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Abstract One major result of forest conversion in
Saxony, East Germany, is the increasing importance of
two-storied stands composed of a conifer canopy and a
deciduous-tree understory. To enhance the applicabil-
ity of the growth and yield simulator BWINPro under
these conditions, three of its major sub-models were
adapted to the regional growing conditions and to the
relatively high level of diversity in spatial structure,
mixture of species, and age variability typical for for-
ests in conversion: (1) A new module for simulating
single-tree juvenile growth was developed for Euro-
pean beech and Common oak under canopies of Nor-
way spruce and Scots pine. Predictions in this sub-
model are derived from individual height, diameter at
breast height (dbh), and the influences of horizontal
and vertical competition; (2) An alternative distance-
dependent competition index was introduced to esti-
mate individual basal area increment according to tree-
specific growing conditions; (3) A modified logistic
mortality model was parameterized for the most
important Saxon species based on tree dimensions and
basal area increment. Data came from permanent
sample plots distributed throughout the region and
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from three chronosequence plot series established
specifically for obtaining model input data. The new
components were included into the existing structure
of BWINPro. As a result of the adaption, the regional
version BWINPro-S provides enhanced opportunities
of planning and management for forest conversion and
for multi-storied stands.
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Introduction

Forest conversion has been a major objective for
planning and management in Germany for more than
two decades. The planting of broadleaved tree species
such as European beech (Fagus sylvatica L.)' and
Common oak [Quercus petraea (Matt.) Liebl. and
Quercus robur L.] under conifer canopies has been one
of the most effective and common measures to reduce
the biotic and abiotic risks associated with pure and
even-aged stands of Norway spruce [Picea abies (L.)
Karst.] and Scots pine (Pinus sylvestris L.). The State
of Saxony in the southern part of East Germany is an
exemplary region both for the problems related to
monoculture conifer forestry and for the extensive ef-
forts to address them (Thomasius 1992; Spiecker 2000;
Spiecker et al. 2004).

! Throughout the text, tree species will be denominated by
“beech” for Fagus sylvatica, “oak” for Quercus ssp., “‘pine” for
Pinus sylvestris, and “‘spruce” for Picea abies.
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As a result of widespread conversion activities, the
importance of multi-storied stands in forestry practice
has increased steadily in Saxony and in other parts of
Germany during the past decades. However, the
applicability of traditional yield tables and other sim-
ple, stand-oriented models in these stands is limited by
intra- and inter-specific competition, diversity in spatial
structure, age and species composition, and the
resulting variety of growth patterns. A number of
simulation programs have been developed recently to
close this information gap (Hasenauer 1994; Nagel
1999; Pretzsch 2001; Porté and Bartelink 2002; Lands-
berg 2003; Vanclay 2003). According to Peng (2000),
most of these programs can be classified as empirical
models based upon a set of regression equations to
predict basic growth variables. Reliable estimates de-
pend on the size, diversity, and regional significance of
their database, particularly in the context of forests in
conversion and/or under continuous cover manage-
ment (Pretzsch et al. 2002; Pommerening and Murphy
2004).

This dependence on regional data and the particular
growing conditions in mixed-species forests have been
major factors influencing the development of a single-
tree, competition-sensitive simulation model based on
the program BWINPro for Saxony’s forests. A re-
search project was set up in 1999 to provide forest
managers with decision-support tools capable of sim-
ulating tree and stand development under the influence
of forest conversion activities and the resulting stand
structures. Studies were conducted at Dresden Uni-
versity of Technology in close co-operation with the
State Forest Administration of Saxony and the Forest
Research Station of Lower Saxony in Gottingen. The
simulator BWINPro was chosen because of its modular
structure, its free availability, and the relatively simple
regression models at the core of the program. The
central task was to adapt this program to the growing
conditions in Saxony and to extend it for greater flex-
ibility. The scope of adaption and integration of new
elements is going to be demonstrated by the following
three examples representing crucial stages in the life
cycle of trees and stands:

1. A new sub-model for single-tree juvenile growth of
beech and oak under canopies of spruce and pine
(as a general rule throughout the program, a
threshold height of 15 m was established within the
relevant model routines to separate ‘‘juvenile”
growth from the following “adult” phase).

2. An alternative distance-dependent competition
index for the estimation of individual basal area
increment in the adult phase.
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3. A modified mortality model for the most important
Saxon species based on tree dimensions and basal
area increment.

The objectives of this paper are (1) to demonstrate
the general approach of adaption and enhancement of
an existing program, (2) to explain the sub-models and
algorithms underlying three selected additional mod-
ules, and (3) to show potential users the benefits
achieved by regionalizing the database and by
upgrading relevant program elements.

Material
The simulator BWINPro 6.0: model description

BWINPro is a single-tree oriented modular computer
program for analyses and prognoses of forest growth
and yield in pure and mixed stands. Its development
started in the 1990s at the Forest Research Station of
Lower Saxony in Géttingen. Inherent growth models
have been calibrated for all relevant tree species and
all major forest sites in Northwest Germany (Nagel
1999). Estimations of tree growth are based on pre-
dictions of basal area increment by a regression model
using crown surface area, age, a competition index,
and an indicator for release effects as independent
variables (Wykoff et al. 1982). The distance-indepen-
dent competition index C66 in BWINPro is a modi-
fied version of the index described by Wensel et al.
(1987) and represents the social position of a tree.
The C66 of a subject tree is calculated by summing up
the horizontal crown areas of all trees cut at the
height of its greatest crown width, which is fixed at
66.6% of crown length from the top (Nagel 1999).
The difference in C66 values before and after thinning
transfers the effect of increased resource availability
for released trees into increment estimation. Individ-
ual height increment is derived from age-dependent
height curves modified by the current height-to-age
relation and stand top height. The height-to-age ratio
(as indicator for site productivity) is the basis of self-
calibrating procedures, which directly influence tree
development in the program. Crown width is calcu-
lated by a non-linear model based on diameter at
breast height (dbh); height of crown base depends on
height, dbh, and stand top height. Except for the new
routines modeling juvenile growth, most model func-
tions directly estimate dependent variables instead of
using a potential-modifier approach common in other
models (Pretzsch 2001). While most initial calibration
data came from even-aged stands, current research on
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BWINPro rests on a much larger data base covering
multi-storied and mixed stands, thus enhancing the
applicability of the simulator for a wider range of
stand types and thinning regimes (Schmidt 2001; Na-
gel et al. 2002; Schroder 2004; Nagel and Schmidt
2006).

Data

The data for regional calibration of BWINPro and for
developing its new components represent site and cli-
matic conditions that are typical for two major regions
of Saxony: the lowlands in the northwest, and the Ore
Mountains in the south of the state. Forests in the
lowland region are dominated by Scots pine; annual
precipitation is 550-650 mm and mean temperature 8—
9°C. The geological situation is characterized by
ground and terminal moraines as well as Pleistocenic
sands. In the Ore Mountains, pure Norway spruce
stands occupy more than 80% of the total forest area
which is located mainly at altitudes from 300-800 m
a.s.l. Annual precipitation ranges from 710 to 1200 mm
and mean temperature from 4 to 8°C. Soil conditions
vary from dystric and spodi-dystric cambisols to leptic
and orthic podzols, mostly originating from old
Paleozoic rocks like granite, porphyry, and gneiss
(Furst et al. 2004).

A trial plot database was used for calibration, which
is maintained at the Chair of Forest Growth Science in
Tharandt, Saxony (Rohle 1999). It contains a large
number of frequently monitored plots for the most
important tree species in Saxony. In addition, three
new series of trial plots were established in 2001 in two-
layered forest-conversion stands composed of the
above-mentioned species. They were used to improve
the insufficient data basis for estimating juvenile
growth, to obtain first-hand information on competi-
tion and increment in forest conversion stands, and to
collect additional spatially explicit data for the relevant
species. The new plots were set up in a chronose-
quential order (i.e., as unreal time series). They

comprise (1) a series of four pine-beech and (2) a series
of three pine-oak mixed stands both in the forest dis-
trict of Falkenberg, Northwest Saxony, and (3) a series
of four spruce-beech mixed stands in the forest district
of Heinzebank in the central Ore Mountains (Rohle
2001). The chosen stands roughly represent the three
age stages of 10, 20, and 40 years in the understory and
60-105 years in the overstory. Around all plots a strip
of 12-15 m was established as a buffer zone where only
canopy tree data were recorded (Schroder 2004). The
spruce-beech and the pine-beech chronosequences to-
gether comprise eight plots of 0.25 ha each. The 11
plots in the oak-pine series were complemented by 23
sample plots in two mixed stands of pine (100 years
old) and oak (40-60 years old) sown by European jay
(Garrulus glandarius L.; Borner and Eisenhauer 2003).
Each plot contains only two relevant species (conifers
in the overstory, broadleaves in the understory). Site
classes and soil characteristics of the new chronose-
quence stands correspond to those of the main areas
for conversion activities in Saxony (Fiirst et al. 2004).
The characteristics of the newly established trial plots
(juv.) and information on the data used to calibrate the
existing sub-model for adult growth (ad.) are summa-
rized in Table 1.

For calibrating the adult growth model, dbh and
position (x/y-coordinates) of all trees were recorded
with an average measuring interval for dbh of 5 years.
Repeated measurements of tree height, crown radii,
and height of crown base were available for most of
these plots. On the plots of the chronosequence series,
individual dbh, height, crown width, and height of
crown base were measured for all trees. Increments in
height (vertical distance from base of annual shoot to
tip of corresponding terminal bud) of the past 5 years
1996-2001 were recorded for 20-100 sample trees per
plot in the understory (average = 45, n = 570). Dbh
increments (doubled mean of four radius measure-
ments in the cardinal directions, related to the same
period) were measured for sub-samples of 2045 trees
per plot (average = 25, n = 200).

Table 1 Data used for adapting BWINPro to Saxon growth conditions and for development of new sub-models

Species® n dbh (cm) Height (m) Age (years) Height a.s.l. (m)
Pinus sylvestris (ad.) 1850 3.5-54.1 5.2-31 12-140 100430
Picea abies (ad.) 3500 4.5-78.7 5.4-45.2 15-172 290-770
Fagus sylvatica (ad.) 4900 6.6-110 10434 50-180 210-680
Fagus sylv. (juv.) 730 0.3-15.5 1.4-17.9 6-46 100-770
Quercus ssp. (juv.) 400 0.3-35.5 1.4-20.2 6-59 100-130

n Number of tree records (may vary for different model components)

a

ad. = sub-model for adult growth, juv. = sub-model for juvenile growth
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Methods
Juvenile growth model for beech and oak

The data collected on the chronosequence plots were
used for detailed analyses of the relations between
specific competition situation and individual tree
growth. To predict growth from initial status, canopy
tree dimensions at the start of the analyzed increment
period (1996) were derived from BWINPro’s data
completion routines after adapting them to the Saxon
data pool. Juvenile tree dimensions were recon-
structed by means of regression models of size over
age based on the data from all chronosequence plots.
The investigations involved geometrical competition
indices (CIs) as well as point-related estimations of
the available irradiance derived from the computer-
aided evaluation of tree-related hemispherical photo-
graphs (Wagner 1994). These ‘‘fisheye” photos were
taken on all plots of the three chronosequences for a
sample of 270 trees in the understory whose incre-
ment had been measured. For trees below a height of
5 m, the “individual point of view” of a tree was
captured by placing the camera closely over its ter-
minal bud. For all other sample trees, photos were
taken after felling at heights of 2 and 5 m vertically
over the stump. Photo interpretation focused on dif-
fuse site factor (diffsf), sky obscuration factor in a
zenith circle with 10°radius (Z10), and photosyn-
thetically active radiation (PAR) in relation to local
cloudiness. For each sample tree, these three variables
as well as the geometrical CIs were related to the
mean values of annual increment in height, in dbh,
and in basal area between 1996 and 2001. Arithmetic
means of increments were used because regression
functions over time did not differ significantly from a
linear type for neither height nor dbh increment of a
given age class (first derivative of increment without
any significant trend over time).

The juvenile growth sub-model consists of a set of
equations related to the development of a central
growth variable. This variable was identified by its
sensitivity towards competition influences: the more
sensitive height or dbh increment reacts to competi-
tion, the more suitable it is for modeling purposes in
the given context (Rohle et al. 2004). A simple linear
model including variables in logarithmic form was
chosen for estimating the central variable’s increment
in order to allow for future specifications and refine-
ment. Predictor variables were identified based on the
biological relations and by assessing their significance
in linear regression analyses as well as their availability
in practical forest management (Zhao et al. 2004).
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Parameters were estimated by ordinary-least-squares
(OLS) and weighted-least-squares (WLS) linear
regression analysis.

Competition influences on increment of advance-
planted trees were quantified by partial correlation
analysis in separate investigations of horizontal
(within the understory), vertical (influence of the
canopy), and total competition (Golser and Has-
enauer 1997; Schréder 2004). Analyses involved a
number of CIs described in the literature (Hegyi 1974;
Biging and Dobbertin 1995; Pretzsch 2001) and a
special CI developed to reflect the growing conditions
for the understory in two-layered stands (Eq. (1);
Schroder 2004). This new CI reflects the shading
influence by vertical crown areas (VCA) of competi-
tors (Fig. 1).

", (VCA, 1
I1.VCA = U — 1
¢ c ; (VCA, diSti]‘ + 1) ( )

where i = subject tree, j = competitors, n = number
of competitors; and dist; = ground distance between
i and j.

Possible competitors are chosen for all quantifica-
tion models by applying a vertical “search’ cone with
an opening angle of 80° positioned upside down at
ground height (for oak) or at the height of crown base
(Hcp; for beech) of the subject tree (Fig. 1).

After adding the estimated increment of the central
variable to its initial value, the resulting value has to be
checked against limiting functions, thus creating upper
margins for growth in accordance with data recorded
for the following adult growth phase. These limiting
functions proposed by Golser (1997) facilitate a
smooth passage into the functions modeling the adult
phase. Individual dbh in beech is derived from

dist

Fig. 1 Calculation of competition index CI_VCA using vertical
crown areas
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allometrical “‘stand diameter curves” (with parameters
changing over age) which reflect height/dbh relations
measured on the chronosequence plots. A random
component takes into account the natural variation of
dbh values for a given tree height. In oak, the param-
eters of stand height curves after Michailoff (1943) are
modeled in relation to the dbh of the mean basal area
tree (= dg). Individual heights are derived from these
dg-specific curves and complemented by a random
variable. Crown width and height of crown base are
calculated by BWIN Pro sub-models for mature trees as
adapted to Saxon data (Schroder 2004). The juvenile
growth model contains routines for menu-controlled
tree number reduction as well as for imitating the
increment-based mortality in case of exceedingly dense
stands, following Reineke’s (1933) stand density index
concept.

Competition effects on basal area increment

Individual tree development in the ‘‘adult” stages in
BWINPro is driven by basal area increment (iBA).
Crown surface area, age, a competition index (CI), and
an indicator for changes in competition control iBA
estimations. If tree age is unknown, the program de-
rives species-specific figures from dbh and height. The
original model contains the CI C66 and Apiy, an
indicator of the length of the simulation period (Nagel
1999). The C66 index identifies competitors of a tree
either as all trees belonging to the same stand (dis-
tance-independent mode) or by checking a fixed criti-
cal radius (distance-dependent mode). Forest
conversion, however, results in a large variety of spatial
structures that require a more flexible competition in-
dex in order to adequately consider the individual sit-
uation (Hanewinkel and Pretzsch 2000). To find a CI
model applicable to these stands, the C66 index was
tested against a number of other CIs for their contri-
bution to accuracy and precision of the basal area
estimation. Competing neighbors were identified in a
distance-dependent mode by circular zones of influ-
ence with different radii and by vertical search cones
with opening angles that varied from 40 to 80°. Tests of
CIs were carried out using partial correlation and
multiple linear regression analysis, focusing on com-
petition-increment relationships in pure and mixed
stands of adult spruce, pine, and beech. The resulting
regression models were analyzed for their coefficient of
determination, their standard error, and the corre-
sponding distribution of residuals. Assessment of these
values was directed at finding a biologically realistic
model with reliable estimates for all three relevant
species.

Modeling mortality

The original BWINPro program (Version 6.0) uses
species-dependent maximum values of C66 (C66.,.x)
based on Reineke’s (1933) stand density index model to
limit the survival of trees and the resulting stand density
(Nagel et al. 2002). The C66,,.x model, however, does
not sufficiently account for the individual growing sit-
uation in stands under conversion, particularly when
calculated in the distance-independent mode (see
Competition effects on basal area increment). There-
fore, additional research was necessary to integrate tree
dimension and increment into mortality estimation.
Preliminary studies with Saxon data confirmed that a
three-stage model with a logistic regression function as
the central element and mortality likelihood functions
provides the best fit to the available data (Hamilton
1986; Hasenauer 1994; Dursky 1997; Monserud and
Sterba 1999). Parameterization results for the logistic
function were assessed using the Chi-square indepen-
dence statistic and Wilcoxon’s test for identical results
of sub-models derived from random samples of the
original data. For the Chi-square statistic, ten sub-series
of the original data were set up by repeated random
division of all data into proportions of 90% for
parameterization and 10% for validation. Wilcoxon’s
test was applied to estimate model stability by analyzing
differences in precision between the ten-parameteriza-
tion series. Large differences in variance between the
respective 90% sub-samples and the 10% sub-samples
required the application of this non-parametric test.

Results
Juvenile growth model for beech and oak

In the new module for simulating growth in advance-
planted layers, young trees are established in a regular
pattern (i.e., as dots in lines). The user can define the
details of spatial distribution and their degree of ran-
domness within wide margins. As a consequence of
Chi-square tests for types of distribution in trial plot
data, initial dbh and height for single trees are derived
from Gaussian distributions. Future dbh and height
distributions result from the subsequent individual
growth processes.

Analyses of the hemispherical photos show that light
availability in the second layer depends on the species
forming the canopy. Given the same canopy crown area
per m* ground surface (CA/m?), diffsf under pine is
approximately 0.1 (i.e., 10%) higher than under spruce.
In a pine-beech mixed stand in Northwest Saxony with
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0.49 CA/m?, for example, average diffsf is 0.25 at a site
density index for pine = 0.68. In a beech-spruce stand in
the Ore Mountains, average diffsf is 0.16 at a site den-
sity index = 0.52 and 0.47 CA/m? for spruce. As a result,
two separate parameter sets depending on the domi-
nant canopy species were established for modeling
juvenile growth in beech (see Table 3). The analyzed
light variables considerably influence growth only for
oak under pine and for beech under spruce. In the oak
chronosequence, dbh is significantly larger on plots with
significantly higher diffsf values. For beech under
spruce, height increment correlates significantly with
tree-specific diffsf, Z10, and PAR values (partial cor-
relation coefficient Ry, = 0.27, 0.21, and 0.19, respec-
tively, at P < 0.01; n = 242).

Juvenile growth follows different patterns on the
analyzed beech and oak chronosequence plots: In
beech, the most susceptible variable to competition
influences is the mean annual increment (MAI) in
height. Juvenile oak, however, does not show any sta-
ble partial correlation of MAI in height with compe-
tition indices (ClIs) over more than one plot. Instead,
there are highly significant partial correlations
(P < 0.01) to CIs for MAI in dbh and basal area on all
plots. Partial correlation coefficients (R,,y) for Hegyi’s
(1974) CI versus MAI in dbh range from —0.66 to —0.76.
For beech, MAI in height is modeled using the CI
proposed by Schroder (2004). Maximum partial cor-
relation per plot ranges from R, = —0.61 to -0.7.

Competition effects on beech height increment are
best captured by two separate Cls for horizontal (Cl,,)
and vertical (CI,) competition. In oak, a general CI
(CI,) including all selected competitors performs bet-
ter than separate CIs. The maximum coefficient of
determination (Rad] = 0.84) is produced by a model
using basal area (BA) increment as dependent vari-
able. Nevertheless, an alternative approach focusing on
dbh increment (Rad] = 0.69) was chosen because the
corresponding residuals are only homoscedastic for this
option while showing significant trends for BA-based
estimations. Additionally, BA values derived from
predicted dbh are closer to observed BA values than
those estimated directly by means of a BA increment
model. On this basis, the following equations were
determined:

ih=ay+ay-h+ay-t+as-In(Cl;) +ay-In(CL) +¢
(2)
id=ay+a-d+ay - In(Clg) +a3-In(d-100) +¢  (3)

where ih = annual height increment (in cm),
ag—a4 = parameters, & = initial height, ¢ = initial age,
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id = annual dbh increment (in mm), d = initial dbh.
The normally distributed random figure ¢ can be used
to simulate contingent effects such as parasites or
favorable micro-site. In subsequent predictions ¢ is
defined to be not serially correlated. Equation (2) is
applied in the beech sub-model with different param-
eter values for pine and spruce as canopy species,
respectively, Eq. (3) is used in the oak sub-model
where pine is the only overstory species that could be
analyzed. Linear regression led to a standard error
(SE) = 9.8 cm with R®>=0.63 for Eq.(2) and to
SE = 0.39 mm with R* = 0.69 for Eq. (3). Values for
parameters ag—a, are given in Table 3.

Competition effects on basal area increment

The alternative model for individual basal area
increment of pine, spruce, and beech under Saxon
growing conditions is based on the original function in
BWINPro:

In(iBA) = ap + a1 - In(CSA) + a; - In(t) + a3 - CI
+ay - Cl. 4+ as - Apigs + &

(4)

where iBA = basal area increment in cm? per 5 years,
CSA =crown surface area in m?2, = age,
CI. = difference in CI before and after thinning and
mortality, Ap;s = length of the simulation period, ag—
as = parameters; ¢ is a random figure allowing for
“chance” variation (see Eq. (2); Nagel 1999). OLS-
regression of Eq. (4) against Saxon data produced a
maximum R? and minimum standard error by including
a crown-size type CI as described by Biging and
Dobbertin (1995):

CA, - CDF,
CI.CA = Z(CA CDF> (5)

where CA = horizontal crown area, CDF = species-
related crown density factor, i = subject tree,
j = competitor(s), n = number of competitors. As a
result of the fisheye-photo analyses (see Juvenile
growth model for beech and oak), CDF was set at 0.8
for spruce, 0.4 for pine, and 1.0 for beech. CA is the
crown area at height of greatest crown width (= height
-0.66-crown length) as long as this height is within the
search cone. If the search cone cuts a competitor’s axis
above this point, CA is calculated with the crown
diameter at intersection height. The variable Ap;y did
not show any significance for Saxon data and was
therefore excluded from the equation in the regional
version. Table 2 compares the results of multiple
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Table 2 Results of multiple regression analyses for two competition indices in BWINPro’s basal area increment model conducted for
the three most important tree species in Saxony

Species n CI_CA C66

R’q; Py Pcre R; Py Pcic
Pinus sylvestris 409 0.54 0.000 0.036 0.62 0.000 0.655
Picea abies 1500 0.55 0.000 0.000 0.59 0.351 0.000
Fagus sylvatica 890 0.72 0.000 0.000 0.74 0.000 0.063

Ridjadjusted coefficient of determination for fitting Eq. (4) to regional data; P¢ statistical significance (i.e., the probability of error in
including them in the model) of the competition index in the regression function, Pc; statistical significance of the ‘“‘release factor” Clc

60

Annual basal area increment in Picea abies: measured over predicted values

b) c66 "new", SE = 10.3
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Fig. 2 Values of annual basal area increment iBA in Norway
spruce (n =1,590) as estimated with the original BWINPro
version (a) and with the regionalized version for Saxony (b, c).
Values were predicted in b using the C66 competition index

regression analyses of Eq. (4) with CI_CA and C66,
respectively.

Because of its significant contribution to the model
for all three species, CI_CA was chosen to replace C66
for distance-dependent basal area estimation in the
Saxon version of BWINPro. T-tests of the mean values
of predicted and observed increments did not reveal
significant differences in any of the three species.
Distance-independent prognoses may still be run using
a C66 model that was parameterized for Saxon data
because no other distance-independent CI significantly
exceeded the level of accuracy of the original index.
Parameters for the respective equations are given in
Table 3. As an example of the positive effects of
introducing an alternative CI, Fig. 2 shows the values
of annual basal area increment (iBA) as predicted by
(1) the original BWINPro distance-independent sub-
model, (2) the regionalized version of the iBA model
including C66, and (3) the regionalized version of the
iBA model including CI_CA. Measured values are
plotted over estimations. The standard error of the
estimate decreases from (1) to (3). All models show a
slight trend to underestimate measurements with

iBA(a) - predicted [cm?]

iBA(a) - predicted [cm?]

which was replaced in ¢ by the new CI_CA index. Models for b
and ¢ were parameterized for the Saxon data pool before testing
CI effects. SE = standard error of the estimate

increasing values. This trend will be discussed in
Sect. Competition effects on basal area increment.

Modeling mortality

The alternative sub-model introduced into the Saxon
BWINPro version estimates the individual mortality of
a tree in a three-step algorithm. It was calibrated for
spruce, pine, and beech (Rohle et al. 2004). A logistic
function computing a vitality-indicating F-value (0 for
death, 1 for survival) is the first part of the model:

F=[1+exp(—(ap+ay-d+a - (ig/d) + a3 - (h/d)))]'
(6)

where d = dbh, h/d = height-to-dbh ratio, ig = basal
area increment of a tree during the previous S-year
period. Parameters ag—a; were obtained by applying
the maximum likelihood method to weighted samples
with equal numbers of dead and live trees from a wide
array of frequently measured plots in Saxony and
adjacent regions. In the second step, species-dependent
inverse-exponential functions assign a specific value of
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Table 3 Parameters of central increment and mortality equations in the Saxon version of BWINPro

Equation ay a ar as ay R2 n

2 Juvenile height increment (ih) =ag+a;-h+ay -t +az-In(Cl,) + a4 - In(CL) +¢
Fagus s./a.* 68.817 2.7085 -1.4036 -2.9605 -6.1928 0.65 260
Fagus s./s. 98.754 0.649 -1.539 -5.741 -9.193 0.63 320

3 Juvenile dbh increment (id) = ag +ay - d + as - In (Cly) + a3 - In (d - 100) + ¢
Quercus ssp. 14.842 -0.054 -2.0508 -0.667 0.69 400

4 Basal area increment (iBA): distance - dependent mode In (iBA)

=ap+a;-In(CSA)+ay -In(t) + a3 - CI.CA + a4 - CI.CAc + ¢

Picea abies -7.1864 1.116 -0.5861 -0.0992 -0.0845 0.55 1550
Pinus sylv. -6.332 0.9171 -0.6208 -0.1114 0.5638 0.54 430
Fagus sylv. -9.5116 1.4181 -0.5781 -0.0351 0.0568 0.72 890

4 Basal area increment (iBA): distance - independent mode In (iBA)

=ap+a; -In(CSA) +a, - In (¢) + az - C66 + a4 - C66¢ + ¢

Picea abies -8.4347 1.4871 -0.7554 0.1208 -0.9395 0.59 1550
Pinus sylv. -6.1671 1.4852 -1.1230 -0.2339 -5.2795 0.62 3220
Fagus sylv. -8.0788 1.5345 -0.825 -0.8683 -0.2851 0.74 890

6 Morality (F - value) F = [1 +exp {—(ao +ay - d + a, - (ig/d) + as - (h/d))}]""
Picea abies 5.251 -0.051 12.606 —4.541 833 10674/1978°
Pinus sylv. 0.3895 0 9.2627 -2.2028 91.2 4821/1604°
Fagus sylv. -9.5116 0 -0.5781 -0.0351 87.8 5632/445°

7 Morality likelihood (ML) = ag - [ exp (a; - F*)]™"
Picea abies 99.52 2.736 1.695 0.99 12504
Pinus sylv. 100 2.6711 1.4626 0.98 5883
Fagus sylv. 97.118 3.255 2.006 0.99 6425

All parameters are denominated by “ag ... a;”’, while they assume different values for every equation

Numbers of equations in the first column refer to their numeration in the text

CI_CAc, Co6c = differences in Cls “‘before—after” thinning and mortality

h height, d dbh, ¢ age, CI), index for horizontal competition, CI, index for vertical competition, CI, index for total competition, CSA
crown surface area, CI_CA and C66 competition indices, ig basal area increment in previous 5 years

4 Fagus s./a. refers to juvenile growth of beech under spruce canopy, Fagus s./s. under pine canopy

® Number of records living/dead, R > here represents the correct classification rate (surviving/dying)

mortality likelihood (ML) to the individual F-value of
a tree:

ML = aq - [exp(a; - F))! (7)

These functions transform the values of 0 < F<1
including the artificial threshold of 0.5 between dead
and live trees into likelihood values reproducing mor-
tality as observed in the field for given intervals of F.
Parameters ag-a, were derived from non-linear
regression against a data set consisting of mean mor-
tality rates in eight classes of adequate numbers of
trees with decreasing F (class 1: 1 > F > 0.95, class 2:
0.95 > F>9 etc.). Equation (7) is also necessary to
avoid classification problems arising from the non-lin-
ear distribution of the residuals of Eq. (6). The final
step of the model compares ML (%) to an equally
distributed random number MZ (0 £ MZ <100) in
order to simulate the dichotomous decision about
survival or death. If ML > MZ, the tree in question is
classified as ““dead” (Dursky 1997). Except for 2 out of
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20 sub-series (10 for live trees and 10 for dead ones) in
beech, Chi-square independence tests revealed no
significant differences in the classification of dead and
live trees, respectively. Wilcoxon’s test for identical
precision in the ten partial models per species did not
reveal any significant differences, so the model can be
assumed as being stable for all three species (for both
tests, statistical significance was P < 0.05). The results
of function (7) needed minor adjustment: Parameteri-
zation led to ML-values that were significantly too
large for the range 0.8 < F < 1. The effect of too many
vital trees classified as ‘‘dying” was remedied by
inserting a linear function responsible for the men-
tioned range of F rather than using the original inverse-
exponential function. As indicated above, the new
mortality model is only applied to mature trees higher
than 15 m. Juvenile mortality in the Saxon BWINPro
version is estimated on stand-density level (see Juve-
nile growth model for beech and oak). For all species
other than spruce, pine, and beech, the original C66,,,«
model is still being used for lack of regional data.
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Parameters

Table 3 compiles the parameters estimated by regres-
sion analyses for the equations described above.
Parameterizations were carried out for spruce, pine,
and beech; in oak, only the juvenile growth model and
the adult height growth model were adapted to Saxon
data.

Discussion

For the purposes of the following section, the original
version of BWINPro developed for Lower Saxony is
labeled BWINPro-L and the new Saxon version
BWINPro-S. A number of examples shall be given of
the tests conducted to compare BWINPro-S to the
original model and to conventional yield tables. To
examine the three separate sub-models described
above, indicators like bias, precision, and accuracy
were computed (Pretzsch 2001; Schroder 2004). We
also tested BWINPro-S as a whole package in order to
evaluate the combined effects of the different levels of
adaption and extension (Monserud 2003).

When assessing the test results, it is important to
consider that virtually all suitable data were used for
the parameterization of BWINPro-S in order to get
the best possible results from the available informa-
tion. In some cases, additional data were available for
thorough evaluations of the equations and parameters
under variable conditions (as outlined by Soares et al.
1995). Most tests, however, consisted of analyses of
bias and precision, patterns in residuals, and assess-
ments of model behavior compared to trial plot data
and alternative simulation tools such as yield tables.
Therefore, the following sections do neither represent
“validations” nor ‘‘verifications’ in the strict sense,
because no real test of the model’s logical correctness
was carried out (besides, a statistical model cannot be
verified, i.e., be proved for the truth of its output;
Monserud 2003). They should rather be seen as
contributions to ‘“model criticism” and to the evalu-
ation of inferences made from the model, because
“useful insights can also be obtained with the data
used to fit the model” (Vanclay 1999). New and
independent data will become available in the near
future as an effect of the application of BWINPro-S
within the Saxon forest authority. This should be used
as an opportunity for further tests and evaluations
against fully independent data and will most certainly
lead to re-calibration of various parts of the model.
Until then, the following examples shall help to
clarify the region and the conceptual frame within

which BWINPro-S behaves satisfactorily. They shall
also indicate the areas where further research is
necessary.

Juvenile-growth model for beech and oak

In contrast to similar investigations by Golser and
Hasenauer (1997), the juvenile growth model does not
involve potential increments. It directly estimates
individual increment because measured increment
values from the Saxon plots frequently exceed any
limiting function. No reference data were available to
create potential asymptotic curves as proposed by
Golser (1997). Limiting functions are only applied to
the resulting height or dbh values, thus accounting for
inter-annual increment variation and providing realis-
tic limits for growth.

The effects of the individual growing situation may
be seen on single-tree level and on stand level. To
illustrate the impact of stand-level competition, Fig. 3
shows the development of mean height in the beech
understory as modeled by BWINPro-S for different
stand densities (SDI) of the spruce overstory.

For beech under pine, the effect of canopy compe-
tition can be summarized in similar curves. It is gen-
erally less obvious, however, due to differences in
crown density and tree numbers per hectare between
the pine-beech and the spruce-beech chronosequences.
The cumulative effects of individual dbh development
in the juvenile layer as modeled by stand diameter
curves and chance variation is shown in Fig. 4. Dbh
distributions after four simulation cycles for a mixed
pine-beech stand are given as averages resulting from
10 model runs.

The application of different CIs for modeling early
growth in beech and oak reflects distinctions in the
available data (for oak, planted trees as well as trees
sown by European jay Garrulus glandarius L. were
measured). It can also be seen as a result of the specific
growth patterns of the respective tree species (Otto
1994).

As noted by Zhao et al. (2004), tree size might be a
variable more useful and more often available than
tree age for growth models in mixed stands. Juvenile
growth in oak is already being modeled based on
dimension (dbh). For the beech sub-model, informa-
tion on age is still needed because of its significant
influence on the goodness of fit. Considering the
increasing importance of natural regeneration in forest
conversion policy (Zimmermann 2000), age data will
become scarcer and should be replaced also in
the beech sub-model by appropriate variables in the
future.
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Fig. 3 Mean height

Mean height development for varying canopy stand density

development in juvenile 14
beech under spruce overstory
of varying stand density. SDI
(= stand density index)
figures relate to the yield
table by Wenk et al. (1985)
for Norway spruce in East
Germany

height [m]

—— SDI 0.04
---e--- SDI0.2
———- SDI 0.4
—-=-- SDI0.6
......... o—— SDI 0.8
age [years] | —-4—- SDI10

0
10
Diameter distributions of beech under pine,
modeled over 20 years

200
B age 30 175
O age 25 ‘ 150
@ age 20 ‘
@ age 15 125 ©
=| 0 5

Fig. 4 Diameter (dbh) distributions in the understory of a pine-
beech forest conversion stand for a simulation period of 20 years
(figures represent averages of ten model runs with BWINPro-S)

Competition effects on basal area increment

The sub-model for the development of adult trees
shall be evaluated by an exemplary analysis of four
experimental stands in Saxony (see Table 4). Predic-
tions derived from yield tables applied in Saxony,

15 20 25 30 35

estimations with BWINPro-L and estimations with
BWINPro-S are compared to data recorded over
several time periods in these stands. For all simulated
data, their relative estimation error was computed as
(estimated value — real value)/real value with “real”
representing the measured figure (Bortz 1999).

The stands Waldschinke and Massenei were used
for evaluating model performance for pine, Markers-
bach for beech, and Tannenhaus for spruce. Growth
data from two of these stands (Markersbach and
Tannenhaus) were part of the data set used for model
calibration; the other two had been excluded because
of data gaps. In spite of their limited value for “‘vali-
dation” (see above), the comparisons are presented
here because no other independent experimental
stands were available as representatives for the aver-
age conditions in Saxony.

Because tree coordinates were known on all plots,
basal area increment was estimated in the distance-
dependent mode. The resulting relative estimation er-
rors of the three models for the main growth variables
dg and hg (dbh and height of mean-basal area tree) are
given in Fig. 5.

BWINPro-L. and BWINPro-S show a significantly
higher flexibility in predicting growth than the respec-
tive yield tables (Fig. 5). One important reason for this

Table 4 Site and growth data of experimental stands used for comparisons of observed versus modeled variables

Stand Species Elevation a.s.l. (m) Age Period dg (cm) hg (m) G (m?/ha)
Waldschinke 11 a, Pinus sylv. 155 60 1986-1996 20.3 20.1 30.4
Massenei 835 a; Pinus s. /Picea a. 295 77 1994-2003 33.0 25.5 24.1
Markersbach 642 ag Fagus s./Pinus s. 435 59 1981-2001 19.4 21.3 18.5
Tannenhaus 84 a Picea abies 740 82 1957-1977 341 24.9 26.2

dg/hg = dbh/height of mean-basal area tree, G = basal area, values refer to the initial status before simulation
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Relative error - hg

rel. error [%]

WS MN MB TH

Fig. 5 Relative errors for estimation of height and dbh devel-
opment with yield tables (YT) and two versions of BWINPro.
Errors in % of the measured value are standardized for a
prediction period of 5 years. Acronyms indicate the experimen-

is that yield tables are confined to a certain thinning
and harvesting regime which, in practice, can hardly be
followed over a longer period of time due to varying
natural conditions and silvicultural strategies (Wenk
et al. 1990; Rohle 1995). Local peculiarities may be
simulated much better with models that are capable of
accounting for the particular history and growing
conditions (such as height-to-age ratio) of the stands
(Pretzsch et al. 2002). On average, BWINPro-S per-
formed better than BWINPro-L because of the adap-
tion to regional data and introduction of new elements.
For spruce, BWINPro-S shows a bias in basal area
increment (iBA) estimation that is 20% of the value
that results from applying BWINPro-L to Saxon data
(10.6 vs. 2.2 cm®/year). Accuracy of prediction im-
proved from 19.4 to 10.4 cm?/year. The positive trend
in modeling spruce iBA (Fig. 2) is an expression of the
data available for parameterization from the few
stands with mean dbh > 45 cm. Measurements come
from a period with accelerated growth due to favorable
weather conditions and heavy thinnings in favor of
large trees in the late 1990s (Spiecker 2000). The
underestimation of large iBA values was accepted in
this case because it proved to reduce overestimation of
increments measured in older stands in other periods.
The distance-dependent increment model did not
benefit from these older data, because they often had
been collected on a distance-independent level (Rohle
1995). For beech, bias fell from -3.5 (BWINPro-L) to —
1.8 cm?/year (BWINPro-S) while accuracy was en-
hanced from 10.6 to 8.4 cm?/year. For pine, however,
no significant improvements were achieved by intro-
ducing the alternative competition index. BWINPro-L
and the regionalized equation using C66 performed at
equal levels of accuracy and bias while the Saxon dis-
tance-dependent sub-model showed a poorer repre-
sentation of the original data (see Table 2; Schroder

Relative error - dg

ovT
O BWINPro-L
B BWINPro-S

N
[6,]

)
7.0

N
oi

WS MN MB TH

tal stands Waldschinke (WS Pinus sylvestris), Massenei (MN
P.s.), Markersbach (MB Fagus sylvatica) and Tannenhaus (TH
Picea abies)

2004). Limited data and species-dependent competi-
tion behavior (Otto 1994) are very likely to contribute
to this phenomenon.

Height growth models were improved for all three
species by integrating locally derived top-height curves
over age as contained in the corresponding yield tables
(Wenk et al. 1990; Schroder 2004). These adaptions
were of particular importance because BWINPro’s
growth model relies on self-calibrating procedures
based on the actual height-to-age relation (see The
simulator BWINPro 6.0: model description). By
including both age and a measure of size in some
crucial model functions [see Egs. (2), (4)], the simula-
tor predicts current increment from accumulated past
increments and is thus limited in its possible answers to
factors that severely modify growing conditions (Has-
enauer 2000). Future model improvements should fo-
cus on the substitution of age by other variables,
especially in the context of forest conversion to un-
even-aged mixed stands where information on indi-
vidual age is an exception rather than a rule. Routines
that estimate a virtual age (as used in BWINPro) are a
first step towards this goal.

Modeling mortality

The mortality sub-models in BWINPro-L and BWIN-
Pro-S differ in their mathematical algorithms and in
the resulting estimations. Because of its strict connec-
tion to C66 values, which are in turn a function of tree
height, BWINPro-L tends to focus mortality only on
smaller trees. ‘“Chance” mortality (Vanclay 1999)
cannot be simulated. In accordance with trial plot data,
the new three-staged approach in BWINPro-S gener-
ates mortality also in dominant trees. By including
individual increment data, the mortality sub-model is
connected to the specific competition situation. To
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evaluate the relations between individual-tree incre-
ment and the resulting F-value, exemplary trees with a
dbh of 20 cm and a height of 20 m were created for
spruce, pine, and beech. Corresponding F-values were
then calculated in dependence on the annual dbh
increment in the previous five-year period (see Fig. 6).

According to the logistic model, F-values > 0.5
indicate a relatively high chance for survival while F-
values < 0.5 represent trees likely to be classified as
“dead” (Dursky 1997; Vanclay 1999). The new model
requires significantly higher increment values for pine
than for spruce or beech to cross the 0.5-line (Fig. 6).
This model behavior confirms analyses of trial plot
data from Saxony, which proved the logistic function to
slightly overestimate mortality in pine, particularly for
higher age and dbh classes. One reason for this is the
narrow database for parameterization of the pine sub-
model coming from stands between 46 and 69 years
old. Predictions for older stands have therefore to be
judged with appropriate caution. Model updates with
data from older plots are required to allow reliable
prognoses for a wider range of pine stands. Currently,
the C66,,,x-model should still be applied for conditions
that are outside the data available for parameteriza-
tion. For spruce and beech, mortality rates derived
from the new model follow observed data with no
obvious extrapolation errors.

Summary and outlook

Adaption and purpose-oriented extension of the
growth model BWINPro have led to significant
improvements in model performance under typical
Saxon conditions. Analyses and prognoses in structur-
ally diverse mixed stands created by active conversion
measures have become possible by integrating

F-value vs. annual dbh-increment

1.0

0.5

: ---®--- Pinus sylv.
1 —-a—- Fagus sylv.
|

1 —— Picea abies
| |

0.0

0 0.1 0.2 0.3 0.4
id/a [cm]

Fig. 6 Species-specific F-values indicating vitality versus annual
dbh increment (id/a)
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additional sub-models. Central elements of BWIN-
Pro’s growth model were parameterized and partly
altered in order to fit regional data for Norway spruce,
Scots pine, and European beech. As a prerequisite, the
representation of major influences on stands and trees
such as early growth, competition, and mortality in the
underlying mathematical models was analyzed and, if
necessary, enhanced. The sub-model for estimating
basal area increment was supplemented by an addi-
tional distance-dependent competition index. Devel-
opment of juvenile trees in advance-planted layers
under canopy is estimated by a separate sub-model
integrating competition influences by overstory trees as
well as by neighboring young trees. The derived
regression models allow stable predictions of individ-
ual dbh, height, and crown size over a period of
20 years for young oak under pine canopy and for
young beech under spruce or pine canopy, respectively.
In addition to the new basal area increment model for
adult trees, an alternative sub-model for individual-
tree mortality was parameterized using logistic
regression and non-linear regression analysis. Limited
data for pine stands led to parameters likely to produce
unstable predictions when extrapolating the model.
For spruce and beech, however, mortality can now be
satisfactorily simulated in relation to dimension and
increment of a tree, which indirectly incorporates its
specific competition situation into model predictions.
Trials with BWINPro and its regionalized version
BWINPro-S in comparison to yield table predictions
proved the single-tree oriented computer models to be
more flexible in accounting for variable species mix-
ture, age composition, and spatial structure. The reli-
ability of estimations, however, is closely connected to
the underlying data. If applications take into account
the background and database of the presented study,
the resulting simulator is well suited for forest growth
and yield estimations not only in structurally diverse
mixed pine-beech stands, but also in single-layer pure
spruce stands. Regional relevance ranges from the
pleistocenic lowland conditions in Northeast Germany
to sites on Paleozoic rocks in chilly and humid highland
climate, which prevail in the Ore Mountains (Fiirst
et al. 2004).

Current research on BWINPro focuses on the esti-
mation of quality-related tree properties (Schmidt 2001)
and on the application of the simulator within larger
systems to support decisions in long-term forest plan-
ning (Dobbeler and Spellmann 2001; Sodtke et al.
2004). Distribution and further development of the
program and its components were enhanced by intro-
ducing a Java platform as a server for the various
regional working groups. The adaptions, modifications
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and newly developed components described above have
been included in a regional program package labeled
BWINPro-S. This package is currently introduced into
forest planning and management by the Saxon State
Forest Administration (SFA). Co-operation projects
between Dresden University and the SFA have pro-
duced additional modules facilitating the detailed sim-
ulation of thinning and harvesting on a single-tree basis
and economic evaluations of silvicultural options. In
accordance to the distribution policy for BWINPro, a
complete shareware version of BWINPro-S in German
is available on the internet (http:/www.forst.tu-dres-
den.de/Waldwachstum/simulator_ww.htm). The origi-
nal program parameterized for Lower Saxony and
adjacent regions can be downloaded via http://www.
nw-fva.de/index.php?id = 194. On this site there is also
aJava version of the simulator (BWINPro 7) containing
a number of important additions and updates of model
elements.
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