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Abstract: Dynamic landscape simulation of the forest requires an initial regeneration stock specific to
the characteristics of each simulated stand. Forest inventories, however, are sparse with regard to
regeneration. Moreover, statistical regeneration models are rare. We introduce an inventory-based
statistical model type that (1) quantifies regeneration biomass as a fundamental regeneration attribute
and (2) uses the overstory’s quadratic mean diameter (Dq) together with several other structure
attributes and the Site Index as predictors. We form two such models from plots dominated by
European beech (Fagus sylvatica L.), one from national forest inventory data and the other from
spatially denser federal state forest inventory data. We evaluate the first one for capturing the
predictors specific to the larger scale level and the latter one to infer the degree of landscape
discretization above which the model bias becomes critical due to yet unquantified determinants of
regeneration. The most relevant predictors were Dq, stand density, and maximum height (significance
level p < 0.0001). If plot data sets for evaluation differed by the forest management unit in addition
to the average diameter, the bias range among them increased from 0.1-fold of predicted biomass
to 0.3-fold.

Keywords: regeneration modelling; landscape scale modelling; stand structure; inventory data;
Fagus sylvatica

1. Introduction

The dynamic simulation of forest growth and structure development is an essential prerequisite
to future scenarios that consider ecosystem service provision on a landscape level [1]. In order to
start from a realistic representation of the forest in its current state, scenarios require data of the stand
structures present within the landscape considered. Sample plots are the primary inventory unit in
modern grid-based forest inventories. They provide detailed structure data for modelling and are
widely available. However, they have a distance of up to several kilometers from each other.

A proven method that approximately represents the forest stand structures within a landscape
groups all available inventory plots into strata [2,3]. Such a stratification classifies plots by stand
structure attributes, as well as site quality. Typically, it then uses the data of all inventory plots from a
given stratum to construct a virtual forest stand. That virtual stand serves to simulate the stratum’s
development within a representative subunit [4] (p. 502 ff.). The stratification method yields a good
representation of the overstory per stratum, here defined as all trees with a minimum diameter at
breast height (DBH) of 7 cm. However, this is much less the case for the understory: it consists
of the young trees with a DBH of less than 7 cm that form the basis of the next stand generation.
Typical inventories [5,6] sample regeneration in very small sub-areas within an inventory plot, while,
conversely, the stand intrinsic variability of regeneration is large [7]. Thus, within a stratum considered,
there might often not be enough inventory plots to provide a statistically stable estimation of its
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regeneration stock. Moreover, remote sensing will likely support terrestrial inventories in the near
future and might even substitute them in some areas or cover regions where forest inventories are
completely missing so far [8–10]. Except under very sparse main stands, regeneration trees will almost
be undetectable by remote sensors. Therefore, simulation scenarios on the forest landscape level will
benefit from a statistical method that, based on overstory structure and site [11–13], contributes a
quantitative estimation of regeneration stock to each stratum. That estimation is an essential starting
condition for dynamically simulating the ingrowth of regeneration trees into the main stand. Ingrowth,
in turn, is the crucial process for the change of forest stand generations and, thus, a key process for
adaptation to climate change.

The density of regeneration trees within a stand typically varies on a spatial scale of only a few
square meters [7,14,15]. A notable part of that variation will be due to stochastic effects, such as
felling damages and small-scale game browsing within small understory sectors. Statistical models
of regeneration, thus, will not precisely predict the understory stock within such a small-scale stand
sector, even if they would account for any relevant structure attribute of the sector’s local overstory.
Still, such a model might infer the probability distribution of the stand sector’s regeneration stock
from the sector’s local overstory structure. A realistic case of model application, thus, is to derive
a representative collection of such sector-related regeneration stock distributions within a whole
stratum from a known set of structure types within the stratum’s overstory. That distribution set,
through random sampling from each local distribution, could then provide a realistic initial pattern of
regeneration within a virtual stand.

Scenarios of forest growth and structure development are typically based on dynamic simulation
models. To represent growth within the regeneration layer, or even within the overstory, such models
often discretize a given virtual stand into a regular pattern of quadratic tiles with an edge length of
2.5 to 20 m. That way, they take into account the variability of regeneration stock at the horizontal
resolution of small-scale effects. Prominent examples are the regeneration module of SILVA [16] and
modern patch models [17,18].

National forest inventory (NFI) data are ideal to calibrate a statistical model for regeneration
stock. Such a model would cover a wide range of overstory structures and site quality. It would
yield the specific distribution of plot-wise regeneration stock at a given overstory structure and
given site properties, obtained from a large data set. A straightforward approach for initializing
tiles within a stratum-based virtual stand might assume that such a predictor-related distribution
is applicable to represent the distribution within any plot-sized stand subsector of corresponding
predictor values. Based on a sample of stratum-related overstory attributes, it would first evaluate
the overstory surrounding the tile of interest. The result is then related to a specific distribution of
regeneration stock. Conveniently, subplots where regeneration is sampled and model tiles are of a
similar size. Thus, the algorithm would take a random sample of the tile’s regeneration stock directly
from the tile-related distribution.

However, any structure-related distribution of regeneration stock from an NFI-based model
results from a convolution of many distributions: due to the model’s comprehensive data basis, each
of them is specific to one of numerous distinct sub regions. On a large national scale level, due to
a landscape-related browsing intensity and other regional factors [19], strata of a similar structure
and similar site properties might notably differ in their relation between overstory structure and
regeneration stock. Model design may counteract such variation by striving for predictors that
correlate as closely as possible with biological processes and silvicultural practices. Still, the model’s
realism will strongly depend on the level of stratum differentiation and discretization that the model
user intends.

The study at hand conceptualizes an inventory-based model type that aims to predict the
regeneration stock distribution per stratum based on the stratum-intrinsic overstory pattern and
the stratum’s site properties. In order to obtain the distribution per stratum, the model estimates the
distribution of regeneration stock per plot-sized sub-area of the stratum’s virtual stand and samples
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one value per sub-area related distribution. Within that scope, the study follows two fundamental
objectives. The first one is to identify important predictors of regeneration biomass within the large
spatial scope of the German state territory (36 million ha with 11 million ha of forest).

More detailed stratification criteria will result in more appropriate management strategies per
stratum during simulation. However, using highly detailed criteria is also related to high level of forest
landscape discretization. More profound stratification, thus, might lead to smaller strata that differ in
their average regeneration stock due to stochastic variation among them. Hence, such stratification
might impair the precision of a statistical regeneration model. The second fundamental objective,
therefore, is to estimate the degree of stratum differentiation, beyond which the model produces a
critical bias of the per-stratum average. To meet both fundamental objectives of the study, we design
two closely related model versions: one uses data from the German National Forest Inventory (referred
to as NFI in the following). That inventory covers the total German forest area. However, due to its
spatial resolution (4 km × 4 km), it is not ideal for analyzing the model performance on the spatial
level of landscape-related simulation scenarios (about 50,000 ha of forest). Therefore, the study uses a
second model version that is based on the exceptionally dense Bavarian State Forest Inventory (BSFI,
200 m × 200 m). That inventory covers a state forest area of almost 1 million ha. In order to determine
the limit of spatial resolution that our modelling approach currently has, we evaluated the bias of
the BSFI-based model as dependent on the differentiation of strata formed from BSFI plots on two
different discretization levels.

Both models use the aboveground regeneration biomass within each plot as a dependent variable
that is closely linked to net primary production [20]. As the height of regeneration on the plot scale
may be highly heterogeneous [11], regeneration biomass represents resource supply more directly than
the total number of regeneration trees per plot.

At the current state of model development, our study focuses on plots dominated by European
beech (Fagus sylvatica L.) within the overstory. European beech is by far the most important broadleaved
species in Central Europe. As it is shade tolerant, it occurs along a broad range of stand structures and
sites. Moreover, it primarily regenerates through natural seed dispersion.

2. Materials and Methods

2.1. Data

On the national scale level, the study at hand used the German National Forest Inventory (NFI,
4 km grid) that covers the whole forest area of Germany. The version of these data was the third
and most recent survey conducted in 2011 and 2012 [6] with reference date 1 October 2012 [21].
For evaluating the bias of the BSFI-based model as related to the resolution of strata, the study applied
plot data from the Bavarian State Forest Inventory that covers the forest area managed by the Federal
State of Bavaria (BSFI in the further text, 200 m grid). The BSFI surveys 41 forest management units
with an average size of about 20,000 ha, each at a repeat cycle of 10 years. Per each forest management
unit, it applies individual due dates.

2.1.1. German National Forest Inventory (NFI)

The German National Forest Inventory (description mostly taken from [6]) is based on a regular
4 km × 4 km quadrangle grid that covers the entire national forest area (~11,400,000 ha, 59,858 plots).
It is denser inside some federal states where it has a 2.83 km × 2.83 km or 2 km × 2 km grid. Each grid
point represents a north-to-south oriented square with an edge length of 150 m. At the corners of each
square, there is exactly one inventory plot, so that the square represents an inventory cluster. On all
plots, the NFI measures the overstory (trees of DBH ≥ 7) around each plot center as an angle count
sample with a standard basal area factor (BAF) of 4. In addition, it takes the DBH of each sampled tree.
Based on the BAF and measured DBH, overstory stem densities per ha are calculated. Within most
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plots, height measurements are collected on a subset. In continuous cover forests, however, the heights
of all sampled trees are measured.

Regeneration trees (DBH < 7 cm) are surveyed within two concentric circles that are situated 5 m
north of the plot center. To that end, small saplings with a height of at least 0.2 m and less than 0.5 m
are counted on the inner circle of a 1 m radius. Understory trees with a height of at least 0.5 m are
counted on the outer circle that has a 2 m radius. Within that circle, the counted trees are attributed
to different size classes. The first class comprises trees with a height of less than 1.3 m (and at least
0.5 m). Higher trees are attributed to the DBH classes 0 to 5 cm, 5 to 6 cm, and 6 to 7 cm (upper limits
excluded). The radius of the inner circle is extended to 2 m if it would comprise less than four trees
within the default radius of 1 m. The NFI registers the browsing of regeneration by an annotation per
tree size class. A total of 46% of all plots with a beech-dominated overstory and regeneration had been
marked as being browsed by ungulates in at least one regeneration size class.

Within this regeneration survey, the NFI computes regeneration biomass per tree size class from
height if the tree considered is less than 1.3 m high and, furthermore, as based on diameter if the tree is
higher [22,23]. The height-based part of the biomass calculation, to that end, uses one standard height
per class, one of 0.35 m (for height class 0.2 to 0.5 m) and one of 0.9 m (>0.5 m to 1.3 m). It applies one
generalist biomass to height relation for either coniferous or broadleaved species. On the contrary,
the diameter-based biomass estimation interpolates between the height-based biomass at a height of
1.3 m and a species-specific biomass value at a DBH of 10 cm calculated with a modified Marklund
model [24]. For model calibration and evaluation, we selected a subset of 7823 inventory plots with
a basal area (BA) share of beech that was more than 55% within the overstory. That data set will be
denoted as “NFI data” in the following (Table 1).

Table 1. Value characteristics of the base data set from the German national forest inventory NFI
(n = 7823) used to analyze the influence of the overstory on the biomass of the regeneration fraction.
Columns q 2.5 and q 97.5 show the 2.5% and 97.5% quantile, respectively. Column n denotes the
number of data records used to calculate that range, as well as the mean of the variable considered.
Column Ori. (origin) indicates whether the data were native (N) or derived by own computation (D).
Further abbreviations are Lr. (layer), BAF (basal area factor), ER (ecoregion), and EL (elevation).

Lr. Variable Symbol Basis Level Ori. n Mean q 2.5 q 97.5 Unit

Overstory

tree diameter Dt – tree N 52,404 42 10 80 cm
tree height Ht – tree N 52,404 28 11 40 m

tree number/ha Nt Dt BAF tree N 52,404 76 7 520 ha−1

Stand Density Idx. SDI Nt, Dt plot D 7784 516 90 1 099 –
Spec. Profile Idx. SPI Ht plot D 7784 0.49 0 1.26 –

H-D Characteristic HD Ht, Dt plot D 7784 0.58 0.05 0.97 –
Top height Hmax Ht plot D 7784 30 13 42 m
Site Index SI ER, EL plot D 7784 36.58 35.37 37.33 m

Quad. Mean Dia. Dq Nt, Dt plot D 7784 36 11 67 cm

Regeneration

tree height – – tree N 22,808 3.69 0 9 m
tree diameter – – tree N 22,808 0.7 0 5.5 cm
tree biomass bc – tree N 22,808 0.74 0 8.5 kg

tree number/ha nc – tree N 22,808 5253 0 31,831 ha−1

biomass/ha – bc, nc plot D 7784 6.0 0 46 t ha−1

tree number/ha – nc plot D 7784 15,392 0 98,218 ha−1

The total BA shares within that set were 84% for beech and 93% for deciduous species in general.
We classified 48% of all selected plots as beech monoculture (BA share > 90%). Within the set of
beech-dominated plots, the share of regeneration biomass was 74% for beech and 92% for deciduous.
Furthermore, 30% of the plots had a regeneration biomass of zero.

2.1.2. Bavarian State Forest Inventory (BSFI)

In contrast to the NFI, which has mainly monitoring purposes, the BSFI is designed to support
forest management planning on the level of forest management units (20,000 ha). Therefore, it uses
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a much higher spatial sampling density on a square grid of a 200 m grid width on average.
Each inventory unit is a circular plot with an area of 400 to 500 m2 that encloses several smaller
concentric inventory circles. Only trees above a certain threshold DBH (typically 30 cm) are recorded
on the whole plot area. Trees with a DBH < 30 cm and ≥ 11 cm are measured within an 80 to 125 m2

circle. The smallest class of trees with a DBH < 11 cm, including regeneration trees, is surveyed
on a 25 m2 circle [25]. The minimum height of regeneration trees to be sampled in the BSFI is
0.2 m, the same as in the NFI. Trees up to a height of 1.3 m are recorded at a higher-class width, i.e.,
0.1 m. Trees of a DBH > 0 and < 7 cm are recorded per DBH levels 1.5, 2.5, 3.5, 4.5, 5.5, and 6.5 cm.
The beech-dominated BSFI data set used for model calibration and evaluation was selected by the
same criteria as the NFI data. That set of plots with beech-dominated overstory will be named “BSFI
data” in the following (Table 2).

Table 2. Value characteristics of the base data set from the Bavarian State Forest inventory BSFI
(n = 11,954) used to analyze the influence of the overstory on the biomass of the regeneration fraction.
Columns q 2.5 and q 97.5 show the 2.5% and 97.5% quantile, respectively. Column n denotes the
number of data records used to calculate that range, as well as the mean of the variable considered.
Column Ori. (origin) indicates whether the data were native (N) or derived by own computation (D).
Further abbreviations are Lr. (layer), BAF (basal area factor), ER (ecoregion), and EL (elevation).

Lr. Variable Symbol Basis Level Ori. n Mean q 2.5 q 97.5 Unit

Overstory

tree diameter Dt – tree N 96,429 34 8.5 65 cm
tree height Ht – tree N 96,429 25 9.3 37 m

tree number/ha Nt Dt BAF tree N 96,429 73 15 404 ha−1

Stand Density Idx. SDI Nt, Dt plot D 11,954 519 74 1080 –
Spec. Profile Idx. SPI Ht plot D 11,954 0.6 0 1.4 –

H-D Characteristic HD Ht, Dt plot D 11,954 0.54 0.03 0.95 –
Top height Hmax Ht plot D 11,954 29 10 40 m
Site Index SI ER, EL plot D 11,954 35.4 36.25 37.33 m

Quad. Mean Dia. Dq Nt, Dt plot D 11,954 32 9.7 59 cm

Regeneration

tree height – – tree N 42,342 2.18 0.2 9.2 m
tree diameter – – tree N 42,342 1.4 0 6.5 cm
tree biomass bc – tree N 42,342 1.4 0 12 kg

tree number/ha nc – tree N 42,342 2503 321 16,040 ha−1

biomass/ha – bc, nc plot D 11,954 4.3 0 30 t ha−1

tree number/ha – nc plot D 11,954 7667 0 47,705 ha−1

The study comprised 11,954 plots from 26 spatially independent inventories over the federal state
of Bavaria that had been taken within different years for the period from 2003 to 2012. The basal area
shares within the BSFI data were 84% for beech and 91% for deciduous. A total of 41% of all plots were
beech monoculture. In order to maintain consistency between NFI and BSFI data, we calculated the
regeneration biomass per BSFI plot with the biomass algorithm of the NFI. The share of regeneration
biomass then was 76% for beech and 89% for deciduous. Within the BSFI data, 29% of the plots had a
regeneration biomass of zero. BSFI plot data, in difference to NFI data, have two topological keys: one
that refers to the enclosing forest stand and one that is unique to the enclosing forest management unit.
A total of 6073 of the 11,954 plots were spared from model calibration to form strata of a sufficient size
for evaluation. Thus, half of all, i.e., 5881 plots remained to parameterize the BSFI-based model.

2.2. Data Preparation

The BSFI surveys regeneration trees within a larger collective of DBH < 11 cm. Again, to keep
regeneration tree data from NFI and BSFI consistent with each other, we confined regeneration trees
from both inventories to the group with a DBH < 7 cm.

Based on an ecophysiological perception of the regeneration process [26,27], we derived a set
of overstory characteristics from the inventory plot data that likely determine regeneration biomass.
These properties represent above and belowground competition, growth potential, and stand maturity.
Both the NFI- and the BSFI-based model use the same set of predictors. In order to parameterize
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each model, we computed one independent set of plot-related predictor values per each inventory.
For quantifying the overstory stand density, we used the Stand Density Index (SDI) [28] which enables
a comparison of stand densities at very different development stages. This structure indicator has been
shown to be an effective predictor of regeneration in previous work on experimental plots [29]. It is
defined through Equation (1):

SDI = N
(

Dq
25

)1.605
, (1)

where N is the number of trees per ha and Dq is the quadratic mean diameter in cm. The SDI may
be considered to represent the spatial concentration of tree biomass [4] (p. 399 ff.). Thus, it is a
comprehensive indicator of the degree of competition for above- and belowground resources.

While the SDI expresses the current stand density at the time of measurement, we also required
a variable that indicates whether a stand has been kept at higher or lower densities in the long
run, because a low density could also result from heavy thinning in a previously dense stand.
Therefore, we developed a method for quantifying whether an overstory tree is slender or stout,
or has a normal height for its DBH. As a benchmark for normal heights at a given DBH, we fitted an
allometric height-diameter model to overstory tree height and diameter (equation with parameters in
Appendix A). Based on the residuals of that model, we estimated a DBH-related probability distribution
to standardize the deviation between actual height and normal, i.e., expected height. That distribution
enables us to introduce the Height Diameter Characteristic, HD. HD is defined as the probability (P)
that any tree of the same diameter might be equally or less high (Equation (2)):

HD = P(h ≤ h0|d = d0), (2)

where h is height as a random variable, d is DBH as a predictor, and h0 and d0 are tree height and DBH
as measured, respectively. Thus, HD can obtain any value between 0 and 1. For a tree of any diameter,
HD = 0.5 indicates an average, i.e., normal height to diameter ratio. HD > 0.5 marks an above average
tall tree and HD < 0.5 a stout one. That characteristic, hence, aims to indicate the extent to which a tree
had been inhibited in diameter growth through neighbor competition in the past.

The Species Profile Index SPI [4] (p. 281 ff.) is a proxy for a forest stand’s richness in species and
vertical structure simultaneously. High values indicate structurally rich stands and values of 0 indicate
homogenous monospecific stands (Equation (3)):

SPI = −
S

∑
i=1

Z

∑
j=1

pij lnpij, (3)

where S is the number of species, Z is the number of height layers, and p is the relative frequency
of species i in stand height layer j (exclusively species with pij > 0 considered). The Species Profile
Index in its standard form is based on three stand height layers whose upper borders are Hmax × 1,
Hmax × 0.8, and Hmax × 0.5, where Hmax is the maximum tree height in the stand of interest. SPI, thus,
might indicate whether biomass is concentrated into exactly one tree class or shared among several
ones within the stand being considered.

For quantifying the NFI and BSFI plots’ growth potential, we used a Site Index (SI), defined as the
site dependent predominant tree height at age 100. It was computed by the site-productivity algorithm
as implemented in the forest growth model SILVA [16]. That computation was based on the spatial
position of the inventory plots and the German map of forest ecological regions [30]. Moreover, we
included the Quadratic Mean Diameter (Dq) as a predictor that indicates the developmental state of the
stand with respect to tree maturity for harvest. Stands with high Dq are in a phase where regeneration
is promoted through felling. German forestry is marked by a large variety of treatment. Within one
third of the forest, area transformation to uneven-aged stands and the maintenance of such stands is
common. As an indicator of the stand’s development stage, thus, we used the maximum height per
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plot (Hmax) that is not limited to even-aged stands. Comparing both inventories by mean and range of
corresponding native and derived variables, it can be seen that both are similar (Tables 1 and 2).

2.3. Models

Both models, the NFI- and the BSFI-based version, have the same structure. With the key objective
to estimate the local probability distribution of regeneration biomass within an inventory plot, each
model comprised a deterministic part as well as a stochastic one. The deterministic module aims to
predict the distribution’s expectancy value. As a complement, the stochastic part serves to estimate the
variation around that predicted average. At the current stage of development, we aimed to restrict
the presumptions for the deterministic module to a minimum. Accordingly, to predict regeneration
biomass per ha B, we used a generalized additive mixed model (GAMM) for both the NFI-based model
(Equation (4a)) and the BSFI-based one (Equation (4b)):

Bij = β0 + β1·SDIij + β2·SPIij + β3·HDij + β4·Hmaxij + β5·SIij + s(Dqij) + rij. (4a)

Bijk = β0 + β1·SDIijk + β2·SPIijk + β3·HDijk + β4·Hmaxijk + β5·SIijk + s(Dqijk) + rijk. (4b)

The fixed effects in this model are the Stand Density Index (SDI), the Species Profile Index (SPI),
the Height Diameter Characteristic (HD), the stand maturity indicator (Hmax), the Site Index (SI),
and the quadratic diameter (Dq). Except for Dq, all fixed effects in the model are linear (i.e., they are
multiplied by one of the regression parameters β1, . . . , β5). In contrast, the effect of Dq is modeled
with a nonlinear spline-based smoother [31], which is indicated by the symbol s(Dq). It accounts for a
hypothesized nonlinear relation between Dq and regeneration stock due to a likely minimum of light
transmission between the phase of adolescence and intense harvest.

In the model’s NFI-based version, the indices j and i associate any plot j to the corresponding
four-plot cluster i. The BSFI-based version uses a further index k to represent the embedding of any
plot k into the associated forest stand j and the enclosing forest management unit i. Variable r represents
the deterministic part’s residuals, which deserve special attention. Due to the clustered data structure,
r contains random effects on different levels. Within the NFI-based model, it comprises one single
group effect that is due to the organization of plots within the inventory clusters (Equation (5)):

rij = bi + εij, (5)

where bi is a cluster specific random effect and εij represents i.i.d. errors. The BSFI-based model
comprises two group effects (Equation (6)):

rijk = bi + bij + εijk, (6)

where bi is the random effect related to the forest management unit and bij is the stand-related one.
εijk represents the i.i.d. errors.

For fitting each model’s deterministic part (Equations (4a) resp. (4b)), we took into account that
its absolute residuals (r in Equation (4)) might become larger as regeneration biomass (B) increases.
In order to compensate for such heteroscedasticity, we applied a standard method [32] (p. 188).

Therefore, the deterministic part of the model (Equations (4a) resp. (4b)) was first calibrated
to unweighted data to obtain the corresponding set of absolute residuals, i.e., the values of r. Then,
a specific variance function (Equation (7)) was fitted to the squared residuals:

r2 = euB̂+v, (7)

where r is the absolute residual, B̂ is the predicted biomass, and u and v are parameters to be estimated.
Finally, the deterministic model part was fitted again with each observation weighted by the inverse of
the residual variance as estimated through Equation (7). For fitting the deterministic part, we used
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the statistical software R [33] and the function gamm4 from package gamm4 [34]. The distribution
assumption implied by the fitting procedure for Equation (4a) is bi ~N(0, σ1

2) and εij ~N(0, σ2
2).

For fitting Equation (4b), we correspondingly assumed bi ~N(0, σ3
2), bij ~N(0, σ4

2), and εijk ~N(0,
σ5

2). In order to facilitate the reproduction and application of the deterministic model part, we
complemented both Equations (4a) and (4b) with an approximation that refrained from the smoothing
spline s(Dq). To that end, we replaced s(Dq) with a small set of polynomials. Therefore, we predicted
regeneration biomass based on the observed Dq values and the mean of each remainder predictor. Then,
we fit one polynomial to the data of predicted biomass over Dq within each of several Dq intervals.

The stochastic model part again uses an identical set of equations within the NFI- and the
BSFI-based model. It aims to represent the typical spread of regeneration biomass values around an
average value as predicted by Equations (4a) resp. (4b). Therefore, it describes the distribution of
the deterministic part’s residuals. As these residuals turned out to be heteroscedastic, they were
standardized through division by the corresponding predicted mean biomass to obtain relative
residuals. For approximating the variability among such relative residuals, the stochastic model
part applies the gamma probability density function that is a flexible function confined to positive
values. It uses one parameter for shape and one for steepness (rate), as given by Equation (8):

W(R) =
βα

Γ(α)
Rα−1e−βx, (8)

for R > 0, where R is the randomly distributed relative residual. Both α (shape) and β (rate) are
parameters (>0). Г denotes the Gamma function. To obtain parameter values for Equation (8) and to
account for remaining heteroscedasticity, we estimated the function’s characteristics from the biomass
predicted by the deterministic part. Therefore, the stochastic part uses linear trends of the distribution’s
parameters shape α and rate β over predicted biomass (Equations (9a) and (9b)):

αl = u1l + v1l B̂l + ε1l , (9a)

βl = u2l + v2l B̂l + ε2l , (9b)

where B̂ is a biomass value predicted by Equations (4a) resp. (4b); u1, u2, v1, and v2 are regression
parameters; and index l stands for an observation. Both ε1 ~N(0, σ6

2) and ε2 ~N(0, σ7
2) are the

i.i.d. errors. In order to describe both trends, we divided the range of predicted biomass values
into 40 intervals, each representing a quantile width of 2.5%. Within each of them, we fitted one
gamma probability density function to the enclosed relative residuals. That way, we obtained a set of
40 distribution functions and, concomitantly, a data set of 40 estimated values for both parameters,
shape and rate. For describing the biomass-related trend of a parameter considered—i.e., either
shape or rate—we associated each parameter value to the corresponding interval’s predicted biomass
median and applied a linear regression (Equations (9a) and (9b)) to the resulting point set. Thus, for
any predicted biomass and its accompanying residual distribution, we estimated the corresponding
parameters, shape and rate. For fitting the density functions, we used the statistical software R and the
function fitdist from package fitdistrplus with moment matching estimation [35].

2.4. Evaluation

We considered the deterministic model part (Equations (4a) resp. (4b)) as a prototype that
might include non-relevant predictors. In order to present each model in a refined form that was
exclusively based on relevant fixed effects, we applied two selection criteria to its predictors: one was
the significance as obtained from the fitting of Equations (4a) resp. (4b). The other was the Akaike
Information Criterion (AIC) [36]. We used that criterion to identify the model nested into Equations
(4a) resp. (4b) that had the minimum tradeoff between goodness of fit and simplicity, i.e., the one with
the minimum AIC. Moreover, we assessed the importance of each individual predictor variable using
that method (Appendix B).
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For evaluating the stochastic model part, we first tested whether the theoretical density
distribution function it uses is a feasible model for the true distribution of the relative residuals
obtained from the deterministic module. Although we had expressed each residual of the deterministic
part as a relative deviation from the predicted value, we could not eliminate the dependence of the
residual distribution on the deterministic part’s predictors. For analyzing the residual distribution,
we thus had to use a subrange of the plot data—including observed and predicted biomasses—with
an acceptable homogeneity of the residual distribution therein. To that end, we considered a predictor
space that was enclosed by a restricted quantile range of the three most influential predictors but still
included enough data (quantile 25 to 75%). We then selected all data with predictor values inside that center
range, and fitted the gamma density distribution function to the relative residuals obtained from these
data. For evaluating that function, we tested it against the subset’s observed relative residuals using the
Kolmogorow-Smirnow test of the statistical software R (function ks.test from package stats, [37]). Moreover,
we applied a QQ-plot to plausibilize the function’s fit (R function qqplot from package stats, [38]).

For evaluating the results generated by the stochastic model part, we simulated relative residuals
based on that module. To that end, we predicted the shape and rate of the stochastic part’s
gamma distribution function based on each predicted biomass from the deterministic model part
(Equations (9a) and (9b)). We then sampled one simulated random residual per biomass value from
the resulting set of distribution functions. Finally, we compared the simulated residuals to the observed
ones within a QQ-plot.

In order to evaluate the bias of our modelling approach as dependent on the level of stratum
differentiation, we applied the BSFI-based model to exemplary strata. We formed these strata from the
set of BSFI plots that had been spared from model calibration. On the lower one of two discretization
levels considered, the strata exclusively differed in the average tree size as a fundamental stratification
criterion. On that level, we formed exactly one stratum per tree size class. Concomitantly, each
stratum summarized plots from a number of spatially separate forest management units (each typically
20,000 ha). On the second level of discretization, we further subdivided the strata of the lower
discretization level by the forest management unit, to obtain the additional model bias related to such
higher spatial differentiation. In order to form the tree size classes, we used a basal area weighted
average tree diameter that comprises both understory and overstory. It has routinely been applied to
classify strata for SILVA-based simulation scenarios on the landscape scale level (Table 3). The set of
BSFI plots for exemplary stratification was formed through random sampling of at least 140 plots per
diameter class and forest management unit.

Table 3. Classification levels of the average diameter used for stratification with pct of plots in the BSFI
(Bavarian State Forest Inventory) data (see Section 2.1.2).

Class Diameter [cm] 1 Pct of Plots

4 0 to 8 3
12 8 to 15 6
20 15 to 25 15
30 25 to 35 28
40 35 to 45 28
50 45 to 55 15
60 55 and more 5

1 Lower limit excluded.

The study at hand used two evaluation criteria for comparing the modelled distribution of
regeneration biomass to the observed one per stratum. One criterion is the mean value. The other is
the mean value’s cumulative frequency within the stratum, i.e., the approximate probability of a below
average vs. an above-average regeneration biomass. That probability was used to assess whether
the stochastic part of the model leads to a realistic frequency of dense vs. sparse regeneration stock
within the stratum being considered. For generating the modelled data, we predicted the regeneration
biomass per plot based on Equation (4b). Then, we constructed the according residual distribution
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per plot (Equation (8)) using Equations (9a) and (9b) to estimate the parameters shape and rate in
Equation (8) from the plot’s predicted biomass. Finally, we calculated a modelled biomass value per
plot as the product of the plot’s predicted biomass and one relative residual value sampled from the
estimated distribution. Then, we aggregated the modelled per-plot values on a per-stratum basis to
obtain the modelled evaluation criteria. In order to corroborate our per stratum evaluation, we stabilized
the value of each evaluation criterion through bootstrapping [39] with 100 replicates per stratum.

3. Results

Most fixed effects of the deterministic model part, i.e., Dq, Hmax, Stand Density Index SDI, Species
Profile Index SPI and Height-Diameter Characteristic HD had a significant influence on regeneration
biomass within both models (NFI-based Table 4, BSFI-based Table 5). The remainder predictor, SI, was
exclusively relevant for the NFI-based model. Thus, the deterministic part of the NFI-based model
with minimum AIC (see Section 2.4) was Equation (4a), while the corresponding part of the BSFI model
with the smallest AIC was a version of Equation (4b) without Site Index SI.

The typical biomass-trend associated with each fixed effect indicates an outstanding relevance
of Dq, Hmax, and SDI (NFI: Figure 1a–f, BSFI: Figure 2a–e). Within both the NFI- and the BSFI-based
model, the fitted nonlinear effect of Dq revealed a strong influence of that predictor on regeneration
biomass. That relation had a marked minimum of 3 t ha−1 at a Dq of 30 cm vs. a value of 5 t ha−1 at
Dq values larger than 40 cm (Figures 1a and 2a).

Figure 1. Profiles of regeneration biomass as predicted by the deterministic model part based on the NFI
(German National Forest Inventory, Equation (4a)). Each profile is presented over one predictor with,
at the same time, the remainder predictors at their mean value (abbreviation H-D: Height-Diameter);
profiles ordered by the relevance of the referring predictor based on the AIC criterion ((a–f), see
Section 2.4); dotted lines refer to the confidence interval; each predictor shown within its 95% interval;
the stochastic part (Figure 3a,b) covers the residual distribution.

The increase of the AIC related to each predictor when it was removed as the only one from
Equation (4a) and Equation (4b) (without SI) underpins the predictors’ rank in importance (Table 6).
In both models, the most important predictor was Dq, followed by Hmax and SDI. However,
the NFI-based model and the BSFI-based model differed in the importance of their remainder common
predictors: Species Profile Index SPI was more relevant than Height-Diameter Characteristic HD in
the NFI-based model. The approximation to the deterministic part that substitutes the term s(Dq) (see
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Section 2.3) deviated by less than 0.3 t (NFI) and 0.6 t (BSFI) if it used two polynomials (maximum
deviation as quantile 95%, parameters in Appendix C, Table A2 resp. Table A3). The mean deviations
were at 0.1 t (NFI) and 0.2 t (BSFI).

Table 4. Coefficients of the regeneration biomass model based on the NFI (German National Forest
Inventory, Equations (4a) and (5)). The variables are denoted as in Equations (4a) and (5), i.e., SDI
(Stand Density Index), SPI (Species Profile Index), SI (Site Index), Hmax (maximum height), HD (Height
Diameter Characteristic), Dq (Quadratic Mean Diameter); β1 to β5 are corresponding fixed effect
coefficients; s(Dq) is a univariate penalized cubic regression spline [31] over Dq (Figure 1a); b is the
NFI cluster specific random effect, and s1 is its standard deviation; ε represents the i.i.d. errors and s2

represents their standard deviation.

Intercept
Fixed Effect of Random Effect

SDI SPI SI Hmax HD s(Dq) bi εij

Symbol 1 β0 β1 β2 β3 β4 β5 – s1 s2
Value 74,344 −6.87 −1498 −1304 304 −2927 – 5536 11,750

SE 143 0.60 380 265 32 692 –
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

1 In Equation (4a).

Figure 2. Profiles of regeneration biomass as predicted by the deterministic model part based on the
BSFI (Bavarian State Forest Inventory, Equation (4b)). Each profile is presented over one predictor with,
at the same time, the remainder predictors at their mean value (abbreviation H-D: Height-Diameter);
profiles ordered by the relevance of the referring predictor based on the AIC criterion ((a–e), see
Section 2.4); dotted lines refer to the confidence interval; each predictor shown within its 95% interval;
the stochastic part (Figure 3c,d) covers the residual distribution (profiles based on 5881 BSFI plots used
for model calibration).
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Table 5. Coefficients of the regeneration biomass model based on the BSFI (Bavarian State Forest
inventory, Equations (4b) and (6)). Site Index (SI) was not significant as a predictor and removed
from Equation (4b) (see Section 2.4); the variables are denoted as in Equations (4b) and (6), i.e., SDI
(Stand Density Index), SPI (Species Profile Index), Hmax (maximum height), HD (Height Diameter
Characteristic), Dq (Quadratic Mean Diameter); β1 to β5 are corresponding fixed effect coefficients; s(Dq)
is a univariate penalized cubic regression spline [31] over Dq (Figure 2a); bi is the random effect specific
for the forest management unit, and s3 is its standard deviation; bij is the stand specific random effect,
and s4 is its standard deviation; εij represents the i.i.d errors and s5 represents their standard deviations.

Intercept
Fixed Effect of Random Effect

SDI SPI SI Hmax HD s(Dq) bi bij εijk

Symbol 1 β0 β1 β2 – β4 β5 – s3 s4 s5
Value 40,074 −4.59 −1194 – 255 −4610 – 1150 3667 7684

SE 251 0.48 289 – 26 571 –
p-value <0.0001 <0.0001 <0.0001 – <0.0001 <0.0001 <0.0001

1 In Equation (4b).

Table 6. The increase of the AIC related to each predictor when it was removed as the only one
from Equation (4a) and the nested model of Equation (4b) with minimum AIC (see Section 2.4).
Abbreviations are NFI (German National Forest Inventory) and BSFI (Bavarian State Forest Inventory).

Model
Increase in AIC Related to Predictor

SDI SPI SI Hmax HD s(Dq)

NFI (Equation (4a)) 96 14 10 127 10 229
BSFI (Equation (4b)) 388 67 – 406 253 2682

Within the predictors’ center range considered for distribution analysis (see Section 2.4), given
now by intervals of Dq, Hmax, and SDI, the KS-test rejected the strict hypothesis that the gamma
probability density function was a precise theoretical model of the residuals’ distribution. A QQ-plot,
however, indicates (Figure 3b,d) that this density function is a feasible approximation to the empirical
density distribution of the residuals (Figure 3a,c). If estimated from the deterministic part of the
NFI-based model and its residuals, the relation between the predicted biomass and each parameter of
the gamma density function, shape and rate, is close to a linear one (Figure 4a,b). A linear trend also
sufficiently approximates both relations if they are based on the BSFI data and the deterministic part of
the BSFI-based model (Figure 4d,e). Sampling from the stochastic parts of both models (as described
in Section 2.4), within at least 95% of the data, yielded a distribution that had similar quantiles as the
one computed from observed residuals (QQ-plot, Figure 4c,f).

Further results consider the evaluation of the BSFI-based model as dependent on the level of
stratum differentiation, i.e., on the degree of landscape discretization. The basic stratification that only
used the criterion of diameter class (Table 3) formed a set of seven strata. Among these strata, the ratio
of measured to modelled regeneration biomass had a mean of one-fold (Figure 5a). It ranged from
0.8 to 1.2-fold. Among the diameter classes 30, 40, and 50 that represent 71% of all 11,954 BSFI plots
used, the bias range was notably smaller, i.e., from 0.8 to 1.0-fold. Cumulative frequency values (%)
based on measured data deviated from the predicted ones by absolute values ranging from −7.4 to 2.6
(Figure 5c). Among strata of classes 30, 40, and 50 (Table 3), again, the absolute deviation of measured
from modelled cumulative frequency (%) was small at a maximum of ±0.6.
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Figure 3. Plausibility test of the theoretical probability distribution that provides the basis for the
stochastic part of the model (Equation (8)); diagrams (a,b) are based on the NFI, i.e., German National
Forest Inventory; (c,d) are based on the BSFI, i.e., Bavarian State Forest Inventory. That distribution of
relative residuals (R in Equation (8), per-plot regeneration biomass to predicted regeneration biomass)
is presented here from within a center range of the data (see Section 2.4) where the three main predictors
of the deterministic model part (Figure 1), Dq, SDI, and Top Height, lie within their interquartile range
each; both (a) (resp. (c)) and (b) (resp. (d)) compare the theoretical distribution to the empirical one;
diagrams (a) and (c): probability density of the relative residual; the bars refer to the empirical density,
and the line refers to the density obtained from a fitted gamma probability density function; diagrams
(b) and (d): the QQ-plot of the quantile based on the fitted probability density function (Theoretical
Quantile) over the quantile based on the measured data (Empirical Quantile); all shown within the 95%
quantile of the relative residual ((a), (b) based on 1353 NFI plots, (c), (d) based on 1069 BSFI plots used
for model calibration).

The stratification resulted in a notably smaller plot number per stratum, if it was based on
the forest management unit in addition to the diameter class. Then, exclusively strata of diameter
classes 30, 40, and 50 provided the minimum sample size postulated by the study at hand (140 plots).
Only such strata will be considered by the following analysis. Still, they comprise 71% of all plots
from the BSFI data set. The range of bias between measured and predicted per-stratum mean biomass
among strata of that group was notably higher than the typical one among such strata that were based
on the diameter class only. Their bias range was from 0.6 to 1.2-fold vs. 0.8 to 1.0-fold. The bias
had a mean of 0.9-fold (Figure 5b vs. a). Thus, there was an additional bias of predicted stratum
biomass within ±0.2-fold, if the strata formation used the forest management unit as a further criterion.
That additional data spread was due to the scatter of the observed per-stratum values around their
diameter-class average (±0.15-fold).
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Figure 4. Diagrams (a,b) show the parameters α and β of the stochastic model part (Equation (8))
based on the NFI (German National Forest Inventory), as represented by the trend line of shape α

(diagram (a)) and rate β (diagram (b)) over the predicted regeneration biomass (Equations (9a) and
(9b), parameterized equation shown above corresponding figure); the stochastic model part considers
the scattering of the relative residuals of the deterministic part (Figure 1); diagram (c) is the result
of the corresponding plausibility test of the stochastic model part with a QQ-Plot that compares
7784 quantiles Q of the modelled relative residual vs. the empirical one up to Q = 95% (relative residual
is R in Equation (8), per-plot regeneration biomass to predicted regeneration biomass); diagrams (d–f)
present the corresponding results based on the data of the BSFI (Bavarian State Forest Inventory, (d,e)
based on 5881 plots used for model calibration; (f) based on 6073 points spared from calibration for
evaluation).

Moreover, there was also an increase of the absolute deviation in the mean’s cumulative frequency
(%), related to the forest management unit level, which was at ±6. Hence, there was a notable
stochastic effect on the forest management unit-level that reduced the precision of the model, if strata
were formed by both diameter class and forest management unit. All stratum-related values that we
presented here are stable: the uncertainty of any observed average value per stratum due to per plot
variation of regeneration biomass was commonly below 0.05-fold of the observed value.
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Figure 5. Diagrams (a,b): Mean of measured regeneration biomass over mean of predicted regeneration
biomass per stratum obtained from the BSFI (Bavarian State Forest Inventory); (a) if strata have been
formed based on the diameter class (Table 3); (b) if strata have both been formed based on diameter
class and Forest Management Unit: the higher data spread on that scale level points to an as yet
stochastic factor to be captured; in diagram (a), the numbers 4 to 60 denote diameter classes [cm] of
4 ± 4, 12 ± 3, 20 ± 5, 30 ± 5, 40 ± 5, 50 ± 5, and 55 to 80; in diagram (b), due to the sample size
required per stratum the data focus on diameter classes 30, 40, and 50 (71% of all 11,954 BSFI plots);
diagrams (c), (d) show the according result of the cumulative frequency (Cum. Freq.) of mean biomass;
the cumulative frequency serves to indicate the quality of the modelled distribution characteristics (all
based on 6073 inventory plots spared from model calibration for evaluation).

4. Discussion

4.1. The Study Responds to a Common Requirement for Model Initialization

Regeneration constitutes a key process within the development of forest structure and stock [40].
Its initial state is thus a pivotal condition for the result of forest management scenarios that exemplify
the development of ecosystem services on the landscape scale level (e.g., [1]). In order to estimate
regeneration within the northern Rocky Mountains, Ferguson et al. [41] predicted the probability per
tree density class and the maximum tree height among regeneration trees with a statistical model
obtained from stand management lists. Schweiger and Sterba [11], as well as Tremer et al. [12], extended
that approach in order to represent the tree density per species and height class. Kolo et al. [13],
based on the German national forest inventory, presented a model that estimates the probability of
regeneration to occur based on German national forest inventory data. They underpin the relevance of
structure and site as model predictors.

Biomass growth is closely linked to the stand intrinsic fluxes of radiation, heat, and water.
These fluxes, in turn, depend on resistances that originate from canopy and soil properties [42].
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Regeneration biomass thus represents a fundamental outcome of the regeneration process. On the
experimental plot level, that key variable has enabled researchers to survey the quantitative relation of
regeneration stock and structural indicators [29]. The study at hand considers a continuative approach
in order to represent regeneration stock on the landscape scale level. It aims to supplement virtual
stands from simulation strata with a realistic amount of regeneration biomass. The rationale for
using biomass as a predicted variable is to split up the modelling of regeneration stock into two
consecutive steps. The first step is the estimation of regeneration biomass involving an essential
stochastic component that accounts for previous and unrecorded disturbances. The second one is yet
to be implemented. It distributes the biomass estimated per tile of a dynamic regeneration model
among tree size classes. In order to initialize dynamic models, we will complement our approach by
an algorithm that derives the species-specific proportion of regeneration biomass. Therefore, a logistic
model (e.g., as used by Tremer et al. [12]) based on overstory species shares is a likely candidate.
Moreover, our model type will translate regeneration biomass into a realistic height profile of tree
density. That profile will likely be based on a biomass-related maximum height per plot and a tree
biomass to height relation from empirical data.

4.2. The Study Conceptualizes and Evaluates a Novel Biomass-Based Approach

The statistical model from the study at hand comprised a deterministic part and a stochastic one.
Both parts complement each other in order to predict the characteristic distribution of regeneration
biomass within plot-sized stratum subsectors. Within the deterministic module, we aimed to reduce
the number of presumptions on the one hand and the degrees of freedom on the other. Therefore, we
applied a linear relationship between the biomass and most of the predictors considered. In order
to represent the dependence of regeneration biomass on the Dq, however, we presumed a nonlinear
partial regression. The results confirmed that nonlinear relationship and showed that Dq is a highly
relevant predictor. Kolo et al. [13] underpinned that relevance and reported an increase of probability
with Dq. However, they pointed to the converse trend within previous work. The study at hand
demonstrated that both tendencies exist and depend on stand maturity. Moreover, the deterministic
part of the NFI-based model points to a local maximum of biomass at a Dq of 50 cm. The strong
increase of regeneration stock with lower Dq values starting from 35 cm is likely due to target diameter
felling and the removal of competitors within the overstory. An indicated drop of the biomass at Dq
values beyond the local maximum is well justified by a decreasing abundance of mature beech [43].

An observed value of regeneration biomass, beyond resource supply to the understory, may
imply both intensity and point in time of a disturbance. Disturbance incidents are rarely reported
within inventory data. However, they influence the residual distribution of regeneration biomass at
given predictor values. Therefore, we complemented the deterministic model part with a stochastic
one that describes the distribution of relative residuals. That stochastic model part used the gamma
probability density function. After parameterization, that variable shape function strictly monotonically
decreased with pole zero and asymptote zero. Previous work [44,45] has reported a distribution of
canopy gap size that resembles a falling exponential function. It underpins that the gamma density
distribution function is a suitable approximation to the regeneration biomass distribution at given
overstory structure attributes. Although the model type of the study at hand is suitable for both of the
inventories considered, the NFI-based model, as it has the more general geographical scope, is the
actual candidate of further development.

4.3. The Modelling Approach Exemplified Provides a Basis of Future Development

We exemplarily evaluated the predictive quality of the model type presented as dependent on the
stratum resolution. Therefore, we applied the BSFI-based model, in a first step, to strata that exclusively
differ in the average diameter of their inventory plots. That application test underpinned that a
regeneration biomass model of the type considered may sufficiently approximate the regeneration
biomass of such generalist strata. Moreover, the model met the observed cumulative frequency of the
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average biomass per stratum. The stochastic part of the model thus generated a realistic heterogeneity
of the stratum-intrinsic regeneration biomass. However, a test with strata of a higher discretization
level that also included the forest management unit was linked to a notable increase of model bias.
That additional bias was certainly due to processes that, on the one hand, vary among strata with size
of a forest management unit but, on the other, have no equivalents in the model as fixed effects.

4.4. Browsing Is a Likely Missing Indicator

Kupferschmid et al. [19] pointed out that browsing intensity considerably varies among Swiss
federal states (Kanton), many of which have a total area of about 150,000 ha. That area size
corresponds to the average size of the total landscape around a typical German state forest management
unit. Browsing in general has been reported to be a severe inhibitor of regeneration [46–48].
Kolo et al. [13] accordingly assumed that browsing is a major cause of leeway within their prediction
of regeneration probability.

4.5. Most of the Random Effect Is Due to Within-Stand Variability

Kolo et al. [13] reported that their model predicts the occurrence of regeneration at a notably
high rate of 72%. The remaining leeway of 28% corresponds to the wide probability distribution
within the stochastic part of both our models. The variation among forest management unit-based
strata, in contrast to that among plots, was notably smaller. That finding indicates that even at the
highest discretization level considered, the largest part of variability is intrinsic to each stratum. Thus,
the stochastic model part, as given by the residual distribution of the deterministic part, mostly
represented a typical stand-intrinsic variation. Hence, one may consider its distribution characteristics
as mainly governed by small-scale effects.

4.6. Application of Such Model Has to Account for General Limitations of Any Inventory

A study on inventory plots cannot guarantee that the overstory recorded within a plot is equivalent
to the one that takes influence on the plot’s regeneration (light from aside [49]). Within the NFI data,
an error due to side light effects is less critical, as the small inventory circle for regeneration is situated
five meters north of the plot center. Moreover, the radius of angle count sampling increases with
DBH and hence canopy height (e.g., at DBH 40 cm to 20 m). Thus, the overstory fraction that controls
the influence of direct solar irradiance is likely covered by the inventory method of the NFI to the
largest part.

4.7. The Most Relevant Predictors Will Be Accessible through Remote Sensing

The ongoing development of airborne laser scanning (ALS) contributes novel methods for the
collection and analysis of 3D point clouds. Such methods permit researchers to access crown diameters
and to classify tree species below the top-most layer of a stand, as exemplified by Lindberg and
Holmgren [50]. Jucker et al. [51] presented allometric equations that infer the tree diameter from
airborne crown dimensions. The most relevant indicators of our model, Dq, Hmax, and SDI, will thus
be a regular future outcome of remote sensing-based inventories. ALS, moreover, may gain support
through combination with further airborne and terrestrial methods, such as Terrestrial Laser Scanning
(TLS) [52].

4.8. Future Work Has to Explain Random Effects and Might Extend the Focus of Model Application

The most relevant task of future development is to identify the processes that explain the model
bias on the level of a forest management unit. A possible one is browsing that is strongly related to the
local hunting regime [53]. Further research has to quantify the intensity of such processes by predictor
variables that are available from local forest management, e.g., as class variables. If one applies the
model to inventories that cover multiple tenure types, the model quality will certainly benefit from
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including the type of the forest owner [13]. Statistical regeneration models might further be used
to support the plausibility of spin-up runs. Such dynamic initializations are well established for
defining the initial regeneration status within succession models, e.g., in [54]. A statistical regeneration
model, moreover, might be applied to correct values of regeneration stock after several time steps of a
simulation have passed.

5. Conclusions

The study’s type of regeneration model significantly relates regeneration biomass to indicators
of structure and site. Within large subunits of forest landscape classified by dominating species and
average diameter, such a model represents regeneration stock at an acceptable precision. For initializing
dynamic management scenarios on the landscape scale level, the approach is thus promising. However,
this type of model requires additional indicators, if the landscape subunits also differ by the forest
management unit. One possible candidate for such a predictor is browsing.

The Quadratic Mean Diameter (Dq) is a strong indicator of stand development and, moreover, of
regeneration biomass. An average tree diameter is thus a well-reasoned stratification criterion. Dq,
Hmax, and SDI are the most relevant predictors. This finding is promising for a remote detection of key
stand attributes. Future development of the statistical regeneration model will consider browsing as an
additional predictor. Therefore, a quantitative relation between browsing intensity and regeneration
stock within inventory data will be advantageous. The modelling approach, as a future benefit, may
help to estimate the potential of natural forest recovery after severe overstory loss.
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Appendix A

An allometric height-diameter model was fitted to to overstory tree height and diameter.
That model followed Equation (A1):

h = A · dB, (A1)

where h and d are individual tree height and diameter, respectively, and A and B are parameters.
That model was fitted to individual tree overstory data from the deciduous fraction of the NFI to meet
the conditional (1) mean value; (2) 2.5% quantile; and (3) 97.5% quantile of height h as dependent on
diamteter d. Thus, we obtained three representations of Equation (A1) with defined parameter values
(Table A1) that enabled us to represent a conditional gaussian distribution of h at any given diamteter
d. That conditional gaussian distribution enabled us to calculate the Height Diameter Characteristic
given by Equation (A2) as a conditional probability P:

HDC = P(h ≤ h0|d = d0), (A2)
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where h is height as a random variable, d is DBH as a predictor, and h0 and d0 are tree height and DBH
as measured, respectively.

Table A1. Parameter values that result from fitting of Equation (A1) to the distribution of individual
tree height–diameter data.

Distribution Characteristic Equation (A1) Was Fitted to
Parameter Value

A B

Mean 5.142 0.437
2.5% quantile 1.803 0.580

97.5% quantile 7.563 0.420

Appendix B

In order to assess the importance of each individual predictor, we removed each predictor
variable exclusively from the model of minimum AIC to obtain one nested model per predictor
removed. We then compared the AIC value of that nested sub model to the AIC value of the optimal
one. That variable whose exclusion caused the greatest AIC difference was considered the most
important one.

Appendix C

Two polynomials were applied in order to approximate the spline s(Dq) within the deterministic
part of both the NFI-based model (Equation (4a)) and the BSFI-based model (Equation (4b)).
They enable the application of each model independently of the original data and of the statistical
software R. Each polynomial conforms to the following Equation (A3):

∆B = d1·Dq + d2·Dq2 + d3·Dq3, (A3)

where ∆B is the change in regeneration biomass related to Dq. That approximation may be applied in
order to predict biomass from Dq and each remainder predictor (see Equations (4a) resp. (4b)). To that
end, first the corresponding row in Table A2(NFI) and Table A3 (BSFI) is to be selected. The row to be
considered is the one with the Dq interval that encloses the given value of Dq. The approximate value
of predicted regeneration biomass B is then:

B = I + S + ∆B, (A4)

where I is the value in the column Intercept of the table considered; S is the sum of each of the predictors
except Dq multiplied by the slope given with its name; and ∆B is the value that results from applying
Equation (A3) to Dq and the parameters from columns d1, d2, and d3. Each of these approximations is
exclusively valid within the corresponding interval of Dq (hence, the intercepts may notably differ).

Table A2. The parameters of the approximation to the deterministic part of the NFI-based model (see
Section 2.3 and Equation (A3)) that substitutes s(Dq) by two polynomials; the intercept implies that of
the polynomial approximation and thus depends on the interval of Dq.

Dq Interval Intercept
Slope of

SDI SPI SI Hmax HD d1 d2 d3

≤56.6 79,000 −6.87 −1498 −1304 304 −2927 −2543 66.88 −0.54
>56.6 52,630 −6.87 −1498 −1304 304 −2927 −2.06 −0.58 0
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Table A3. The parameters of the approximation to the deterministic part of the BSFI-based model (see
Section 2.3 and Equation (A3)) that substitutes s(Dq) by two polynomials; the intercept implies that of
the polynomial approximation and thus depends on the interval of Dq.

Dq Interval Intercept
Slope of

SDI SPI SI Hmax HD d1 d2 d3

≤35 50,530 40,074 −4.59 −1194 – 255 1338 −19.06 0.082
>35 −25,973 40,074 −4.59 −1194 – 255 −5522 206 −2.55
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