 Castanea sativa 0.028 0.069%
45 Sorbus torminalis 0.015 0.053%
46 Pseudotsuga menziesii 0.016 0.048%
47 Acer negundo 0.011 0.027%
48 Fraxinus ornus 0.005 0.025%
49 Juglans nigra 0.002 0.023%
50 Salix fragilis 0.008 0.014%
51 Celtis occidentalis 0.004 0.013%
52 Fraxinus angustifolia 0.002 0.007%
53 Acer tataricum 0.001 0.005%
54 Betula pubescens 0.001 0.004%
55 Prunus mahaleb <0.001 0.001%
56 Taxus baccata <0.001 0.001%



Table S5: Model parameters of prior inference on seedling regeneration r.

mean median sd q5 q95 convergence (r) bulk ESS
Fagus log r 4.2234 4.2262 0.1287 4.0083 4.4302 1.0006 2 855.86

log k 6.0833 6.0852 0.1904 5.7679 6.3930 0.9999 3 748.85

others log r 3.0499 3.0621 0.1993 2.6978 3.3468 0.9995 2 951.27
log k 6.6571 6.6593 0.1276 6.4407 6.8607 1.0004 3 016.92

common logitm -4.7850 -4.7356 0.7356 -6.0725 -3.6619 1.0004 3 090.75
logit θ1 -0.4898 -0.4946 0.1387 -0.7179 -0.2618 0.9999 5 257.69
logit θ2 -0.6620 -0.6597 0.2300 -1.0475 -0.2929 1.0010 5 166.38
logit θ3 -0.6581 -0.6590 0.0965 -0.8148 -0.5016 1.0002 4 917.66
logit θ4 -0.6537 -0.6532 0.1421 -0.8951 -0.4200 1.0012 5 323.25
logit θ5 0.6506 0.6511 0.0503 0.5679 0.7319 1.0012 5 427.17
ϕ1 0.0175 0.0174 0.0021 0.0142 0.0212 1.0007 4 312.37
ϕ2 0.0637 0.0625 0.0130 0.0448 0.0870 0.9999 5 940.02
ϕ3 0.0477 0.0473 0.0065 0.0379 0.0592 1.0007 4 244.71
ϕ4 0.1637 0.1603 0.0338 0.1129 0.2239 0.9994 4 966.71
ϕ5 0.5898 0.5879 0.0623 0.4923 0.6985 1.0006 4 354.77

Table S6: Estimates of the thin plate spline regression for interpolation of the background basal area
B of Fagus and others.

Fagus sylvatica
A) parametric coefficients Estimate Std. Error t-value p-value
(Intercept) 0.1436 0.0308 4.6584 < 0.0001
B) smooth terms edf Ref.df F-value p-value
s(Y,X) 120.0256 199.0000 1411.8250 < 0.0001

others
A) parametric coefficients Estimate Std. Error t-value p-value
(Intercept) 2.3541 0.0200 117.4778 < 0.0001
B) smooth terms edf Ref.df F-value p-value
s(Y,X) 65.6964 199.0000 540.0728 < 0.0001
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E Supplementary figures

Figure S1: Spatial basal area smoothing splines, which were used as a proxy for background abun-
dance for Fagus (A) and others (B) in Germany. For methodological details, see A.3.
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Figure S2: Paired scatter plots of posterior parameter distributions. The lower triangle shows the
correlations of the posterior samples, where hexagonal bins are colored by the density of MCMC
samples. The diagonal shows the marginal posteriors. The upper triangle quantifies the overall
correlation and the slope of a linear regression between the parameters.
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Supplementary Material for Chapter 4 III

A Supplementary Methods
A.1 JAB model description
Adapted from Heiland et al. (2023).

The JAB model is a dynamic model with competition effects that includes an explicit ju-
venile stage (Figure S1). The JAB model describes populations of species that are logistically
limited by the same resource (Gause, 1932) but differs from a classical competitive Lotka-
Volterra model in four main aspects: (1) size-structured populations, (2) basal area growth,
(3) reduced complexity of competition effects, (4) influx from outside the populations.

In the JAB model, populations are structured into three size stages that interact: the
juvenile stage J, representing the understory, and the stages A and B, jointly representing
the overstory (Figure S1). Partitioning tree populations into understory and overstory, we
can express asymmetric competition between the two fundamentally different forest layers
(Schwinning, 1998): the understory is affected by the shading of the overstory, while the
overstory is directly exposed to light and unaffected by the understory (Valladares and
Niinemets, 2008; Angelini et al., 2015; Cordonnier et al., 2019; De Lombaerde et al.,
2019). The overstory (BA) is divided into A and B to enable conversion between measures
of tree abundance in the sapling stage J, which is quantified as a count density, and the
final stage B, which is represented in terms of basal area. The count density in J reflects the
common measure of sapling inventories in NFI (see 4.2.3), whereas the basal area in the
overstory stage B is a common measure for timber growth and competition (Biging and
Dobbertin, 1992). The size stage A functions as an intermediary between J (only counts)
and B (only basal area) by having counts that are converted to basal area with a conversion
factor. The JAB model represents growth as transition rates in absence of competition:
from the understory stage J to the intermediary stage A (parameter g) and from A to B
(parameter h). In addition to transitions from A, the final stage B has intrinsic basal area
growth (parameter b; Table 41).

To reduce the complexity of competition compared to a full Lotka-Volterra model, we
represented only the differences in species’ response to competition, assuming a similar com-
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petition effect among species (simplifying from a matrix of n2 parameters to parameter vec-
tors of n competing species). More specifically, species are affected by the competition from
the sum of the basal area of all species within their respective layers, i.e. they have a differ-
ent competitive response to the sum of all inter- and intraspecific competition (vectors of
species-specific parameters cJ , cA, cB). In applying this competition structure, we assume
that the difference in competitive response between species is much more important than
their difference in competitive effect (Tilman, 1982; Goldberg and Landa, 1991; Gold-
berg, 1996). The asymmetric competition from the overstory BA on J is represented by the
“shading” parameter s.

In the JAB model, there are two different sources of seedling recruitment: (1) local
recruitment that is proportional to the local conspecific basal area (parameter r), and (2)
external seedling input. The external seedling input Lp represents all long-term persistence
of diaspores and long-distance dispersal into a subpopulation that is not not explained by
the local conspecific basal area of a plot p. It is proportional to a measure of long-term and
large-scale distribution of the species Bp with the coefficient and parameter l (detailed in
A.2).

Based on these principles, we implemented the JAB model as a discrete-time iteration
rule in stan, with hyperbolic density dependence (see Watkinson, 1980; Ellner, 1984;
Levine and Rees, 2004), similar to a Lotka Volterra-type model formulation in Din (2013).
The iteration rule comprises a set of four equations (Equations 3.1–3.4) that relate states at
year t + 1 to states at year t. Here, in accordance with the software implementation, we
provide a vectorized formulation of the model, where all variables, including the parameters,
and the stages J [ha−1], A [m2 ha−1], B [m2 ha−1], and BA [m2 ha−1] are vectors with
length n (number of species). These vectors are operated on with element-wise multipli-
cation ⊙ and division ⊘; the operator sum reduces the stages to a scalar, representing the
total abundance of a stage across species.

Jt+1 = Lp + r ⊙ BAt + (Jt − g ⊙ Jt)⊘ [1 + cJ sum(Jt) + s sum(BAt)] (S1)
At+1 = g ⊙ Jt ⊘ [1 + cJ sum(Jt) + s sum(BAt)] + (At − h⊙At)⊘ [1 + cA sum(BAt)]

(S2)
Bt+1 = h⊙At · βuA ⊘ [1 + cA sum(BAt)] + (1 + b)⊙Bt ⊘ [1 + cB sum(BAt)] (S3)

BAt+1 = At+1 ⊙ βmA +Bt+1 (S4)

All parameters (r, cJ , s, g, cA, h, b, cB , and Lp = lBp) are generally assumed to be
positive, so that all model states are strictly positive at any time (in fitting the model, this
will be ensured by exponentiating the parameters sampled on a log-scale; Section 4.2.5.1).
The four equations, representing size stages, are coupled through states of other stages, so
that changes in one state propagate in discrete time steps, e.g., from BA to J to A to B. The
fractions of trees that survive and grow from J to A and from A to B are expressed by the
transition rates g and h (∈ (0, 1)), respectively. The counts in A are transformed to basal area
at two different occasions: (1) In the transition to B, the counts are converted by factoring
in the basal area of one tree at the threshold between A and B, a species-independent scalar
factor βuA, which is dependent on the threshold diameter at breast height (dbh; Equation
S3); (2) the combined basal area BA is calculated by multiplying the counts within A with a
vector of the corresponding mean basal areas βmA, which are species-specific constants from
the data (Equation S4; Fagus: 0.015687m2; others 0.016069m2).
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All stages ( J, A, and B) are logistically limited by interspecific tree density: The sapling
stage J is limited by the competitive effect from the total basal area across species BA (s) and
from the total counts within the same stage (cJ ), while the stages A and B are only limited
by the competitive effect of BA (cA, cB). This limitation is implemented by dividing the
states with a denominator that is slightly greater than 1: [1 + cJ sum(Jt) + s sum(BAt)]
and [1 + cA,B sum(BAt)], for understory and overstory respectively. The fractions of trees
that transitions to the next stage, i.e. g · J and h ·A, are also limited by tree density so that
they cannot exceed the number of trees in the current stage that is affected by limitation,
e.g., the trees that transition from A to B h ⊙ At ⊘ [1 + cA sum(BAt)] cannot exceed
At ⊘ [1 + cA sum(BAt)]. Similarly in stage B, the density-dependent increment Bt ⊙ b⊘
[1+ cB sum(BAt)] cannot exceed the state-conserving term Bt⊘ [1+ cB sum(BAt)] (with
b ≤ 1). Not making Bt⊙ b density-dependent would allow constellations where b ∼ 1 and
cB >> 0 so that most of the state conservation would come from Bt ⊙ b. As a result, the
competitive parameters cJ , s, cA, and cB describe, how species are differently affected by
density of the respective forest layers (sum Jt and sum BAt) and the parameters g, h and b
describe growth and survival in the absence of competition.

Overall, this leads to a system of populations that are in an arms race from a disturbed
state towards a competitive equilibrium: Depending on their seedling recruitment (Lp and
r), through transition (g, h) and net basal area increment (b) populations can intrinsically
only grow or stagnate. This assumes that density-independent mortality is negligible in J
and A, and that density-independent mortality in B is included in b and does not exceed
basal area growth in the long term. Populations can, however, decline through interspe-
cific competition (cJ , s, cA, cB). These properties enable the JAB model to extrapolate
species composition under the assumption that species composition is mainly determined
by a competitive equilibrium (Ellenberg, 1963).

A.2 Species’ regional abundance for predicting seedling input
Reproduced from Heiland et al. (2023).

To derive the regional species abundanceBp used to estimate the external seedling input
(parameter l, see Section A.1) we used thin plate spline regressions with the geographic
coordinates as predictors to interpolate the species-specific basal area per hectare on the
German NFI grid (see Appendix of Heiland et al., 2023 for estimate table and plots).

For fitting the thin plate splines from the regular standard grid of the German NFI
(4 km; see 4.2.3), which is homogeneous across Federal states, we selected only the basal
area records from the last survey (2012), because the grid had changed over surveys. We
completed non-forested clusters of the regular grid, and also all of the four plots within
clusters, with zero observations to obtain an unbiased sample of the geographical density
of tree species. To obtain a response variable for each set of coordinates, we calculated the
species abundances per cluster by averaging the basal area per hectare above the sampling
threshold (BA) over the four plots. This average basal area per hectare on the completed
grid was spatially smoothed with a two-dimensional geographic thin plate spline. Based on
the coordinates, a “spline on sphere” was fitted with the gam() function from the package
mgcv (k = 200; version 1.8-39; Wood, 2021), where the average basal area per hectare
was the response. The response variable had been rounded to an integer to be able to fit
a negative binomial response. The predicted plot-specific regional species abundances Bp
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were used as a proxy for the probability of seedling input, which factors into the JAB model
with a species-specific effect size l, Lp = Bp l. By using a strictly positive negative binomial
response for Bp, it was made sure that plots were not excluded from invasion in the JAB
model.

A.3 Offsets for scaling area-standardized model states to observed counts
Adapted from Heiland et al. (2023).

To model tree abundances from varying sampling areas with a count process in the
likelihood of the JAB model (Section 4.2.5.3), we used different offsets. In general, the
offsets o convert the model states x̂, which are abundances standardized per hectar, to the
scale of observed counts x:

x ∼ o x̂ (S5)

Different offsets were used depending on the type of the abundances in the model and
the corresponding data: for the special offsets that scaled the basal area states in the model
to count data from the angle count method see A.3.1; for the offsets that scaled counts in
the model to counts on different fixed areas see A.3.2. Because the sampling protocol of the
German NFI made observation areas dependent on size, the offsets for zero observations
had to be derived separately (see A.3.3).

These offsets account for the varying sampling intensity that also affects the variance of
observations. Furthermore, using a count process with offsets is (1) preferable over mod-
elling a continuous response for the basal area because it reflects the actual observation pro-
cess with discrete numbers of trees (even when being multiplied with a tree-specific basal
area), and (2) preferable over upscaling the small sampling areas to a common area because
this would break distributional assumptions by deflating small counts in the data, e.g. when
a plot size is one fourth of the common standard area 1 hectare, the smallest measured count
per hectare would be 4.

A.3.1 Offsets for the angle count method

Count data from the angle count method (size stage A in the German NFI) were related
to the count states in the JAB model by scaling with area offsets. In angle count sampling,
each tree has a specific sampling area a dependent on its dbh with a = π k2 dbh2, where
k is a constant for the sampling angle (here, k = 25). Thus, for the sampling area of a
plot, which corresponds to the actually observed trees on a plot we use the weighted mean
ap =

n∑
i=1

wiai /
n∑

i=1
wi, where the weights wi are the respective area-standardized counts

per hectare. This weighted mean has the property that—together with the actually observed
counts on a plot cp—it conveys equivalent information as the sum of all area-standardized
counts per hectare on a plot cA =

cp
ap

[ha−1]. The area ap was used as the offset for size
stage A (o in Equation S5).

To relate count data from the angle count method to the basal area state in the model
(size stage B in the German NFI), we used an offset factor that not only includes the sam-
pling area ap but transforms the basal area per hectare in the JAB model to counts. This
was achieved with an offset o that also included the total observed basal area bap on a plot:
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o = ap
cp
bap [ha m−2] . By multiplying the model state x̂ [m2 ha−1] with this offset we trans-

formed the model state to counts, by including the data on basal area (“how many counts
are one unit of basal area?”) on the right hand side of the model statement: x ∼ ap

cp
bap x̂.

A.3.2 Offsets for sapling counts on fixed-area plots

Sapling counts on fixed-area plots (size class J) were also standardized using area offsets. In
the German NFI data, size class J consists of multiple size classes with different sampling
areas, which also change between surveys (Table S2). As in the angle count data, we calcu-
lated a weighted mean area per plot, where the different sampling areas were weighted by
the counts per area within the corresponding size classes. The weighted mean area per NFI
plot was used as an offset to relate the sapling counts to the area-standardized counts of J
in the JAB model [ha−1].

A.3.3 Offsets for zero observations

Because the sampling protocol of the German NFI made observation areas dependent on
size, the observation area was not readily available when there were no observations for a
stage on a plot. For zero observations in the angle count data in the German NFI (size
classes A and B), we used the sampling area of the other species, or, if both species had
zero observations, the mean sampling area per size class and survey as an offset (for a test
of the robustness of this approach, see below). To be able to compute a mean area for
the largest size class B, we truncated the angle count data to a maximum sampling radius
of 15 m. The truncation included dropping all trees outside the sampling radius, which
is about the 98th percentile of tree counts in A and B and assigning the new maximum
sampling area to all trees that were within the maximum radius but had a dbh that was
originally corresponding to a sampling area greater than the new maximum area (dbh > 60
cm). Truncating the angle count data to a fixed maximum area removes a source of bias
(missed tree observations at higher radii) at the cost of moderate added variance (Berger
et al., 2020), and furthermore leads to a finite sampling area that can be averaged over. The
mean sampling area per size class (A and B) was calculated by dividing the definite integral
from 0 up to the respective maximum radius—by the maximum radius. This mean area
was used as an offset for zero observations in size class A. To obtain an offset for zero
observations in size class B, we also needed an additional factor that scaled the basal area
to the scale of observed counts. Instead of multiplying the area with the plot-specific factor
cp
bap (as for non-zero observations, see A.3.1), we included the mean of the factor per survey
and additionally per species to differentiate between their average basal areas.

Zero observations in the sapling counts of the size class J in the German NFI were
assigned an equally weighted mean of all possible sampling areas for the respective set of
smaller size classes within the corresponding survey (Table S2).
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Table S1: Scope of the German NFI and plot selection.

German NFI
No. of surveys 3
... years 1986–1989/2000–2003/2011–2013
No. of plots 61666
... after selection 795
No. of clusters 21574
... after selection 795

Table S2: Size classes for saplings counts and corresponding radii of sampling circles in the three
surveys of the German NFI (main years 1987, 2002, 2012). The size classes up to dbh 7 cm, which
were consistently sampled across all three surveys, were assigned to the size class J in fitting the JAB
model.

1987 2002 2012
height 20–50 cm 1 m 1 m 1 m
height 50–130 cm 2 m 1.75 m 2 m
height 130–∞ cm and dbh 0–5 cm 2 m 1.75 m 2 m
dbh 5–6 cm 4 m 1.75 m 2 m
dbh 6–7 cm 4 m 1.75 m 2 m
dbh 7–8 cm 4 m . .
dbh 8–9 cm 4 m . .
dbh 9–10 cm 4 m . .



Table S3: Soil water levels from Benning et al. (2016), ranking and conversion into pseudo-ratio
scale. Translation according to Leuschner and Ellenberg (2017a).

Category Description Pseudo-ratio value Ellenberg levels Translation

T1 trocken -6 trocken dry
T1-T2 trocken bis mäßig trocken -5
T2 mäßig trocken -4 mäßig trocken moderately dry
T2-T3 mäßig trocken bis mäßig frisch -3
T2-T4 mäßig trocken bis frisch -2.5
T3 mäßig frisch -2 mäßig frisch moderately damp
T3-T4 mäßig frisch bis frisch -1
S sehr tief sitzende Staunässe -0.5
T3-S1 mäßig frisch bis sehr schwach staunass / wechselfeucht -0.25
T4 frisch 0 frisch damp
S0 tief sitzende Staunässe 0.25
T4-T5 frisch bis sehr frisch 0.5
T4-S1 frisch bis sehr schwach staunass / wechselfeucht 0.7
T5 sehr frisch 0.8
G0 grundfrisch 1
S1 sehr schwach staunass / wechselfeucht 1.25
G1 grundfrisch 1.5
S1-S2 sehr schwach bis schwach staunass / wechselfeucht 1.7
S2 schwach staunass / wechselfeucht 1.8
G2 grundfeucht 2 (mâßig feucht) (moderately moist)
S1-G2/3 sehr schwach staunass / wechselfeucht bis grundfeucht 2.2
S1-S3 sehr schwach bis mittel staunass / wechselfeucht 2.3
G2/3 grundfeucht 2.5
S3 mittel staunass / wechselfeucht 2.7
S3-G2/3 mittel staunass / wechselfeucht bis grundfeucht 2.8
G3 grundfeucht 3
S3-S4 mittel bis stark staunass / wechselfeucht 3.5
G4 feucht 4 feucht moist
G4-G5 feucht bis nass 5
S4 stark staunass / wechselfeucht 5.5
G4-G6 feucht bis nass 5.8
G5 nass 6 nass wet
S3-S6 mittel bis äußerst staunass 6.5
S5 sehr stark staunass / wechselnass 7
G6 nass 7.5
S6 äußerst staunass 8 sehr nass very wet

Table S4: Stratification of the two environmental gradients into seven intervals each (left: water
level, top: pH) and the number of forest plots sampled within each of the 49 resulting bins.

(2.84,3.47] (3.47,4.09] (4.09,4.72] (4.72,5.34] (5.34,5.97] (5.97,6.59] (6.59,7.22]
(-6.01,-4.07] 1 14 23 22 25 6 4
(-4.07,-2.14] 6 25 25 25 25 25 19
(-2.14,-0.214] 15 25 25 25 25 25 6
(-0.214,1.71] 15 25 25 25 25 25 6
(1.71,3.64] 4 13 25 25 25 12 3
(3.64,5.57] 3 21 25 25 25 21 2
(5.57,7.51] 0 4 6 6 7 5 1



Table S5: Taxa composition of the German NFI on the selected plots. All observed taxa are listed,
ranked by the mean basal area per plot. In addition, the mean percentage of the total plot basal area
is given.

Taxon Mean basal area m2 ha−1 Mean percentage of the total basal area
1 Picea abies 7.852 28.972%
2 Pinus sylvestris 5.714 18.566%
3 Fagus sylvatica 3.325 13.102%
4 Quercus petraea 1.761 6.754%
5 Quercus robur 1.249 4.522%
6 Pseudotsuga menziesii 0.886 3.391%
7 Betula pendula 0.692 3.161%
8 Alnus glutinosa 0.739 2.581%
9 Fraxinus excelsior 0.562 2.478%
10 Larix decidua 0.637 2.356%
11 Carpinus betulus 0.555 1.778%
12 Quercus spp. 0.561 1.717%
13 Acer pseudoplatanus 0.235 1.318%
14 Abies alba 0.281 1.048%
15 Prunus avium 0.218 0.899%
16 Alnus spp. 0.237 0.760%
17 Salix spp.. 0.14 0.691%
18 Populus tremula 0.187 0.661%
19 Tilia spp. 0.181 0.649%
20 Quercus rubra 0.137 0.589%
21 Populus nigra 0.135 0.460%
22 Robinia pseudoacacia 0.17 0.389%
23 Acer campestre 0.09 0.382%
24 Populus 0.147 0.366%
25 Larix kaempferi 0.081 0.341%
26 Pinus nigra 0.103 0.236%
27 Larix spp. 0.075 0.218%
28 Acer platanoides 0.03 0.195%
29 Alnus incana 0.035 0.183%
30 Pinus strobus 0.039 0.156%
31 Ulmus spp. 0.034 0.124%
32 Populus alba 0.073 0.093%
33 other coniferous (German NFI) 0.029 0.088%
34 Sorbus aucuparia 0.012 0.083%
35 Aesculus hippocastanum 0.024 0.078%
36 other deciduous (German NFI) 0.017 0.070%
37 Populus trichocarpa x maximoviczii 0.03 0.065%
38 Sorbus aria 0.012 0.060%
39 Picea sitchensis 0.01 0.058%
40 Sorbus torminalis 0.017 0.051%
41 Thuja spp. 0.02 0.041%
42 Prunus padus 0.007 0.038%
43 Betula pubescens 0.005 0.035%
44 Ilex aquifolium 0.01 0.032%
45 Frangula alnus 0.005 0.030%
46 Castanea sativa 0.005 0.027%
47 Pyrus communis 0.007 0.027%
48 other Pinus (German NFI) 0.008 0.026%
49 Sorbus spp. 0.005 0.019%
50 Abies grandis 0.003 0.018%
51 Juglans 0.003 0.016%
52 Malus sylvestris 0.002 0.004%



Table S6: Posterior distributions of the dispersion parameter ϕ and bulk effective sample size (ESS).
There are different levels of uncertainty per stage and survey.

Level Species Posterior bulk ESS
ϕ J Initial state Fagus 10170. ± 152700. 3962.175

J Initial state others 21850. ± 173200. 4114.269
J 2nd survey Fagus 0.3863 ± 0.05948 8763.802
J 2nd survey others 0.2342 ± 0.01473 7526.126
J 3rd survey Fagus 0.2050 ± 0.01912 9997.296
J 3rd survey others 0.2066 ± 0.01238 9309.075
A Initial state Fagus 5157. ± 20760. 3520.311
A Initial state others 7000. ± 36340. 4753.705
B Initial state Fagus 9725. ± 165700. 3703.357
B Initial state others 12330. ± 65700. 4243.675
A 2nd/3d survey Fagus 3.623 ± 1.010 6371.580
A 2nd/3d survey others 1.980 ± 0.1897 8463.309
B 2nd/3d survey Fagus 2.485 ± 0.3213 7960.757
B 2nd/3d survey others 3.964 ± 0.2868 6709.977

Table S7: Posterior distributions of initial and equilibrium abundances (stages J and A [count ha−1];
B and total BA [m2 ha−1]) and species’ predominance (mean ± standard deviation across subpopu-
lations and HMC samples). Equilibrium states include counterfactual simulations, where the rate s
has been switched between Fagus and others or where the respective other species does not regenerate.

Fagus others
J initial state data 817.05 ± 4911.0 4414.5 ± 11196.

initial model state 827.12 ± 4912.4 4436.1 ± 11199.
equilibrium state 7789.7 ± 4342.6 3218.9 ± 1575.8

A initial state data 43.744 ± 187.64 312.88 ± 525.15
initial model state 45.227 ± 187.23 313.88 ± 524.46
equilibrium state 550.96 ± 295.18 76.920 ± 58.745

B initial state data 2.0691 ± 5.9266 14.140 ± 15.510
initial model state 2.1133 ± 6.0062 14.258 ± 15.678
equilibrium state 39.382 ± 31.583 7.7577 ± 10.855

BA initial state data 2.6943 ± 7.0598 18.590 ± 16.974
initial model state 2.8227 ± 7.2233 19.302 ± 17.430
equilibrium state 48.025 ± 34.253 8.9937 ± 11.752
eq. sum across species 57.019 ± 28.099 .

eq. with switched s 8.0109 ± 20.301 32.853 ± 12.054
eq. without regeneration of resp. other 58.395 ± 30.592 38.786 ± 2.8381

Fraction of basal area initial model state 0.20731 ± 0.31625 0.79269 ± 0.31625
equilibrium state 0.78654 ± 0.30819 0.21346 ± 0.30819

eq. with switched s 0.16222 ± 0.30936 0.16222 ± 0.30936
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Figure S1: The JAB model represents three different size stages of a tree population ( J, A, B) and de-
mographic processes, including the competitive interactions between size stages and multiple species.
There are processes that contribute to population growth: seedling input into the population from
temporal or spatial dispersal Lp (dependent on regional basal area Bp), within-population seedling
regeneration r, transitions from a smaller to a larger stage (g, h), and the basal area growth b. The
processes that limit population growth comprise the competition effect from the total sum of the
sapling stage J on species-specific J (cJ ), the competition from the sum of A and B, i.e. the total
basal area of all species BA, on A and B (cA, cB), as well as the asymmetric competition from BA on
J (“shading” effect s). The choice of thresholds between size stages is informed by the size classes in
the data. In the German NFI small trees between height 20 cm and dbh 7 cm were counted, while
trees with dbh > 10 cm were additionally measured in terms of basal area, so that intermediary size
stage A acts as a mediator beween count data for J and the basal area data for B. The factor βuA, i.e.
the upper basal area of a tree in A, converts A from counts to basal area.
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Figure S2: Locations of the 795 randomly selected NFI clusters in Germany. Each cluster consists
of one to four sampling plots, depending on whether the location was forested. One random plot
per cluster was selected if its elevation was at 100–600 m, if the observation period included all
of the three surveys (1987, 2002, and 2012; which excludes former East Germany), and if there
were no records of management within the period. Each selected plot (cluster) is represented by
one subpopulation in the JAB model. The map projection is Lambert Conformal Conic, the color
shading indicates elevation and relief.
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Figure S3: Environmental range of the German NFI and of Fagus sylvatica occurrence according to
The European Atlas of Forest Tree Species (de Rigo et al., 2016). The German NFI has a narrower
range with regard to both top soil pH in CaCl2 (A) and climatic water balance (B). Lines correspond
to quartiles.
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Figure S4: Pairs of paraboloid parameter correlations within stage J, separately for Fagus and others.
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Figure S5: Pairs of paraboloid parameter correlations within stage A.



−5 −4 −3 −2

log b Fagus

−6

−5

−4

−3

−2

−2 0 2
−6

−5

−4

−3

−2

−2 0 2
−6

−5

−4

−3

−2

−1.5 −1.0 −0.5 0.0
−6

−5

−4

−3

−2

−1.5 −1.0 −0.5 0.0
−6

−5

−4

−3

−2

−12 −10 −8 −6
−6

−5

−4

−3

−2

−3 −2 −1 0 1 2 3
−6

−5

−4

−3

−2

−3 −2 −1 0 1 2 3
−6

−5

−4

−3

−2

0.0 0.2 0.4 0.6
−6

−5

−4

−3

−2

0.0 0.5 1.0 1.5
−6

−5

−4

−3

−2

−2.8 −2.4 −2.0
−6

−5

−4

−3

−2

−2 0 2
−6

−5

−4

−3

−2

−2 −1 0 1 2
−6

−5

−4

−3

−2

−0.4 −0.3 −0.2 −0.1 0.0
−6

−5

−4

−3

−2

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

−2

−1

0

1

2

3

−5 −4 −3 −2 −2 −1 0 1 2 3

log b :  κB Fagus

−2

0

2

−2 0 2

−2

0

2

−1.5 −1.0 −0.5 0.0

−2

0

2

−1.5 −1.0 −0.5 0.0

−2

0

2

−14 −12 −10 −8 −6

−2

0

2

−2 0 2

−2

0

2

−3 −2 −1 0 1 2 3

−2

0

2

0.0 0.2 0.4 0.6

−2

0

2

0.0 0.5 1.0 1.5

−2

0

2

−2.8 −2.4 −2.0

−2

0

2

−2 0 2

−2

0

2

−2 −1 0 1 2

−2

0

2

−0.4 −0.3 −0.2 −0.1 0.0

−2

0

2

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

−2

0

2

−5 −4 −3 −2

−2

0

2

−2 −1 0 1 2 3 −2 0 2

log b :  κy Fagus

−2

0

2

−1.5 −1.0 −0.5 0.0

−2

0

2

−1.5 −1.0 −0.5 0.0

−2

0

2

−12 −10 −8 −6

−2

0

2

−2 0 2

−2

0

2

−3 −2 −1 0 1 2 3

−2

0

2

0.0 0.2 0.4 0.6

−2

0

2

0.0 0.5 1.0 1.5

−2

0

2

−2.8 −2.4 −2.0

−2

0

2

−2 0 2

−2

0

2

−2 −1 0 1 2

−2

0

2

−0.4 −0.3 −0.2 −0.1 0.0

−2

0

2

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

−1.5

−1.0

−0.5

0.0

−5 −4 −3 −2
−1.5

−1.0

−0.5

0.0

−2 −1 0 1 2 3
−1.5

−1.0

−0.5

0.0

−4 −2 0 2 −1.5 −1.0 −0.5

log b :  ζx Fagus

−1.5

−1.0

−0.5

0.0

−1.5 −1.0 −0.5 0.0

−1.5

−1.0

−0.5

0.0

−14 −12 −10 −8 −6

−1.5

−1.0

−0.5

0.0

−2 0 2

−1.5

−1.0

−0.5

0.0

−3 −2 −1 0 1 2 3

−1.5

−1.0

−0.5

0.0

0.0 0.2 0.4 0.6

−1.5

−1.0

−0.5

0.0

0.0 0.5 1.0 1.5

−1.5

−1.0

−0.5

0.0

−2.8 −2.4 −2.0

−1.5

−1.0

−0.5

0.0

−2 0 2

−1.5

−1.0

−0.5

0.0

−2 −1 0 1 2

−1.5

−1.0

−0.5

0.0

−0.4 −0.3 −0.2 −0.1 0.0

−1.5

−1.0

−0.5

0.0

−0.5−0.4−0.3−0.2−0.1 0.0

−1.5

−1.0

−0.5

0.0

−5 −4 −3 −2

−1.5

−1.0

−0.5

0.0

−2 −1 0 1 2 3

−1.5

−1.0

−0.5

0.0

−2 0 2

−1.5

−1.0

−0.5

0.0

−1.5 −1.0 −0.5 0.0 −1.5 −1.0 −0.5

log b :  ζy Fagus

−1.5

−1.0

−0.5

0.0

−12 −10 −8 −6

−1.5

−1.0

−0.5

0.0

−2 0 2

−1.5

−1.0

−0.5

0.0

−3 −2 −1 0 1 2 3

−1.5

−1.0

−0.5

0.0

0.0 0.2 0.4 0.6

−1.5

−1.0

−0.5

0.0

0.0 0.5 1.0 1.5

−1.5

−1.0

−0.5

0.0

−2.8 −2.4 −2.0

−1.5

−1.0

−0.5

0.0

−2 0 2

−1.5

−1.0

−0.5

0.0

−2 −1 0 1 2

−1.5

−1.0

−0.5

0.0

−0.4 −0.3 −0.2 −0.1 0.0

−1.5

−1.0

−0.5

0.0

−0.5−0.4−0.3−0.2−0.1 0.0

−12

−10

−8

−6

−5 −4 −3 −2
−12

−10

−8

−6

−2 −1 0 1 2 3
−12

−10

−8

−6

−2 0 2
−12

−10

−8

−6

−1.5 −1.0 −0.5 0.0
−12

−10

−8

−6

−1.5 −1.0 −0.5 0.0 −12 −10 −8 −6

log cB Fagus

−12

−10

−8

−6

−2 0 2

−12

−10

−8

−6

−3 −2 −1 0 1 2 3

−12

−10

−8

−6

0.0 0.2 0.4 0.6

−12

−10

−8

−6

0.0 0.5 1.0 1.5

−12

−10

−8

−6

−2.8 −2.4 −2.0

−12

−10

−8

−6

−2 0 2

−12

−10

−8

−6

−2 −1 0 1 2

−12

−10

−8

−6

−0.4 −0.3 −0.2 −0.1 0.0

−12

−10

−8

−6

−0.5−0.4−0.3−0.2−0.1 0.0

−2

0

2

−5 −4 −3 −2

−2

0

2

−2 −1 0 1 2 3

−2

0

2

−2 0 2

−2

0

2

−1.5 −1.0 −0.5 0.0

−2

0

2

−1.5 −1.0 −0.5 0.0

−2

0

2

−12 −10 −8 −6 −2 −1 0 1 2 3

log cB :  κB Fagus

−2

0

2

−3 −2 −1 0 1 2 3
−3

−2

−1

0

1

2

3

0.0 0.2 0.4 0.6
−3

−2

−1

0

1

2

3

0.0 0.5 1.0 1.5
−3

−2

−1

0

1

2

3

−2.8 −2.4 −2.0
−3

−2

−1

0

1

2

3

−2 0 2
−3

−2

−1

0

1

2

3

−2 −1 0 1 2

−2

0

2

−0.4 −0.3 −0.2 −0.1 0.0

−2

0

2

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

−4

−2

0

2

−5 −4 −3 −2
−4

−2

0

2

−2 −1 0 1 2 3
−4

−2

0

2

−2 0 2
−4

−2

0

2

−1.5 −1.0 −0.5 0.0
−4

−2

0

2

−1.5 −1.0 −0.5 0.0
−4

−2

0

2

−10 −8 −6
−4

−2

0

2

−2 0 2 −2 0 2

log cB :  κy Fagus

−3

−2

−1

0

1

2

3

0.0 0.2 0.4 0.6
−3

−2

−1

0

1

2

3

0.0 0.5 1.0 1.5
−3

−2

−1

0

1

2

3

−2.8 −2.4 −2.0
−3

−2

−1

0

1

2

3

−2 0 2
−3

−2

−1

0

1

2

3

−2 −1 0 1 2
−3

−2

−1

0

1

2

3

−0.4 −0.3 −0.2 −0.1 0.0
−3

−2

−1

0

1

2

3

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

0.0

0.1

0.2

0.3

0.4

−5 −4 −3 −2
0.0

0.1

0.2

0.3

0.4

−2 −1 0 1 2 3
0.0

0.1

0.2

0.3

0.4

−2 0 2
0.0

0.1

0.2

0.3

0.4

−1.5 −1.0 −0.5 0.0
0.0

0.1

0.2

0.3

0.4

−1.5 −1.0 −0.5 0.0
0.0

0.1

0.2

0.3

0.4

−10 −8 −6
0.0

0.1

0.2

0.3

0.4

−3 −2 −1 0 1 2 3
0.0

0.1

0.2

0.3

0.4

−4 −2 0 2 0.2 0.4 0.6

log cB :  ζx Fagus

0.0

0.2

0.4

0.6

0.0 0.5 1.0 1.5
0.0

0.2

0.4

0.6

−2.8 −2.4 −2.0
0.0

0.2

0.4

0.6

−2 0 2
0.0

0.2

0.4

0.6

−2 −1 0 1 2
0.0

0.2

0.4

0.6

−0.4 −0.3 −0.2 −0.1 0.0
0.0

0.2

0.4

0.6

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

0.0

0.3

0.6

0.9

1.2

−5 −4 −3 −2
0.0

0.3

0.6

0.9

1.2

−2 −1 0 1 2 3
0.0

0.3

0.6

0.9

1.2

−4 −2 0 2
0.0

0.3

0.6

0.9

1.2

−1.5 −1.0 −0.5 0.0
0.0

0.3

0.6

0.9

1.2

−1.5 −1.0 −0.5 0.0
0.0

0.3

0.6

0.9

1.2

−10 −8 −6
0.0

0.3

0.6

0.9

1.2

−2 0 2
0.0

0.3

0.6

0.9

1.2

−4 −2 0 2
0.0

0.3

0.6

0.9

1.2

0.0 0.1 0.2 0.3 0.4 0.5 1.0

log cB :  ζy Fagus

0.0

0.5

1.0

1.5

−2.8 −2.4 −2.0
0.0

0.5

1.0

1.5

−2 0 2
0.0

0.5

1.0

1.5

−2 −1 0 1 2
0.0

0.5

1.0

1.5

−0.4 −0.3 −0.2 −0.1 0.0
0.0

0.5

1.0

1.5

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

−3.2

−2.8

−2.4

−2.0

−5 −4 −3 −2
−3.2

−2.8

−2.4

−2.0

−2 −1 0 1 2 3
−3.2

−2.8

−2.4

−2.0

−2 0 2
−3.2

−2.8

−2.4

−2.0

−1.5 −1.0 −0.5 0.0
−3.2

−2.8

−2.4

−2.0

−1.5 −1.0 −0.5 0.0
−3.2

−2.8

−2.4

−2.0

−10 −8 −6
−3.2

−2.8

−2.4

−2.0

−3 −2 −1 0 1 2 3
−3.2

−2.8

−2.4

−2.0

−4 −2 0 2
−3.2

−2.8

−2.4

−2.0

0.0 0.1 0.2 0.3 0.4
−3.2

−2.8

−2.4

−2.0

0.0 0.3 0.6 0.9 1.2 −2.8 −2.4 −2.0

log h Fagus

−2.8

−2.4

−2.0

−2 0 2

−2.8

−2.4

−2.0

−2 −1 0 1 2

−2.8

−2.4

−2.0

−0.4 −0.3 −0.2 −0.1 0.0

−2.8

−2.4

−2.0

−0.5−0.4−0.3−0.2−0.1 0.0

−1

0

1

2

3

−5 −4 −3 −2

−1

0

1

2

3

−2 −1 0 1 2 3

−1

0

1

2

3

−2 0 2

−1

0

1

2

3

−1.5 −1.0 −0.5 0.0

−1

0

1

2

3

−1.5 −1.0 −0.5 0.0

−1

0

1

2

3

−10 −8 −6

−1

0

1

2

3

−2 0 2

−1

0

1

2

3

−4 −2 0 2

−1

0

1

2

3

0.0 0.1 0.2 0.3 0.4

−1

0

1

2

3

0.0 0.3 0.6 0.9 1.2

−1

0

1

2

3

−3.2 −2.8 −2.4 −2.0 −2 0 2

log h :  κB Fagus

−2

0

2

4

−2 −1 0 1 2

−2

0

2

4

−0.4 −0.3 −0.2 −0.1 0.0

−2

0

2

4

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

−2

−1

0

1

2

−5 −4 −3 −2

−2

−1

0

1

2

−2 −1 0 1 2 3

−2

−1

0

1

2

−4 −2 0 2

−2

−1

0

1

2

−1.5 −1.0 −0.5 0.0

−2

−1

0

1

2

−1.5 −1.0 −0.5 0.0

−2

−1

0

1

2

−10 −8 −6

−2

−1

0

1

2

−2 0 2

−2

−1

0

1

2

−4 −2 0 2

−2

−1

0

1

2

0.0 0.1 0.2 0.3 0.4

−2

−1

0

1

2

0.0 0.3 0.6 0.9 1.2

−2

−1

0

1

2

−2.8 −2.4 −2.0

−2

−1

0

1

2

−1 0 1 2 3 −2 −1 0 1 2

log h :  κy Fagus

−2

−1

0

1

2

−0.4 −0.3 −0.2 −0.1 0.0
−2

−1

0

1

2

−0.5 −0.4 −0.3 −0.2 −0.1 0.0

−0.3

−0.2

−0.1

0.0

−5 −4 −3 −2

−0.3

−0.2

−0.1

0.0

−2 −1 0 1 2 3

−0.3

−0.2

−0.1

0.0

−4 −2 0 2

−0.3

−0.2

−0.1

0.0

−1.5 −1.0 −0.5 0.0

−0.3

−0.2

−0.1

0.0

−1.5 −1.0 −0.5 0.0

−0.3

−0.2

−0.1

0.0

−10 −8 −6

−0.3

−0.2

−0.1

0.0

−2 0 2

−0.3

−0.2

−0.1

0.0

−4 −2 0 2

−0.3

−0.2

−0.1

0.0

0.0 0.1 0.2 0.3 0.4

−0.3

−0.2

−0.1

0.0

0.0 0.3 0.6 0.9 1.2

−0.3

−0.2

−0.1

0.0

−3.2 −2.8 −2.4 −2.0

−0.3

−0.2

−0.1

0.0

−1 0 1 2 3

−0.3

−0.2

−0.1

0.0

−2 −1 0 1 2 −0.4 −0.3 −0.2 −0.1

log h :  ζx Fagus

−0.4

−0.3

−0.2

−0.1

0.0

−0.5−0.4−0.3−0.2−0.1 0.0

−0.4

−0.3

−0.2

−0.1

0.0

−5 −4 −3 −2

−0.4

−0.3

−0.2

−0.1

0.0

−2 −1 0 1 2 3

−0.4

−0.3

−0.2

−0.1

0.0

−2 0 2

−0.4

−0.3

−0.2

−0.1

0.0

−1.5 −1.0 −0.5 0.0

−0.4

−0.3

−0.2

−0.1

0.0

−1.5 −1.0 −0.5 0.0

−0.4

−0.3

−0.2

−0.1

0.0

−10 −8 −6

−0.4

−0.3

−0.2

−0.1

0.0

−2 0 2

−0.4

−0.3

−0.2

−0.1

0.0

−4 −2 0 2

−0.4

−0.3

−0.2

−0.1

0.0

0.0 0.1 0.2 0.3 0.4

−0.4

−0.3

−0.2

−0.1

0.0

0.0 0.3 0.6 0.9 1.2

−0.4

−0.3

−0.2

−0.1

0.0

−3.2 −2.8 −2.4 −2.0

−0.4

−0.3

−0.2

−0.1

0.0

−1 0 1 2 3

−0.4

−0.3

−0.2

−0.1

0.0

−2 −1 0 1 2

−0.4

−0.3

−0.2

−0.1

0.0

−0.3 −0.2 −0.1 0.0 −0.4 −0.3 −0.2 −0.1

log h :  ζy Fagus

−4.0 −3.5 −3.0 −2.5

log b others

−4.0

−3.6

−3.2

−2.8

−2.4

−4 −2 0 2
−4.0

−3.5

−3.0

−2.5

−2 0 2 4
−4.0

−3.6

−3.2

−2.8

−2.4

−0.06−0.04−0.02 0.00
−4.0

−3.6

−3.2

−2.8

−2.4

−0.12−0.09−0.06−0.03 0.00
−4.0

−3.5

−3.0

−2.5

−7.0 −6.5 −6.0
−4.0

−3.6

−3.2

−2.8

−2.4

−2 0 2 4
−4.0

−3.5

−3.0

−2.5

−2 0 2 4
−4.0

−3.5

−3.0

−2.5

0.000 0.025 0.050 0.075
−4.0

−3.5

−3.0

−2.5

0.0000.0250.0500.0750.100
−4.0

−3.5

−3.0

−2.5

−3.0 −2.8 −2.6
−4.0

−3.5

−3.0

−2.5

−2 0 2
−4.0

−3.5

−3.0

−2.5

0 1 2 3
−4.0

−3.5

−3.0

−2.5

−0.100−0.075−0.050−0.0250.000
−4.0

−3.5

−3.0

−2.5

−0.15 −0.10 −0.05 0.00

−2

0

2

−4.0 −3.5 −3.0 −2.5 −2 0 2

log b :  κB others

−4

−2

0

2

−2 0 2 4
−4

−2

0

2

−0.06 −0.04 −0.02 0.00
−4

−2

0

2

−0.12 −0.09 −0.06 −0.03 0.00
−4

−2

0

2

−7.0 −6.5 −6.0
−4

−2

0

2

−2 0 2 4
−4

−2

0

2

−2 0 2 4
−4

−2

0

2

0.000 0.025 0.050 0.075
−4

−2

0

2

0.000 0.025 0.050 0.075 0.100
−4

−2

0

2

−3.0 −2.8 −2.6
−4

−2

0

2

−2 0 2
−4

−2

0

2

0 1 2 3
−4

−2

0

2

−0.100−0.075−0.050−0.0250.000
−4

−2

0

2

−0.15 −0.10 −0.05 0.00

−4

−2

0

2

−4.0 −3.5 −3.0 −2.5
−4

−2

0

2

−3 −2 −1 0 1 2 3 −2 0 2

log b :  κy others

−2

0

2

−0.06 −0.04 −0.02 0.00

−2

0

2

−0.12 −0.09 −0.06 −0.03 0.00

−2

0

2

−7.0 −6.5 −6.0

−2

0

2

−2 0 2 4

−2

0

2

−2 0 2 4

−2

0

2

4

0.000 0.025 0.050 0.075

−2

0

2

4

0.000 0.025 0.050 0.075 0.100

−2

0

2

−3.0 −2.8 −2.6

−2

0

2

−2 0 2

−2

0

2

0 1 2 3

−2

0

2

−0.100−0.075−0.050−0.0250.000

−2

0

2

−0.15 −0.10 −0.05 0.00

−0.15

−0.10

−0.05

0.00

−4.0 −3.5 −3.0 −2.5

−0.15

−0.10

−0.05

0.00

−3 −2 −1 0 1 2 3

−0.15

−0.10

−0.05

0.00

−4 −2 0 2 −0.16 −0.12 −0.08 −0.04

log b :  ζx others

−0.06

−0.04

−0.02

0.00

−0.12−0.09−0.06−0.03 0.00

−0.06

−0.04

−0.02

0.00

−7.0 −6.5 −6.0

−0.06

−0.04

−0.02

0.00

−2 0 2 4

−0.06

−0.04

−0.02

0.00

−2 0 2 4

−0.06

−0.04

−0.02

0.00

0.0000.0250.0500.075

−0.06

−0.04

−0.02

0.00

0.0000.0250.0500.0750.100

−0.06

−0.04

−0.02

0.00

−3.0 −2.8 −2.6

−0.06

−0.04

−0.02

0.00

−2 0 2

−0.06

−0.04

−0.02

0.00

0 1 2 3

−0.06

−0.04

−0.02

0.00

−0.100−0.075−0.050−0.0250.000

−0.06

−0.04

−0.02

0.00

−0.15−0.10−0.05 0.00

−0.10

−0.05

0.00

−4.5 −4.0 −3.5 −3.0 −2.5

−0.10

−0.05

0.00

−3 −2 −1 0 1 2 3

−0.10

−0.05

0.00

−4 −2 0 2

−0.10

−0.05

0.00

−0.15 −0.10 −0.05 0.00−0.125−0.100−0.075−0.050−0.025

log b :  ζy others

−0.12

−0.09

−0.06

−0.03

0.00

−7.0 −6.5 −6.0
−0.12

−0.09

−0.06

−0.03

0.00

−2 0 2 4
−0.12

−0.09

−0.06

−0.03

0.00

−2 0 2 4
−0.12

−0.09

−0.06

−0.03

0.00

0.0000.0250.0500.075
−0.12

−0.09

−0.06

−0.03

0.00

0.0000.0250.0500.0750.100
−0.12

−0.09

−0.06

−0.03

0.00

−3.0 −2.8 −2.6
−0.12

−0.09

−0.06

−0.03

0.00

−2 0 2
−0.12

−0.09

−0.06

−0.03

0.00

0 1 2 3
−0.12

−0.09

−0.06

−0.03

0.00

−0.100−0.075−0.050−0.0250.000
−0.12

−0.09

−0.06

−0.03

0.00

−0.15−0.10−0.05 0.00

−7.5

−7.0

−6.5

−6.0

−4.0 −3.5 −3.0 −2.5

−7.5

−7.0

−6.5

−6.0

−3 −2 −1 0 1 2 3

−7.5

−7.0

−6.5

−6.0

−4 −2 0 2

−7.5

−7.0

−6.5

−6.0

−0.15 −0.10 −0.05 0.00

−7.5

−7.0

−6.5

−6.0

−0.10 −0.05 0.00 −7.5 −7.0 −6.5

log cB others

−7.0

−6.5

−6.0

−2 0 2 4

−7.0

−6.5

−6.0

−2 0 2 4

−7.0

−6.5

−6.0

0.000 0.025 0.050 0.075

−7.0

−6.5

−6.0

0.0000.0250.0500.0750.100

−7.0

−6.5

−6.0

−3.0 −2.8 −2.6

−7.0

−6.5

−6.0

−2 0 2

−7.0

−6.5

−6.0

0 1 2 3

−7.0

−6.5

−6.0

−0.100−0.075−0.050−0.0250.000

−7.0

−6.5

−6.0

−0.15 −0.10 −0.05 0.00

−2

0

2

4

−4.0 −3.5 −3.0 −2.5

−2

0

2

4

−3 −2 −1 0 1 2 3

−2

0

2

4

−4 −2 0 2

−2

0

2

4

−0.15 −0.10 −0.05 0.00

−2

0

2

4

−0.10 −0.05 0.00

−2

0

2

4

−7.5 −7.0 −6.5 −6.0 −2 0 2

log cB :  κB others

−2

0

2

4

−2 0 2 4

−2

0

2

4

0.000 0.025 0.050 0.075

−2

0

2

4

0.000 0.025 0.050 0.075 0.100

−2

0

2

4

−3.0 −2.8 −2.6

−2

0

2

4

−2 0 2

−2

0

2

4

0 1 2 3

−2

0

2

4

−0.100−0.075−0.050−0.0250.000

−2

0

2

4

−0.15 −0.10 −0.05 0.00

−2

0

2

−4.0 −3.5 −3.0 −2.5

−2

0

2

−3 −2 −1 0 1 2 3

−2

0

2

−4 −2 0 2

−2

0

2

−0.15 −0.10 −0.05 0.00

−2

0

2

−0.10 −0.05 0.00

−2

0

2

−7.5 −7.0 −6.5 −6.0

−2

0

2

−2 0 2 4 −2 0 2

log cB :  κy others

−2

0

2

4

0.000 0.025 0.050 0.075

−2

0

2

4

0.000 0.025 0.050 0.075 0.100

−2

0

2

4

−3.0 −2.8 −2.6

−2

0

2

4

−2 0 2

−2

0

2

4

0 1 2 3

−2

0

2

4

−0.100−0.075−0.050−0.0250.000

−2

0

2

4

−0.15 −0.10 −0.05 0.00

0.00

0.02

0.04

0.06

0.08

−4.0 −3.5 −3.0 −2.5
0.00

0.02

0.04

0.06

0.08

−3 −2 −1 0 1 2 3
0.00

0.02

0.04

0.06

0.08

−4 −2 0 2
0.00

0.02

0.04

0.06

0.08

−0.15 −0.10 −0.05 0.00
0.00

0.02

0.04

0.06

0.08

−0.10 −0.05 0.00
0.00

0.02

0.04

0.06

0.08

−7.5 −7.0 −6.5 −6.0
0.00

0.02

0.04

0.06

0.08

−2 0 2 4
0.00

0.02

0.04

0.06

0.08

−2 0 2 0.02 0.04 0.06 0.08

log cB :  ζx others

0.000

0.025

0.050

0.075

0.0000.0250.0500.0750.100
0.000

0.025

0.050

0.075

−3.0 −2.8 −2.6
0.000

0.025

0.050

0.075

−2 0 2
0.000

0.025

0.050

0.075

0 1 2 3
0.000

0.025

0.050

0.075

−0.100−0.075−0.050−0.0250.000
0.000

0.025

0.050

0.075

−0.15−0.10−0.05 0.00

0.000

0.025

0.050

0.075

0.100

−4.5 −4.0 −3.5 −3.0 −2.5
0.000

0.025

0.050

0.075

0.100

−3 −2 −1 0 1 2 3
0.000

0.025

0.050

0.075

0.100

−4 −2 0 2
0.000

0.025

0.050

0.075

0.100

−0.15 −0.10 −0.05 0.00
0.000

0.025

0.050

0.075

−0.10 −0.05 0.00
0.000

0.025

0.050

0.075

0.100

−7.5 −7.0 −6.5 −6.0
0.000

0.025

0.050

0.075

0.100

−2 0 2 4
0.000

0.025

0.050

0.075

0.100

−2 0 2
0.000

0.025

0.050

0.075

0.100

0.00 0.02 0.04 0.06 0.08 0.025 0.050 0.075

log cB :  ζy others

0.000

0.025

0.050

0.075

0.100

−3.0 −2.8 −2.6
0.000

0.025

0.050

0.075

0.100

−2 0 2
0.000

0.025

0.050

0.075

0.100

0 1 2 3
0.000

0.025

0.050

0.075

0.100

−0.100−0.075−0.050−0.0250.000
0.000

0.025

0.050

0.075

0.100

−0.15−0.10−0.05 0.00

−3.0

−2.8

−2.6

−4.5 −4.0 −3.5 −3.0 −2.5

−3.0

−2.8

−2.6

−3 −2 −1 0 1 2 3

−3.0

−2.8

−2.6

−4 −2 0 2

−3.0

−2.8

−2.6

−0.15 −0.10 −0.05 0.00

−3.0

−2.8

−2.6

−0.10 −0.05 0.00

−3.0

−2.8

−2.6

−7.5 −7.0 −6.5 −6.0

−3.0

−2.8

−2.6

−2 0 2 4

−3.0

−2.8

−2.6

−2 0 2

−3.0

−2.8

−2.6

0.00 0.02 0.04 0.06 0.08

−3.0

−2.8

−2.6

0.0000.0250.0500.0750.100 −3.0 −2.8 −2.6

log h others

−3.0

−2.8

−2.6

−2 0 2

−3.0

−2.8

−2.6

0 1 2 3

−3.0

−2.8

−2.6

−0.100−0.075−0.050−0.0250.000

−3.0

−2.8

−2.6

−0.15 −0.10 −0.05 0.00

−2

0

2

−4.5 −4.0 −3.5 −3.0 −2.5

−2

0

2

−2 0 2

−2

0

2

−4 −2 0 2

−2

0

2

−0.15 −0.10 −0.05 0.00

−2

0

2

−0.10 −0.05 0.00

−2

0

2

−7.5 −7.0 −6.5 −6.0

−2

0

2

−2 0 2 4

−2

0

2

−2 0 2

−2

0

2

0.00 0.02 0.04 0.06 0.08

−2

0

2

0.000 0.025 0.050 0.075 0.100

−2

0

2

−3.0 −2.8 −2.6 −2 0 2

log h :  κB others

−2

0

2

0 1 2 3

−2

0

2

−0.100−0.075−0.050−0.0250.000

−2

0

2

−0.15 −0.10 −0.05 0.00

0

1

2

3

−4.0 −3.5 −3.0 −2.5

0

1

2

3

−3 −2 −1 0 1 2 3

0

1

2

3

−4 −2 0 2

0

1

2

3

−0.15 −0.10 −0.05 0.00

0

1

2

3

−0.10 −0.05 0.00

0

1

2

3

−7.5 −7.0 −6.5 −6.0

0

1

2

3

−2 0 2 4

0

1

2

3

−2 0 2

0

1

2

3

0.00 0.02 0.04 0.06 0.08

0

1

2

3

0.000 0.025 0.050 0.075 0.100

0

1

2

3

−3.0 −2.8 −2.6

0

1

2

3

−2 0 2 0 1 2 3

log h :  κy others

0

1

2

3

−0.100−0.075−0.050−0.0250.000

0

1

2

3

−0.15 −0.10 −0.05 0.00

−0.08

−0.06

−0.04

−0.02

0.00

−4.0 −3.5 −3.0 −2.5

−0.08

−0.06

−0.04

−0.02

0.00

−3 −2 −1 0 1 2 3

−0.08

−0.06

−0.04

−0.02

0.00

−4 −2 0 2

−0.08

−0.06

−0.04

−0.02

0.00

−0.15 −0.10 −0.05 0.00

−0.08

−0.06

−0.04

−0.02

0.00

−0.10 −0.05 0.00

−0.08

−0.06

−0.04

−0.02

0.00

−7.5 −7.0 −6.5 −6.0

−0.08

−0.06

−0.04

−0.02

0.00

−2 0 2 4

−0.08

−0.06

−0.04

−0.02

0.00

−2 0 2

−0.08

−0.06

−0.04

−0.02

0.00

0.00 0.02 0.04 0.06 0.08

−0.08

−0.06

−0.04

−0.02

0.00

0.0000.0250.0500.0750.100

−0.08

−0.06

−0.04

−0.02

0.00

−3.0 −2.8 −2.6

−0.08

−0.06

−0.04

−0.02

0.00

−2 0 2

−0.08

−0.06

−0.04

−0.02

0.00

0 1 2 3 −0.100−0.075−0.050−0.025

log h :  ζx others

−0.100

−0.075

−0.050

−0.025

0.000

−0.15−0.10−0.05 0.00

−0.15

−0.10

−0.05

0.00

−4.5 −4.0 −3.5 −3.0 −2.5

−0.15

−0.10

−0.05

−3 −2 −1 0 1 2 3

−0.15

−0.10

−0.05

−4 −2 0 2

−0.15

−0.10

−0.05

0.00

−0.15 −0.10 −0.05 0.00

−0.15

−0.10

−0.05

−0.10 −0.05 0.00

−0.15

−0.10

−0.05

−7.5 −7.0 −6.5 −6.0

−0.15

−0.10

−0.05

−2 0 2 4

−0.15

−0.10

−0.05

−2 0 2

−0.15

−0.10

−0.05

0.00

0.00 0.02 0.04 0.06 0.08

−0.15

−0.10

−0.05

0.00

0.0000.0250.0500.0750.100

−0.15

−0.10

−0.05

−3.0 −2.8 −2.6

−0.15

−0.10

−0.05

−2 0 2

−0.15

−0.10

−0.05

0 1 2 3

−0.15

−0.10

−0.05

−0.08−0.06−0.04−0.020.00 −0.15 −0.10 −0.05

log h :  ζy others

Figure S6: Pairs of paraboloid parameter correlations within stage B, separately for Fagus and others.
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Figure S7: JAB model demographic rates in environmental space, including the density-dependent
terms at initial and equilibrium state. The contours show predictions from smoothing splines fitted
to the posterior distributions (as described in Section 4.2.6.1).
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Figure S8: Basal areas in environmental space at initial state (A), at the competitive equilibrium
(B–D). Additionally counterfactual equilibria are depicted: given that the respective other species
does not reproduce (by setting l, r, and b to 0; E–F), and (G) given that the shading response (s)
is switched between species. The contours show predictions from smoothing splines fitted to the
posterior distributions (as described in Section 4.2.6.1)
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Figure S9: Environmental variation effect in environmental space for all rates that were determined
with paraboloid parameters.
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