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Abstract
& Introduction Trees in two compartments of the mixed
deciduous forest Draved Forest have been monitored
regularly for 50 years.
& Materials and methods This data set was used to study
the rate of change in forest structure and composition
applying the Kolmogorov–Smirnov statistics, chi-square
test for the goodness of fit, and principal component
analysis. We also correlated the specific test statistics with
other forest properties to elucidate the importance of
various factors for the observed changes in forest structure.
& Results After 50 years, the still significant changes in the
forest structure and species composition indicate that the
compartments have not reached the state of an old growth
forest. Although some measures indicated that the compart-
ments were approaching this stage, other showed the
opposite response and even an increasing rate of change.
& Conclusion As the three statistical methods contributed
in different ways, we recommend the combination of
several statistical methods to assess changes in the forest
structure.

Keywords Long-term monitoring . Diameter distribution .

Species composition . Kolmogorov–Smirnov test . Chi-
square test for goodness of fit

1 Introduction

Almost all current European forest reserves were man-
aged in the past (Peterken 1996). To estimate how long
these anthropogenic influences will be important and at
which point in time they can be negligible compared to
natural disturbances, it is necessary to study the rates and
directions of change in the forest structure over long time
scales. The rates of change in natural forests depend on
species composition, establishment, growth, and mortality
rate of the different species. Moreover, the type, frequen-
cy, and intensity of the disturbance, e.g., wind, fire,
avalanches, or flooding and the sensitivity of the present
trees to such disturbances influence the rate of change in
forest structure and composition. As all of these factors are
connected by complex interactions, large data sets are
required for the adequate descriptions of these complex
systems. Furthermore, if long-lived organisms like trees
are involved, short-term studies may give detailed infor-
mation, but extrapolation is often problematic and the
long-term consequences can generally not be predicted
(Tilman 1989; Magnuson 1990). A detailed description of
forest structures will help understand natural forest
processes and provide a scientific basis for the manage-
ment of nature reserves and the justification of their status.
It will also facilitate the development of tools for
ecologically based management decisions (Christensen
and Emborg 1996; Bengtsson et al. 2000; Farrell et al.
2000; Führer 2000).

Natural forests in Europe (Peterken 1996) are rare,
though significant studies have been carried out in
Bialowieza, Poland (Falinski 1986; Bernadzki et al.
1998), but the forest clearly showed evidence of past
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human influence (Mitchell and Cole 1998). The Danish
forest Suserup has been studied intensively (Christensen et
al. 1993; Emborg et al. 2000), but also here, pollen and
macrofossil analyses clearly showed anthropogenic influ-
ences (Hannon et al. 2000). Further interesting studies of
old growth forests in England (Peterken and Jones 1987;
Mountford et al. 1998; Mountford et al. 1999) and forests
reserves in Switzerland (Heiri et al. 2009) showed clear
signs of human influence. It becomes clear that history is
of great importance for forest structure and development
(Woods 2000), and it is therefore important to know after
which time human influences are not noticeable anymore.
Although forest ecosystems have been described in many
studies (for example Leibundgut 1993; Korpel' 1995;
Peterken 1996; Commarmot et al. 2005), the temporal
aspect is often descriptive (illustrated by diagrams and
figures) while statistical analysis of these changes are
lacking.

Natural forests consist of a mosaic of sequential
phases: gaps, regeneration stage, growth phases, mature
and aging phase (e.g., Korpel' 1995; Emborg et al. 2000;
Kimmins 2004), whereby the areas occupied by these
stages can have varying sizes depending on the forests and
the disturbance regimes. If the forest area is large enough,
so that all stages can be represented, the forest as a whole
can reach an equilibrium stage, where fluctuations in, e.g.,
biomass or species composition are low and hence
changes in these forest characteristics are slow. It is
important to notice that the size of the dominant
disturbances determine the area over which the forest can
be seen as stable (Korpel' 1995); even a smaller forest can
maintain all phases of the forest mosaic if small-scale
wind disturbances are dominating, as shown for the
Danish forest Suserup (Emborg et al. 2000).

In the context of climatic change, it is important to
quantify the rate of change of forest properties such as
biomass and species composition as they have a direct
influence on the forest carbon storage and hence determine
whether we can expect that forests are carbon sources/sinks
or if little changes will occur (Wirth et al. 2009).
Additionally, if rates of change would be known for many
decades or even centuries, current rates of change could
help to assess whether forest ecosystems can cope with
environmental changes and if ecosystem goods and services
might still be provided in the future.

In this study, we aim to analyze statistically the temporal
changes of a number of forest characteristics, such as
diameter distribution, species composition, and biomass,
whereas other descriptive parameters considering biodiver-
sity or spatial structure (Neumann and Starlinger 2001) are
outside the scope of this study.

We will compare a number of statistical methods and test
their similarities and differences when analyzing the rate of

change in forest structure in Draved Forest, a semi-natural
deciduous forest in Denmark (Møller 2000; Wolf 2003;
Bradshaw et al. 2005). We correlate the results with other
forest properties, such as the basal area, mean diameter
increment, the number of new established or dead trees, and
the change in tree numbers, to help in interpreting them.
Finally, we quantify the speed of the development of the
forest Draved Forest and compare the results of the
different statistical methods.

2 Method

2.1 Draved Forest

Draved Forest (55°01′ N, 8°58′ E) is a mixed deciduous
forest in southwest Jutland, Denmark. Two parts of the
forest have been left unmanaged since 1952 (Lime
compartment, 4.4 ha) and 1948 (Carlsberg compartment,
5.3 ha). In the pollen diagrams of the Lime compartment,
little pollen of grasses and light-demanding species were
found, indicating uninterrupted tree cover and the
absence or the low intensity of grazing before beech
arrived in the area (Iversen 1958; Bradshaw et al. 2005).
It is therefore likely that the wetter areas of Draved Forest
remained largely unmanaged (Iversen 1958). Additionally,
Iversen (1958) concluded that the Lime compartment has a
relict character as the pollen in the upper soil layer (around
1950) were identical with the older pollen layers, both for
trees and ground vegetation. The few written accounts of
the forests make it difficult to assess the past management
directly (Aaby 1983; Møller 2000; Wolf 2003). The
forest’s relative remote location within the wetlands and
mires until recent times (Iversen 1958) together with the
low number of written accounts indicate that forest
management was not intensive (Iversen 1958). Although
few reports of management exist before the eighteenth
century, grazing in the forest, mainly by cows, but also by
horses and pigs (Møller 2000) was mentioned; however,
grazing ceased in 1784/85 (Møller 2000; Wolf 2003). The
forest management plans of 1839–1863 indicate that parts
were managed in stripes and as coppice (35 years) with
standards (100–140 years) (Møller 2000; Wolf 2003).
Already in the management plans of 1886–1905, parts of
the forests, e.g., the Lime compartment, were set aside to
allow for free forest development (Møller 2000; Wolf
2003). However, in the 1920s and 1930s, the removal of
dead wood and logs were allowed in these areas (Møller
2000; Wolf 2003), but the stands had still a protective
status, allowing only for moderate thinning to preserve the
forest composition (Møller 2000; Wolf 2003). From 1800
onward, ditches were built to drain the area, whereby some
ditches were closed down until 2000, and the rest has not
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been maintained after 2000 (Møller 2000). For other parts
of the forest, more intensive management has been
reported as well, including planting of Picea abies (Aaby
1983). Taken together, it is suggested that in parts of
Draved Forest management was not intensive, especially
in stands on the moist brown earth where species
composition hardly changed (Iversen 1958, 1969; Aaby
1983; Møller 2000; Møller and Bradshaw 2001).

2.2 Disturbances and mortality

In the two compartments, tree mortality is relatively low,
with around 5% per decade for trees larger than 100 mm in
diameter at breast height (dbh) (Wolf et al. 2004). Wind is
the most important external mortality agent in the forest,
being responsible of 50–70% of the mortality (Wolf et al.
2004). Between the 1950s and 2003, about 80% of the
wind-created gaps were single tree gaps (Wolf et al. 2004),
resulting in the dominance of small-scale disturbances.
Even in the most intensive storm ever observed in Denmark
(DanmarksMeteorologiskeInstitut 1999; Wolf et al. 2004)
only 4–5% of the trees larger than 100 mm in dbh were
wind felled, whereby half of them were uprooted and half
of them broken, creating relatively small gaps (Wolf et al.
2004). The remaining dead trees were standing dead trees,
for which the low growth rate and a small tree size prior to
death indicated competition as an important mortality factor
for these trees (Wolf et al. 2004).

2.3 Forest monitoring

Seven complete surveys were done in the none-growing
season, six of them at approximately 10-year intervals, and
an intermediate sampling in 1963 and 1968, respectively.
The sampling dates are summarize in Table 1. All trees
larger than 100 mm dbh were identified and measured to
the closest millimeter, and their positions were mapped.
New recruits, i.e., trees that established into the 100-mm

diameter class, were added to the maps, and dead trees were
recorded.

2.4 Changes in species composition

We applied a principal component analysis (PCA) to
describe the temporal change in species composition, using
the statistic package R (version 2.8.1). The PCA was based
on the proportion of the basal area each species contributed
to the total basal area. All rare species (less than
0.5 m2 ha−1) were lumped into one class. The results of
the PCA based on the tree numbers per species instead of
the basal area were similar and therefore not shown.

2.5 Chi-square test for goodness of fit

The chi-square test for goodness of fit (sometimes called
Pearson’s statistics) compares two distributions with each
other (Sokal and Rohlf 1995). We calculated the statistics of
the chi-square test using the statistic package R (version
2.8.1), whereby p values where estimated with the Monte
Carlo approach (10,000 replicates). Within each compart-
ment, we compared each observation with each other. As
the chi-square test is based on distinct classes, we divided
the data set in diameter classes. Due to the specifics of the
chi-square test, all classes need to contain at least one tree,
we therefore defined a class of “reminding trees”, where all
trees were pooled where the size class contained no trees in
a least one observation. As this was the case mainly for
large trees (ca. 500 mm or larger, depending on species),
this pooling means that information on the differences of
the larger trees was lost. We rescaled the distributions
because for the chi-square test both distributions have to
contain the same numbers of trees. This means that the chi-
square test compares the distribution, but does not consider
differences in the number of trees. To show the dependence
of the results on the choice of diameter classes, we present
results for three diameter classes (10, 40, and 100 mm).

Table 1 Sampling dates for the observations

Observation Carlsberg Lime

Year After growing season Interval Year After growing season Interval

1 April 1948 and March–May 1950 1947–1949 May 1952 1951

2 April 1958 1957 8–10 March 1962 1961 10

3 April 1963 1962 5 March 1968 1967 6

4 October 1967 1967 5 April 1972 1971 4

5 April 1978 1977 10 October 1981 1981 10

6 November 1988 1988 11 October 1991 1991 10

7 February 2003 2002 14 February 2003 2002 11
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2.6 Kolmogorov–Smirnov

The Kolmogorov–Smirnov statistics, D, compares the good-
ness of fit for two distributions (Sokal and Rohlf 1995), i.e.,
whether they are significantly different from each other or
not. We calculated the value of D using the statistic package
R (version 2.8.1). To estimate the significance of the
observed value Dobs, we took random samples (see below)
and derived Drandom. For a p value of 0.05 (one-tailed), Dobs

is larger than Drandom in at least 95% of all such
comparisons. As numbers of trees differed between compart-
ments, observations, and species, we applied the randomi-
zation procedure for each pair of distributions and used the
observed number of trees to constrain the random sampling
(see below). We carried out 10,000 randomizations for each
observed pair and estimated the value D95, which is larger
than 95% of all Drandom. To be able to compare the D values
between observations, compartments and species, we calcu-
lated the difference diff.D=Dobs−D95. A value of diff.D
larger than zero indicates that both distributions are
significantly different from each other (p≤0.05), whereas a
value smaller than zero indicates that the distributions do not
differ significantly at this level.

2.7 Sampling of two random distributions

To avoid p values depending on the exact distribution
function, we assumed three different functions: uniform,
normal, and negative exponential. For each function, we
used two different parameter settings, this resulted in six
different distribution function from which we sampled
randomly. As no systematic differences in p values for the
different functions or parameter settings were found,
Drandom from all functions were pooled. As the D value of
the Kolmogorov–Smirnov test was sensitive to the number
of trees in the two distributions, we maintained the
observed numbers of trees when drawing random values
from the distribution functions.

3 Results

3.1 Forest properties

The basal area increased in both compartments with time
(Table 2), whereby for the last decade the change in basal
area was minor in the Lime enclosure, and the basal area of
the Carlsberg enclosure still increased (Table 2). Similarly,
the number of trees increased, and both the number of new
trees and the number of dead trees increased through time
(Table 2). The rate of change in tree numbers varied
between observations, and no clear trend could be seen
(Table 2).

3.2 Changes in the diameter distributions

The diameter distributions and their changes through time
are shown in Fig. 1a, b. The distinct peak in the diameter
distribution of the first observations diminished through
time and became closer to the negative exponential
distribution expected for forests with continuous recruit-
ment (Peterken 1996).

The Kolmogorov–Smirnov test was used to measure the
rate of change in the diameter distribution, whereby larger
values of the test statistic diff.D indicate a larger difference
between the two distributions and hence a larger rate of
change. This test showed that after about 10 years the
diameter distribution has changed significantly in both
compartments, independently of the time period considered
(Fig. 1c, d). The change in distribution measured with diff.D
increases with the time between the observations; after
around 5 years the distributions were not different, but after
10 years most were. In both compartments, the diff.D
values increased even further with time, indicating that the
differences in the diameter distribution between the two
observations increased with increasing temporal distance
between observations. In the Carlsberg compartment, the
decadal diff.D values became smaller with time (Table 3),
but four to five data points are too few to describe a trend,
especially as the Lime compartment showed no clear
temporal trend of the decadal diff.D (Table 3).

The chi-square test of the goodness of fit is another
measure for the rate of change; the larger the test statistics
(chi-square value), the larger the difference between the two
distributions and consequently the larger the rate of change
in the diameter distributions. The chi-square test of
goodness of fit showed that all distributions were signifi-
cantly different if there were at least 10 years between the
observations (Fig. 2a, b). For the three observations that are
only 4–6 years apart, the result depended on the classifi-
cation chosen. If the diameter classes were small (10 mm,
dotted lines in Fig. 2), the distributions were significantly
different from each other for all comparisons, except in
1962–1968 (p=0.06). Using larger diameter classes led
more often to nonsignificant differences in the 5-year
intervals. The more time had passed between the two
observations, the more different were the diameter distri-
butions, as indicated by the larger differences in the chi-
square values (Fig. 2c, d).

The diameter distribution of the species differed (Fig. 3),
whereby species like Betula (Fig. 3a, g) and Quercus
(Fig. 3b, h) showed a unimodal distribution with little or no
establishment of trees into the smallest diameter class,
whereas in other species like Fagus (Fig. 3f, l), Tilia
(Fig. 3e, k), and Fraxinus (Fig. 3d, j) trees grew into the
smallest measured diameter class, hence a continuous
recruitment occurred. When analyzing the change in the
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diameter distribution, communalities were found, but also
differences were apparent both within species and compart-
ments (Fig. 3). After about 5 years, none of the species
showed significant changes in diameter distributions. Alnus
was the species with the fastest and most consistent changes
in diameter distributions (Fig. 3o, u), as all diameter
distributions for which the observations were at least
10 years apart differed significantly. The notable exception
was the last two observations in the Lime enclosure where
the diameter distributions did not differ significantly
anymore (Fig. 3u). For the other species, the rate of change
in the diameter distribution, as measured with diff.D, was
lower, but significant differences were found in the

Carlsberg compartment for most species (Fig. 3m, n, p, q,
r) when at least 20 years had passed between the
observations. However, for the Lime compartment
(Fig. 3s–x) the rates of change in the diameter distributions
were somewhat lower compared to the Carlsberg compart-
ment (Fig. 3m–r). The rate of change, as measured with
diff.D, had a clear temporal trend for Betula (Fig. 3m, s),
Quercus (Fig. 3n, t), and Alnus (Fig. 3o, u), resulting in
smaller differences between observations as time pro-
gressed. Hence, the diameter distribution changed more
between the first observations (higher rate of change) and
less between the later ones. The other species did not show
a temporal trend in the diff.D value (Fig. 3p, q, r, v, w),
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Fig. 1 Changes in diameter
distribution a, b for the two
compartments. Different
shadings indicate different
observations (dates given in
Table 1). The Kolmogorov–
Smirnov statistic diff.D is shown
in (c, d), whereby the shadings
indicate the reference year. The
larger the diff.D value, the larger
is the difference in the diameter
distribution, and hence the rate
of changes between the two
observations. The zero line is
drawn in black, whereby diff.D
values larger than zero indicate a
significant difference between
the two observations

Table 2 Basal area (square meters per hectare), in parenthesis the
change in basal area (square meters per hectare) and number of trees
(per hectare) and the change in number of trees in parenthesis (per

hectare) are presented for both compartments and the seven
observations (dates are given in Table 1)

Observation Basal area (change) [m2 ha−1] Number trees (change) [ha−1] New trees [ha−1] Dead trees [ha−1]

Carlsberg Lime Carlsberg Lime Carlsberg Lime Carlsberg Lime

1 18.7 (–) 23.5 (–) 240 (–) 314 (–)

2 21.8 (3.1) 27.8 (4.3) 255 (15) 343 (29) 20.0 31.5 4.4 2.3

3 23.5 (1.7) 29.1 (1.3) 270 (15) 340 (−3) 17.5 11.4 2.9 14.2

4 25.1 (1.6) 30.0 (0.9) 282 (12) 340 (0) 17.7 7.5 5.5 8.4

5 27.4 (2.3) 31.1 (1.1) 305 (23) 363 (23) 38.6 45.2 15.6 21.5

6 29.5 (2.1) 32.3 (1.2) 324 (19) 380 (17) 38.4 40.4 20.0 23.5

7 36.2 (6.7) 32.3 (0.0) 326 (2) 412 (32) 48.7 74.2 46.4 42.0

The values in parenthesis indicate the change compared to the previous observation. New trees and dead trees are trees that have reached the 100-
mm class or died since the last observation
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except for Fagus (Fig. 3x) in the Lime compartment where
the differences between the two consecutive observations
increased with time.

For the diameter distributions of the six main species,
the two measurements of the changes in diameter
distributions, the chi-square test, and the Kolmogorov–

Smirnov test were well correlated (Fig. 4). This means
that the general features of the change in the diameter
distribution were shown by both tests similarly. The chi-
square test, however, resulted more often in significant
differences between distributions compared with the
Kolmogorov–Smirnov test (Fig. 4).
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Fig. 2 A comparison of the diameter distribution between the
different observations using the chi-square test. Shadings indicate
different assumptions about the size of the diameter classes: dotted
black, 10 mm; gray, 40 mm; and black, 100 mm. For p values (a, b), a
larger circle indicates a high significant difference, whereas a small
circle indicates nonsignificant differences. For most comparisons, the

p values are so similar that the lines are drawn over each other. The
relative values of the chi-square statistics (c, d) are presented, whereby
the larger the circle is the large is the difference in the diameter
distribution between the observations and hence the larger the rate of
the change in diameter distribution. The sizes are comparable within
one shading

Compartment Observation

1–2 2–3 3–5 5–6 6–7

All Carlsberg 0.050 0.027 0.003 0.000 na

Lime 0.034 0.018 0.026 0.017 0.055

Alnus Carlsberg 0.084 0.055 0.004 0.011 na

Lime 0.090 0.076 −0.004 0.017 −0.003
Quercus Carlsberg 0.018 0.022 −0.043 −0.027 na

Lime 0.018 0.005 −0.020 −0.045 −0.029
Betula Carlsberg 0.049 0.002 −0.014 −0.081 na

Lime 0.007 −0.039 −0.116 −0.137 −0.144
Fagus Carlsberg 0.017 −0.016 0.024 0.008 na

Lime −0.055 −0.060 −0.033 −0.027 −0.003
Fraxinus Carlsberg 0.006 0.006 0.091 −0.003 na

Lime −0.331 −0.265 −0.187 −0.093 −0.013
Tilia Carlsberg 0.050 −0.056 −0.097 −0.081 na

Lime −0.006 −0.020 −0.016 −0.041 −0.017

Table 3 Value diff.D of the
Kolmogorov–Smirnov compari-
son of the diameter distributions
for two observations

All comparison were made
based on observations that were
10 or 11 years apart. The header
indicates the two observations
that were compared (for dates
see Table 1). Positive values
of diff.D indicate a significant
difference between two distri-
butions, whereas negative values
indicate that the difference was
not significant. Values are given
for all trees (all) and for indi-
vidual tree species

na denotes that data was not
available
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3.3 Changes in species composition

The compartments showed a distinctive difference in
species composition (Fig. 5) along the first axis (93%
variation explained), whereby the amount of Tilia and
Fraxinus distinguished the two compartments. Considering
the temporal development, both compartments showed a
similar trend along the second axis of the PCA (Fig. 5),
representing an increased importance of Fagus, Alnus, and
Quercus and a parallel decrease of Betula. The rate of
change in species composition, measured by the Euclidean
distance in the PCA, was lower between the first two
observations (Table 4, observations 1–2) than later on
(Fig. 5; Table 4 other observations).

3.4 Correlations between test statistics and forest properties

Here, we compared two consecutive observation periods
with each other and investigated whether the rate of change
in forest attributes, as estimated with the three test statistics,
correlated with other forest properties.

The rate of change in species composition (estimated with
the Euclidean distance in the PCA) correlated with the number
of dead trees, the number of new trees, and the basal area, but
not with the average growth or the difference in tree numbers
(Table 5). The rate of change in the diameter distribution
estimated with the chi-square test correlated with the number
of new trees and the average growth, but was not correlated
with the number of dead trees. The Kolmogorov–Smirnov
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test, which also tested the rate of change in the diameter
distribution, did not correlate with the number of dead trees,
the number of new trees or the average growth in the
respective period, but was correlated to the change in tree
numbers (Table 5).

4 Discussion

4.1 Forest development

All indicators used here showed that both compartments had
high rates of change in species composition and diameter
distribution, which indicates that the forest is recovering from
past anthropogenic influences after management ceased, even
though management might never have been intensive. Strong
changes in the diameter distributions were also found in other
mixed deciduous forests, where former management was
important (Bernadzki et al. 1998; Mountford et al. 1999;
Heiri et al. 2009). When measurements were about 10 years
or more apart, the diameter distributions of all the trees
differed significantly in most cases, independent of the
statistical method used, whereas after only 5 years, no
significant changes in the diameter distribution could be
shown when using the Kolmogorov–Smirnov test or the chi-
square test with larger diameter classes.

The species composition on the other hand changed
more slowly after abandonment, but the rate of change in
species composition increased with time, indicating that
species turnover increased. This could be mainly attrib-
uted to the loss of Betula and an increase in Fagus (both
in basal area and tree numbers), especially in the Lime
compartment. The importance of Fagus in the species
composition and hence the structure of natural deciduous
forests are supported by studies throughout Europe (Koop
and Hilgen 1987; Ellenberg 1996; Peterken 1996; Tabaku
1999; Tabaku and Meyer 1999; Emborg et al. 2000;
Meyer, 2005).
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When looking at the diameter distribution of the
different species, a clear pattern emerged. Some species
showed a clear unimodal diameter distribution (Betula,
Quercus, and to some degree Alnus) reflecting their
demands of light for establishment (Ellenberg, 1996).
Light-demanding species can only establish in sufficiently
large gaps, created naturally (disturbances) or by manage-
ment. The observed lack of establishment indicates that not
enough areas with sufficient light conditions occurred in the
compartments in the past 50 years. The unimodal distribu-
tion indicates that such conditions were found in the past,
favoring the establishment of light-demanding species.
Management is the most likely factor to have created these
light conditions, as wind disturbances seem to create mainly
small gaps in these compartments (Wolf et al. 2004), and
some past management was reported. Additionally, the
temporal development of the spatial pattern of trees also
indicated the influence of past management (Wolf 2005). A
similar behavior of light-demanding species has been found
in other forests (Parker et al. 1985; Bernadzki et al. 1998;
Mountford et al. 1999; Heiri et al. 2009). The rate of
change in diameter distributions and the variability between
observations differed between species. For species with a
unimodal diameter distribution (Betula, Quercus, and

Alnus) the rate of change in the distribution decreased
continuously, indicating that the differences in the diameter
distributions became less distinctive between observations
or even disappeared. For Betula, this can be easily
explained, as growth rate steadily decreased until the sixth
survey (Wolf, 2003), and hence shifts in diameter distribu-
tions should become less pronounced. Fagus showed the
opposite pattern in the Lime compartment, where the
continuous increase in number of trees in the smallest size
classes was most likely responsible for the increase in the
rate of change in the diameter distribution. Interestingly,
Tilia had smaller rates of changes in diameter distribution
compared to Fagus for example, as it had a lower growth
rate (Wolf 2003) and a low mortality (Wolf et al. 2004).

4.2 Comparing the different measures of the rates of change

Depending on the measures used and the species or
compartment analyzed, the rate of changes in diameter
distribution differed. We would expect that the rate of
change in the diameter distribution should slow down
when it approaches the negative exponential distribution
expected from natural forests with continuous regenera-
tion (Peterken 1996). There is some indication that the

Table 5 Significant values when the statistic measures (Kolmogorov–
Smirnov test, chi-square test, PCA) were correlated (Kendall
correlation) with five stand characteristics (number of dead trees,

number of new trees, mean diameter increment, basal area, and change
in the number of trees)

Statistical measure Number dead trees Number new trees Mean diameter increment [mm] Basal area Change in tree numbers

Kolmogorov–Smirnov ns ns ns ns **

Chi-square (10) ns *** * ns **

Chi-square (40) ns ** *** ns +

Chi-square (100) ns * ** ns *

Euclidean distance *** ** ns * ns

For the chi-square test results were based on diameter classes of 10, 40, or 100 mm. Euclidean distance represent the distance of observations in
the PCA, considering the first and second axis

ns nonsignificant

*p=0.05; **p=0.01; ***p=0.001; +p=0.1

Table 4 Euclidean distance between observations as derived from the first two axes of the PCA

Observations Carlsberg Lime Interval Observations Carlsberg Lime Interval

1–2 0.009 0.003 8–10 1–2 0.009 0.003 8–10

2–3 0.011 0.016 5–6 2–4 0.030 0.026 10

3–4 0.019 0.012 4–5

4–5 0.032 0.029 10 4–5 0.032 0.029 10

5–6 0.029 0.032 10–11 5–6 0.029 0.032 10–11

6–7 0.054 0.033 11–14 6–7 0.033 11

Observation dates given in Table 1. Left side of table: values including all observations, right side: Euclidean distance if only observations with
10–11 years temporal difference where considered, i.e., without observation number 3
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rate of change in the diameter distribution (measured with
the Kolmogorov–Smirnov test) slowed down in the
Carlsberg compartment, but not in the Lime compartment.
Equally for some species, the rate of change in the
diameter distribution declined (Betula, Quercus), but not
for the other for which no clear temporal trend was
detectable. The basal area still increased in both compart-
ments although at a decreasing rate in the Lime compart-
ment, which indicates that it might come closer to the
maximum basal area for this compartment. The Carlsberg
compartment, however, showed a decreasing rate of basal
area growth only until the sixth survey, whereas in the last
survey the basal area increment was larger again. Whether
this is within the natural variability or whether it is an
indication that the maximum basal area is much higher can
only be shown with additional (future) surveys.

In an old growth natural forest, we would expect the
species composition to change only little, but in Draved
Forest the species composition changed at an increasing
rate in the last 50 years, indicating that the current species
composition is not stable and further changes are expected.
We cannot exclude that the climatic changes of the past
50 years have contributed to the changes in species
composition, but as the change in species composition
was highly correlated with mortality and establishment
rather than with growth (which is temperature dependent),
we conclude that past management might be the reason for
the continuous shift in species composition.

4.3 Assessment of statistics used

Although the chi-square test rescales the distributions and
therefore loses information on the differences in the total
number of trees, its statistics correlated with the number
of new trees and the mean growth of all trees, both
factors influencing the shape of the diameter distribution.
On the other hand, the Kolmogorov–Smirnov test only
correlated with the difference in the number of trees
between observations, but not with the mean growth rate,
indicating that it overemphasized the changes in tree
numbers. Still, the Kolmogorov–Smirnov test statistics
correlated well with the chi-square statistics (Fig. 5).
Using both, the tests compensated for the loss of
information on tree numbers due to the demand of
rescaling, when using the chi-square test.

The Euclidean distance calculated from the PCA was a
complementary measure to the two former tests as it
correlated well with the number of dead and new trees
and with the basal area. This test reflected the changes in
species composition, i.e., the differential mortality and
establishment (i.e., trees reaching the measurement limit of
100 mm in dbh) of the tree species.

5 Conclusion

After 50 years, there were still significant changes in the forest
structure, i.e., diameter distribution, and species composition,
so the time since management ceased was clearly not long
enough to reach the state of an old growth natural forest, for
which we expect small changes if large enough areas were
considered. Although some measures indicated that the
compartments were approaching the equilibrium state, e.g., a
stable mixture of the different phases of forest development,
other measures (i.e., species composition) showed the
opposite response and even an increasing rate of change.

Each of the three statistical methods used here contrib-
uted to the assessment of the changes in the forests in a
different way. Basing the interpretation on one measure
alone might therefore be misleading. Depending on
scientific questions asked, the combination of several
statistical methods is recommended.

The statistical measures used here are easily calculated,
which gives the possibility to use the rate of change for the
verification of forest successionmodels. In addition, in mature
ecosystems the analysis of the rate of change in structure
could help assess the degree of ecosystem response to the
anticipated climatic changes.
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