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Abstract
In the analysis of old-growth forest dynamics, the continuous process of tree aging and forest structural change is split up into 
several distinct forest development stages. The criteria for distinguishing the stages vary among the different approaches. In 
most of them, vertical canopy heterogeneity is only coarsely addressed and horizontal forest structure is quantified at spatial 
scales far exceeding the size of conventional forest inventory plots. In order to describe and analyze the complex mosaic struc-
ture of temperate old-growth forests with objective and quantitative measures in the context of forest inventories, we propose 
the Development Stage Index IDS. It employs two easily measured stand structural parameters (stem density and basal area) 
for quantifying the abundance of trees in three conventionally recognized tree diameter classes (premature  < 40 cm; mature 
40–70 cm; and over-mature ≥ 70 cm) in plots of 500 m2 size, systematically distributed in the forest. This allows quantifying 
the spatial extension of the Initial, Optimum and Terminal stages of forest development at plot, stand and landscape levels. 
Based on thorough stand structural analyses in three virgin beech (Fagus sylvatica) forests in Slovakia, we demonstrate that 
IDS is a promising tool for (1) quantifying the proportion of the three stages on different scales, (2) visualizing the complex 
mixing of stages, and (3) analyzing dynamic changes in old-growth forest structure. We conclude that the Development 
Stage Index has the potential to improve the empirical foundation of forest dynamics research and to allow this discipline to 
proceed to more rigorous hypothesis testing.
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Introduction

The forest development cycle is a theoretical concept to 
describe the structural dynamics of natural forests driven 
by demographic processes and the action of external dis-
turbances, which repeats itself with the formation of a new 
generation (Watt 1947; Remmert 1991). Forest dynamics 
processes can take place on different spatial scales, from 

the single tree to the stand level (Oliver and Larson 1996). 
What spatial scale is the most appropriate for study depends 
on the disturbance regime and tree species composition, both 
of which vary with climate and soil conditions (Peters 1997; 
Král et al. 2010a). North American conceptual models gen-
erally concentrate on forest succession following relatively 
frequent large-scale disturbances that peak in a steady-state 
or dynamic equilibrium (which can last for quite long) 
before another disturbance resets the system (Franklin et al. 
2002). In Europe, where large-scale disturbances are less 
frequent and forests are often formed by late-successional 
tree species, concepts were developed to describe the spatial 
pattern and processes in the anticipated status of dynamic 
equilibrium at the stand level. Král et al. (2016) found the 
European conceptual model to be applicable to late-succes-
sional forests in North America as well, indicating some 
similarities in structural dynamics.

For describing the temporal dynamics of stand develop-
ment in old-growth forests, most researchers split up the 
continuous process of tree aging and forest structural change 
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into distinct forest development stages, which sometimes 
were further divided into different development phases. 
Verbal descriptions of development stages or phases in 
European temperate forests are given by, e.g., Leibundgut 
(1993), Korpel (1995), Meyer (1999), Tabaku (2000) and 
Král et al. (2010b). The categories were traditionally defined 
by expert decision. They were used to map the occurrence of 
different development stages or phases in old-growth forest 
landscapes in order to quantify the horizontal variability of 
forest structure and to draw conclusions on the driving forces 
of change (e.g., Neumann 1979; Leibundgut 1993; Korpel 
1995). Even though the distinction of development stages 
is a subjective process, it may allow comparing stand-level 
dynamics across different forest communities and biomes, 
if the criteria for stage identification are sufficiently compa-
rable across studies.

More recently, methods based on empirical stand struc-
tural data have been developed, which help to make the dis-
tinction of forest development stages or phases more objec-
tive and repeatable (Meyer 1999; Tabaku 2000; Emborg 
et al. 2000; Grassi et al. 2003; Král et al. 2010b, 2016). 
While the required amount and quality of data differ, all 
such approaches allow the unambiguous assignment of for-
est plots to certain development stages or phases.

The information quality of stand structural data largely 
depends on the chosen spatial scale, and this does also apply 
to the outcome of development stage categorizations (Com-
marmot et al. 2005; Král et al. 2010a; Winter and Brambach 
2011; Zenner et al. 2014). The smallest possible unit is a single 
tree with its ontogenetic development and associated change 
in height and stem diameter. Information on these tree dimen-
sional data has frequently been used in the study of natural 
forest dynamics (Emborg et al. 2000; Grassi et al. 2003; Král 
et al. 2010b, 2016; Peck et al. 2015; Peterken 1996; Tabaku 
2000; Winter and Brambach 2011; Zenner et al. 2016). All the 
aforementioned approaches are based on selected structural 
features; among them are the diameter or height of the largest 
trees, canopy cover, regeneration cover, or the amount of dead-
wood. The identification of development stages is mostly done 
on the plot level (156.25–500 m2) by determining which struc-
tural feature seems to have the strongest indicative value, while 
ignoring less obvious structural properties. This puts strong 
emphasis on a single ‘structural master factor’ in the classifica-
tion process, while information about other stand characteris-
tics is lost. Thus, these approaches implicitly assume structural 
uniformity at the chosen spatial scale (Pretzsch 2009), while 
heterogeneity in stand structure in a patch as a characteristic 
of primeval forests is largely ignored. One consequence of 
such approaches is that end-life stages tend to be mapped more 
often than early ones (e.g., Zenner et al. 2016), and the forest 
appears more homogeneous than it really is. Further, Chris-
tensen et al. (2007) showed that the focus on only the domi-
nant structural elements can result in misleading conclusions 

on how forest structure changes with time. In reality, the tree 
individuals in a patch of old-growth forest often differ in age 
and size and represent different ontogenetic phases, even in 
small plots of only 156.25 m2 size. Thus, stages or phases 
might intermingle horizontally as well as vertically even in 
forest patches not exceeding the size of one or two trees. Kor-
pel (1995) also observed that different stages and phases fre-
quently overlapped in space and time in Slovakian virgin for-
ests, and only his Optimum stage was found to occur in more 
or less pure form. Similar observations were made by Grassi 
et al. (2003) and Drößler and Meyer (2006). Paluch (2007) 
emphasized the spatially highly variable vertical stratification 
in the canopy of a natural beech–fir forest.

Thus, it seems desirable to advance the structural classifi-
cation approach toward a concept that views tree populations 
as the sum of all tree individuals and allows conclusions on 
the development stage which dominates the patch, but pro-
vides information on subdominant structures as well. Further 
progress would be achieved, if the approach facilitated the 
assessment of development stages on different spatial scales. 
This would allow the application on various data sets includ-
ing standardized forest structure inventories, which are often 
conducted in plots of 500-1000 m2 size that are placed ran-
domly or systematically in the stand (e.g., Commarmot et al. 
2013; Meyer et al. 2001). To do so would further restrict the 
input data to parameters that are widely available.

Here, we propose a method for quantifying the extension 
of three commonly recognized forest development stages 
(‘Initial’, ‘Optimum’ and ‘Terminal’) on the plot level in 
temperate old-growth forests using empirical data on tree 
size and stem density. We select true virgin forests (sensu 
Hunter 1990) of Fagus sylvatica L. in the western Carpathi-
ans as test systems. The proposed approach aims at defining 
forest development stages by objective criteria, allowing to 
compare the dynamics of different forest stands and com-
munities and providing a solid database for the multivari-
ate analysis of stand structure. As criteria for development 
stage distinction, we choose easy-to-measure parameters 
and express them in relative terms in order to account for 
large structural differences between forest communities and 
biomes. The approach is therefore not restricted to our test 
systems, but could be adapted for use in other forest types 
with different structure and environmental conditions as 
well.

Methods

Study sites

Since our study addresses the dynamics of natural forests, 
and management activities often imprint on forest structure 
for centuries (e.g., Tabaku 2000), we selected true virgin 
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forests for study, for which no forest management is known 
for the past 500 years or so. We studied three beech-domi-
nated (F. sylvatica) forests at montane elevation in the Car-
pathians of eastern Slovakia which are protected as National 
Nature Reserves; two of them are listed in UNESCO’s World 
Heritage. They represent some of the last remnants of tem-
perate broad-leaved virgin forest in the western Carpathians, 
where they still covered extended areas in the early twentieth 
century. While the reserves Havešová (HA) and Kyjov (KY) 
are pure beech stands, Stužica (ST) contains a considerable 
proportion (11% by stem numbers) of silver fir (Abies alba). 
However, all three stands belong to the Fagetum dentarieto-
sum glandulosae forest community (Bohn et al. 2003). The 
physiography of the three forests is summarized in Table 1. 
Some basic stand structural characteristics are given in 
Table 3.

Data collection

In every stand, we installed 40 circular plots of 500 m2 size 
(25.24 m in diameter) arranged on the nodes of rectangular 
grids. The grid spacing was 65 m in Kyjov, 100 m in Stužica 
and 140 m in Havešová. Different spacings had to be chosen 
so that the 40 plots could be accommodated within each of 
the stands and no plot was within a 100-m distance to the 
nearest reserve border. As ST is comparably large and hosts 
different forest types (Korpel 1995), we concentrated our 
study on an area of approximately 70 ha in the southeast 
of the reserve. Two of the 40 plots in ST close to the stand 
edge were subsequently excluded from the analysis, as it 
turned out that they may have been affected by forest man-
agement activities in the early twentieth century. In every 
plot, we mapped all living and dead trees with diameter at 
breast height (dbh) ≥ 7 cm and recorded their dbh. Lying 
deadwood was also measured if the stump was located in the 
plot. Every dead tree trunk was assigned to one of five decay 
classes, adopting the classification system of Meyer et al. 
(2001) that agrees well with the systems proposed by Hunter 
(1990), Nagel and Svoboda (2008) and others. On every plot 
the height of three tree individuals of the main tree species 

(beech in Kyjov and Havešová; beech and fir in Stužica) 
and of all individuals of the less abundant tree species was 
recorded with a Vertex IV height meter (Haglöf Sweden AB, 
Långsele, Sweden). The volume of living trees was then cal-
culated according to Petráš and Pajtík (1991), and for dead 
trees, we applied a reduction factor in dependence on their 
decay class, as proposed by Meyer et al. (2001). All trees 
were inspected for the occurrence of microhabitats formed 
by bark injury or the bracket fungus, and cavities at the stem 
base and the upper stem and signs of necrosis on the trunk. 
Tree saplings > 1.5 m in height (termed ‘advanced regenera-
tion’) were counted in two belt transects of each 13 m2 area 
per plot.

The Development Stage Index (IDS)

In temperate broad-leaved old-growth forests, plots of 
500 m2 size typically contain tree individuals of variable age 
and dimension, which from an ontogenetic perspective, may 
be assigned to different forest development stages. Even in 
monospecific stands, the forest structure in a plot of this size 
can be quite heterogeneous. Groups of trees of different ages 
and dimensions may occur in close neighborhood to each 
other, and identified development stages thus may overlap 
through vertical canopy stratification. To account for this 
heterogeneity, we introduced the Development Stage Index 
IDS, which is derived from measured tree dimensional data. 
It calculates the relative extension of development stages in 
a plot and allows assigning a plot to a prevailing stage by 
identifying the stage with largest extension.

Stem diameter was used as the principal criterion for 
assigning a tree or tree group to one of the three develop-
ment stages ‘Initial’, ‘Optimum’ or ‘Terminal’. The dbh 
thresholds were chosen by approximating points that enclose 
a section of the mean stem diameter–density distribution 
curve of the three virgin forests with low curve steepness 
(Fig. 1). According to Goff and West (1975) the beginning 
and end points of such a section (benchmarks) indicate tran-
sitions between three distinct phases in the tree life cycle 
in temperate old-growth forests of shade-tolerant North 

Table 1  Physiography of the 
three study sites in eastern 
Slovakia. Due to the sloping 
terrain, ranges are given for 
altitude, precipitation and 
temperature

a Mean annual precipitation and mean annual temperature

Havešová Kyjov Stužica

Altitude 550–650 m a.s.l. 700–820 m a.s.l. 700–950 m a.s.l.
Precipitationa 800–850 mm 950–1000 mm 900–1200 mm
Mean  temperaturea 6.0–6.5 °C 5.2–5.7 °C 4.0–5.0 °C
Parent material Carpathian flysh Andesite Carpathian flysh
Soil type (FAO/WRB) Eutric Cambisol Dystric Cambisol Eutric Cambisol
Aspect South to east North to east Southeast to southwest
Slope 15.8° 11.9° 12.9°
Plant community Fagetum dentarietosum glandulosae association
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American tree species. The resulting dbh classes and their 
main characteristics are given in Table 2. 

These diameter thresholds largely fit to a categorization of 
tree dimensions often used in silviculture (e.g., Röhrig et al. 
2006). For simplicity, the premature trees in a plot were subse-
quently assigned to the Initial development stage, mature trees 
to the Optimum stage, and over-mature trees to the Terminal 
stage of forest development (Fig. 2). Dead trees have until 
recently influenced the structure of the living stand and still 
are imprinting on the recent stand structure through competi-
tive effects that were exerted by the now-dead trees in the past. 
To include dead trees in the IDS thus can help to understand 
the stand development in the more recent past. Therefore, not 
only live trees were considered in the calculation of IDS, but 
dead trees as well to account for their contribution to forest 
structure and space filling. We used the same dbh-based clas-
sification as above, assuming that mortality is to a considerable 
extent caused by community-level processes characteristic of 
the considered life history phase (Holzwarth et al. 2013). With 

proceeding decay, dead trees were reduced in their count and 
for calculating basal area by applying specific reduction factors 
for the five wood decay classes (DC) (DC 1 = 1.0, DC 2 = 0.95, 
DC 3 = 0.85, DC 4 = 0.7 and DC 5 = 0.5). Thus, deadwood 
represents a structural memory of the recent past in the IDS 
score that is fading with increasing wood decay. This proce-
dure considers that the space once occupied by the live tree is 
increasingly filled by neighbors and recently established indi-
viduals. Beech logs up to class DC 5 are present in the stands 
for about 35 years (Müller-Using and Bartsch 2009; Prívetivý 
et al. 2016); according to Lombardi et al. (2008) beech and fir 
logs decompose at similar rates.

The relative importance of trees of these three diameter 
categories in a plot was quantified through their abundance 
in terms of stem number (N) and basal area (BA) to account 
for tree size differences. To solely rely on BA as a measure of 
‘natural stocking density’ (Assmann 1961) is not sufficient 
here. Trees at the lower end of a size class have a low BA, but 
can reach high N; the opposite is valid for trees at the upper 
end of the class. Both dimension measures were expressed in 
relative terms using forest patches with more or less exclusive 
presence of one of these tree size classes as a reference (see 
Table 4).

Calculation of IDS

For all plots i, the summed number of trees (NDSi) and the 
summed basal area (BADSi) in the respective stages (DS) were 
calculated. To define the highest achievable tree number, 
which a given diameter category or development stage may 
reach in a plot (NDSref), we identified the plots with the highest 
tree number (NDSmax) in that stage in the three forest stands and 
averaged over these maximum densities:

The same was done for the parameter basal area:

The index value I of a given development stage DS (IDS) 
in plot i was then calculated as the summed quotients of 

NDSref =

∑

NDSmax

3
.

BADSref =

∑

BADSmax

3
.

Fig. 1  Semi-logarithmic stem diameter–density distribution curve of 
living trees (N  ha−1) per 5  cm dbh class for the three forest stands 
(dashed lines) and a fitted line (continuous), representing a third-
degree polynomial function calculated on the mean of the three 
stands across the dbh classes. The continuous vertical lines mark the 
locations of the thresholds set for the assignment of trees to the three 
stages ‘Initial’, ‘Optimum’ and ‘Terminal’. The dashed vertical lines 
mark the altered thresholds in the sensitivity analysis

Table 2  Assignment of trees to ontogenetic phases (premature, mature, over-mature) according to the three dbh classes proposed in this study, 
with a short characterization of the respective phase

The corresponding phases given by Goff and West (1975) are indicated in brackets

dbh class Ontogenetic phase Characterization

7 ≤ dbh < 40 cm Premature phase (understory phase) Slow growth and high mortality
40 ≤ dbh < 70 cm Mature phase (vigorous overstory phase) Rapid growth and low mortality
70 cm ≤ dbh Over-mature phase (senescent overstory phase) Reduced growth and increased mortality
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actual tree number (NDSi) to potential maximum tree number 
(NDSref), and actual basal area (BADSi) to potential maximum 
basal area (BADSref) in this diameter category:

with DS being the Initial (Ini), Optimum (Opt) or Terminal 
(Ter) stage.

The stage with the highest index score is per definitionem 
the dominating development stage in that plot. Dominance 
refers only to abundance and not to interactions between 
trees of different diameters. A main purpose of the IDS score 
is to measure the complex structural mixing of the three 
development stages on the plot level. The relative propor-
tion of IDS scores of the three stages informs more about 
the current structural composition of the stand than about 
the stages’ conditions and the development potential. How-
ever, it can also be used to infer on processes of dynamic 
structural change, when repeated surveys with the index are 
conducted.

Data analysis

The index IDS was used for two purposes: (1) to generate 
data on the relative abundance of the three development 
stages in the individual plots and the forest stands and (2) 
to identify the most extended (or ‘dominant’) stage in a 
plot. These data can be used for mapping principal for-
est structural categories in old-growth forests, and they 
served for calculating the relative extension of previously 

IDSi =

(

NDSi

NDSref

+

BADSi

BADSref

)

defined development stages in the three primeval forests. 
As a measure of structural heterogeneity (and not spe-
cies diversity) in the sample plots, we calculated Shan-
non’s diversity index (H′) and evenness with the relative 
stage extension data of the three stages in the plot. In the 
calculations, we assigned zero values to stages that were 
currently not present on a plot; the calculation of evenness 
was done with reference to conditions with equal abun-
dance of all three stages in a plot.

There is the possibility that the IDS approach works 
only in the frame of the dbh classes and plots sizes which 
exist in the studied forests. To explore whether alterations 
of the proposed IDS index to modification in the chosen 
dbh classes and plot size lead to unexpected results which 
might be in conflict with the underlying assumptions and 
thus challenge the validity of the index, we performed a 
sensitivity analysis. We tested for the effect (1) of altered 
dbh thresholds used for distinguishing the tree diameter 
classes and (2) of different plot sizes on the IDS values 
calculated for the plots. In these runs, the dbh thresholds 
were shifted from 40 to 30 cm and from 70 to 80 cm, and 
plot size was reduced from 500 to 156.25 m2.

We further analyzed the relationships between the 
Development Stage Index IDS and selected structural char-
acteristics of the trees and stands, notably:

• the number of live, dead and all trees (Nl, Nd and Ntot)
• the BA of live, dead and all trees (BAl, BAd and BAtot)
• the volume of live, dead and total wood (Vl, Vd and Vtot)
• the density of advanced regeneration (REG), and
• the number of microhabitats (HAB).

The three stands were compared for significant differ-
ences in their structural characteristics. If this was the 
case, then further analyses were performed separately for 
the three stands. We performed correlation analyses for 
the IDS scores of the three stages and for their relative 
proportions (IDS/ITotal) on the plots. The first may better 
indicate stage-specific density effects, and the latter the 
effects of apparent structural complementarity among the 
stages. The fit and significance of correlations was ana-
lyzed by performing Pearson’s product-moment correla-
tion. After stratification of the plots by assigning them to 
the prevailing development stage, the three development 
stages were tested for significant differences in the above-
mentioned structural characteristics. As the data for stands 
and stratified stages did not fit to normal distribution, a 
Mann–Whitney U test was employed. All analyses were 
performed with R software, version 3.2.2 (R Core Team 
2015), using a confidence level of 0.95 throughout. The p 
values for multiple testing were adjusted by the Bonfer-
roni–Holm method.

Fig. 2  Scheme illustrating the assignment of stems of variable diam-
eter in an exemplary 500-m2 plot to the three development stages (Ini-
tial, Optimum and Terminal) using the dbh categories 7–39, 40–69 
and ≥ 70 cm as selection criteria. Thus, the plot contains elements of 
all three stages
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Results

Stand structural characteristics

The three virgin forests had similar mean densities of live 
trees and nearly equal basal areas (Table 3), while the num-
ber of dead trees increased in the sequence KY < HA < ST 
(HA and ST significantly different from KY). The differ-
ence in total tree density (live and dead) was also small 
between the stands. There was no significant difference in 
the volume of above-ground wood biomass and dead wood 
volume among the three stands, but the volume of live and 
dead wood taken together was ~ 20% smaller in KY than in 
HA and ST (difference significant). The density of advanced 
regeneration (height > 1.5 m) was highest in ST, but the 
stands differed not significantly in this respect.

The volume of above-ground wood biomass increased 
from the Initial to the Optimum stage (Fig. 2 in supple-
mentary material). Between the Optimum and the Termi-
nal stage, it remained stable in the HA and KY forests, 
but increased in the ST stand. When deadwood is added 
to obtain total wood volume, all stands showed increasing 
volumes from the Initial to the Terminal stage. Among the 
plots of a development stage, wood volume generally varied 
greatly.

Characterizing stand structure by the Development 
Stage Index IDS

The minimum number of trees found on a 500-m2 plot was 
n = 7. All plots contained trees of two, and often three, dif-
ferent stem diameter classes. Thus, the same plot was often 
assignable to two or more development stages. Ninety-nine 

percent of the plots contained trees assignable to the Ini-
tial stage (7–39 cm dbh), 98% trees of the Optimum stage 
(40–69 cm), and 88% contained over-mature trees (≥ 70 cm) 
assignable to the Terminal stage. In the KY stand, over-
mature trees were present in 98% of the plots, indicating a 
relatively even distribution of large trees across the stand. 
Even though mean stem density and basal area were not 
significantly different between the three stands, the observed 
maximum N and BA values in the respective stages differed 
between the HA, KY and ST forests (Table 4). NIni and  BATer 
reached exceptionally high maxima in certain HA plots, but 
much lower peak values in KY (except for BAIni). With the 
means of the stage-specific maxima being used as a refer-
ence, the relative stem density and basal area values of the 
three stages (0.31–0.47, mostly in the range 0.35–0.44) 
were remarkably similar in the three stands (supplemental 
Table 1). The calculated IDS scores reached very similar pro-
portions of IIni, IOpt and ITer in ITotal (the summed indices of 
all three stages) regarding all 118 plots, but varied to some 
extent in their means (Table 6) and distribution (Fig. 1 in 
supplementary material) between the three stands. As fol-
lows from the logics of the IDS score approach, we found 
significant negative correlations between the IDS score of 
a single stage with the summed scores of the respective 
two other stages (IIni: r = − 0.43, p ≤ 0.001; IOpt: r = − 0.55, 
p ≤ 0.001; ITer: r = − 0.64, p ≤ 0.001).

As expected, IDS was closely related to various plot-
level structural attributes such as the basal area and wood 
volume of the living trees (Table 5). This relation was 
positive for ITer and IOpt, but negative for IIni, as trees 
of the latter stage profit from a reduced biomass of the 
older and larger trees. A close negative relation was also 
found between the IIni score and the abundance of tree 
saplings > 1.5 m (REG), reflecting that dense stands of 

Table 3  Stand-level means (± standard deviation) of 12 structural characteristics of the virgin forests Havešová (HA), Kyjov (KY) and Stužica 
(ST) for the each 40 plots of 500 m2 per stand

All parameters are given on a hectare basis. Nl, Nd, Ntot—number of live, dead and all stems (live + dead) ≥ 7 cm dbh, BAl, BAd, BAtot—cumula-
tive basal area of live, dead and total stems, Vl, Vd, Vtot—volume of live, dead and all stems, REG—density of larger tree saplings > 1.5 m in 
height, HAB—number of microhabitats, and pFIR—proportion of silver fir stems in the plots (aonly in Stužica). Parameters with significant dif-
ferences between stands are indicated by different small letters and are printed in bold

Stand Nl Nd Ntot BAl BAd BAtot Vl Vd Vtot REG HAB pFIRa

(N ha−1) (m2  ha−1) (m3  ha−1) (N ha−1) (N ha−1) %

HA
 Mean 334 60 394 33.8 11.4 45 664 168 831 2346 119 0
 SD ±126 ±45b ±153 ±12.5 ±10.5 ±12.4 ±292 ±172 ±293b ±2781 ±63 0

KY
 Mean 329 43 372 35.3 11.7 47 536 123 659 2279 117 0
 SD ±91 ±36.5a ±98 ±13.1 ±8.8 ±10.6 ±219 ±104 ±178a ±4027 ±78 0

ST
 Mean 329 71 400 36.0 13.4 49.4 634 177 811 3269 144 11.6
 SD ±114 ±43.9b ±131.9 ±11.6 ±9.3 ±10.9 ±250 ±126 ±223b ±4254 ±77 ±10.2
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young trees generally suppress the offspring most effec-
tively. A strong correlation (r: 0.87–0.94) exists between 
the IDS scores of the three stages and their corresponding 
proportions (IDS/ITotal) in a plot. Accordingly, we found 
similar tendencies for the relations between the stages´ 
proportions and the structural attributes (Table 5). The 
Initial stage on the one hand and the Optimum and Termi-
nal stages on the other revealed significant differences in 
the structural parameters (Nl, BAl, BAtot and Vl) (Table 2 
in supplementary material).

Spatial extension of development stages

The IDS score allows quantifying the extension of different 
development stages in the forest, either through the relative 
extension of the stage in the total investigated plot area or via 
the proportion of all plots that are dominated by that stage. 
As shown by the box plots in supplemental Fig. 1, the IDS 
scores characterizing the abundance of the three stages vary 
largely among the plots, reflecting small-scale heterogene-
ity in the stands. Structural differences between the three 
forests become visible when comparing the median values 

Table 4  Maximum values of stem number (Nmax) and basal area (BAmax) in the dbh classes of three forest development stages in the three stands 
(presented as N  ha−1 and  m2  ha−1; consider the effect of the reduction factors for the different decay classes on the calculated values)

The means over all three stands are also given. The latter were used as a reference for expressing the calculated extension of a stage in a plot in 
relative terms

Stand Initial stage Optimum stage Terminal stage

Nmax BAmax Nmax BAmax Nmax BAmax

HA 967 17.89 180 43.17 94 74.97
KY 476 20.84 174 37.10 80 46.37
ST 687 20.22 180 44.49 104 52.63
Mean 710 19.65 178 41.59 93 57.99

Table 5  Pearson’s r and significance level (p value) of the correla-
tion between 11 stand structural characteristics and the abundance of 
the three development stages (Initial, Optimum and Terminal) in the 
three stands as expressed by the IDS scores and the relative proportion 

(IDS/ITotal) of the three stages (Nl, Nd and Ntot = number of live, dead 
and all trees, BAl, BAd,  BAtot = basal area of live, dead and all trees, 
Vl, Vd and Vtot = volume of live, dead and total wood, REG = density 
of advanced regeneration, HAB = number of microhabitats)

Significant correlations are marked in bold. For convenience, the three stands are analyzed separately only in the case of Nd and Vtot with signifi-
cantly different means between the stands

Structural attributes Initial stage Optimum stage Terminal stage

IIni ProportionIni IOpt ProportionOpt ITer ProportionTer

r p value r p value r p value r p value r p value r p value

Nl (N/ha) 0.84 < 0.001 0.64 < 0.001 0.11 0.25 − 0.07 0.452 − 0.28 0.002 − 0.40 < 0.001
 Nd (N/ha) HA 0.69 < 0.001 0.53 < 0.001 − 0.14 0.4 − 0.21 0.194 − 0.13 0.423 − 0.21 0.203

Nd (N/ha)
 Nd (N/ha) KY 0.27 0.092 0.24 0.14 − 0.06 0.728 − 0.05 0.757 − 0.02 0.921 − 0.14 0.384
 Nd (N/ha) ST 0.50 0.001 0.40 0.013 0.22 0.181 0.13 0.435 − 0.40 0.014 − 0.39 0.019

Ntot (N/ha) 0.89 < 0.001 0.67 < 0.001 0.11 0.243 − 0.06 0.49 − 0.31 < 0.001 − 0.43 < 0.001
BAl  (m2/ha) − 0.22 0.019 − 0.54 < 0.001 0.37 < 0.001 0.14 0.157 0.44 < 0.001 0.26 0.004
BAd  (m2/ha) 0.12 0.201 0.11 0.244 − 0.15 0.102 − 0.17 0.064 0.11 0.223 0.08 0.38
BAtot  (m2/ha) − 0.13 0.15 − 0.49 < 0.001 0.27 0.003 0.01 0.93 0.57 < 0.001 0.35 < 0.001
Vl  (m3/ha) − 0.33 < 0.001 − 0.61 < 0.001 0.31 < 0.001 0.11 0.223 0.50 < 0.001 0.34 < 0.001
Vd  (m3/ha) 0.06 0.514 0.05 0.577 − 0.15 0.102 − 0.17 0.060 0.16 0.089 0.12 0.176
Vtot  (m3/ha) HA − 0.42 0.008 − 0.65 < 0.001 0.20 0.217 − 0.06 0.730 0.74 < 0.001 0.54 < 0.001
Vtot  (m3/ha)
Vtot  (m3/ha) KY − 0.23 0.16 − 0.66 < 0.001 0.40 0.011 0.16 0.31 0.60 < 0.001 0.38 0.017
Vtot  (m3/ha) ST − 0.38 0.02 − 0.70 < 0.001 0.10 0.544 − 0.09 0.60 0.70 < 0.001 0.54 < 0.001
REG (N/ha) − 0.24 0.01 − 0.23 0.013 0.06 0.533 0.05 0.575 0.11 0.228 0.12 0.199
HAB (N/ha) − 0.17 0.058 − 0.31 < 0.001 0.25 0.007 0.15 0.102 0.19 0.037 0.08 0.341
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(supplemental Fig. 1) and arithmetic means (Table 6) of the 
IIni, IOpt and ITer scores of the three stands. The Terminal 
stage with over-mature trees is more widely distributed in 
the KY forest (34% of the total plot area), while the ST forest 
has a greater presence of the Optimum and Initial stages in 
its plots (present on 34 and 39%, respectively); in contrast, 
the Terminal stage occurs in ST on only 28% of the area 
(Table 6).

A similar picture emerges when the proportion of plots 
dominated by a given stage is compared among the three 
forests: The ST forest has a lower frequency of the Terminal 
stage (dominant in 32% of the plots), which is more wide-
spread in the KY and HA forests (35 and 38%; Table 7). 
While plots dominated by the Terminal stage prevail in the 
HA forest, the most frequent plots in ST are those domi-
nated by the Optimum stage. The KY forest ranges between 
HA and ST with respect to the dominance of Optimum and 
Terminal phase.

Sensitivity analysis of the classification scheme

Shifting the dbh thresholds for the premature tree class 
from 7–40 cm in the original scheme to 7–30 cm and 
that of the over-mature tree class from > 70 to > 80 cm 
increased the dbh range of the trees which are included 
in the Optimum (> 30–≤ 70 cm) stage with the result that 
the mean IOpt score increased in the three stands by 21%, 
while the mean scores of the Initial and Terminal stages 
(IIni and ITer) decreased by 4 and 18% compared to the 
original scheme. Thirty-one instead of 13% of the plots 
contained no trees assignable to the over-mature dbh 
category (Terminal stage). When reducing the plot size 
from 500 to 156.25 m2, still more than 95% of the plots 
contained two or more trees (median: n = 5.5). The num-
ber of plots, in which only two development stages were 
present, strongly increased from 19 to 81 of 118; 16 plots 
contained just a single stage (in most cases the Initial). 
Thus, smaller plots resulted in less spatial overlap of the 

three development stages, but the average proportion of 
the three development stages in the total investigated plot 
area remained similar to that derived for the 500-m2 plots.

Visualizing the mingling of stages in the study plots

We used ternary graphical plots to visualize for our 118-
plot sample the variable mixing of trees assignable to the 
three development stages. For every plot, the IDS scores of 
the three stages were expressed in percent of the summed 
three IDS values of that plot (= ITotal) along three axes from 0 
to 100%, which define the contribution of the Initial, Opti-
mum and Terminal stages to the ITotal score (see Fig. 3 for 
ternary plots of the HA, KY and ST stands, and the pooled 
plots of all stands). The majority of plots was located in 
moderate distance to the center of the graph, where the 
three stages contribute equally to ITotal (by about 33%); this 
is also expressed by the evenness of the three IDS scores 
which reaches high means in all three stands (Table 6). Plots 
with high percentages of IIni, IOpt and ITer, and low percent-
ages of IIni and IOpt, are rare. In contrast, plots with low or 
zero scores of ITer were present in all three forests. (ITer was 
zero in 12% of the 118 plots.) The HA forest differed from 
the other two stands in that many plots were located left of 
the plot center at higher ITer scores, while the ST plots were 
more frequent right of the center toward lower ITer scores. 

Table 6  Mean extension of the three development stages in the plots 
of the three stands as expressed by the IDS index (i.e., the summed 
quotients of actual tree number, NDSi, to potential maximum tree 
number, NDSref, and actual basal area, BADSi, to potential maximum 

basal area, BADSref, in the respective dbh category) (means and stand-
ard deviation of IIni, IOpt, ITer and ITotal, n = 40 plots in HA and KY, 
n = 38 in ST, 118 plots in total)

The percentage share of the Initial, Optimum and Terminal stages (proportion of IDS in ITotal) in the three stands is given in parentheses. ITotal is 
the summed extension of the three stages in a plot. The mean evenness of the three stages in the plots is also given (1.0 = all stages occur at equal 
abundance)

Stand IIni IOpt ITer ITotal Evenness

Mean SD %  Mean SD % Mean SD % Mean SD Mean SD

HA 0.75 ±0.39 (35) 0.78 ±0.46 (35) 0.66 ±0.46 (30) 2.19 ±0.43 0.84 ±0.15
KY 0.72 ±0.31 (33) 0.73 ±0.47 (32) 0.76 ±0.41 (35) 2.21 ±0.46 0.88 ±0.12
ST 0.81 ±0.35 (34) 0.94 ±0.47 (39) 0.66 ±0.51 (27) 2.41 ±0.43 0.85 ±0.15
All stands 0.76 ±0.35 (34) 0.81 ±0.47 (35) 0.69 ±0.46 (31) 2.27 ±0.45 0.85 ±0.14

Table 7  Proportion of plots (in %) dominated by one of the three 
development stages in the three stands (n = 40 plots in HA and KY, 
n = 38 in ST, 118 plots in total)

Stand Initial Optimum Terminal

HA 30.0 32.5 37.5
KY 30.0 35.0 35.0
ST 28.9 39.5 31.6
All 29.7 35.6 34.7
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The 40 KY plots showed the most even distribution across 
the ternary plot, reflecting the relatively balanced propor-
tions of stages on the stand level (Table 6) in this forest.

Discussion

Plot number and plot size requirements 
in old‑growth forest studies

Plot numbers and plot size determine the information quality 
available when studying forest stand structure. In the long-
term absence of stand-level disturbances, primary forests 
typically develop toward horizontally and vertically diverse 
‘old-growth’ structures (Franklin et al. 2002, Bauhus et al., 

Fig. 3  Ternary diagrams visualizing the relative importance of the 
Initial, Optimum and Terminal stage in the 40 (or 38) plots in the 
stands HA, KY and ST and in all plots pooled (all stands). The rela-
tive importance of a stage is expressed by its IDS score related to the 
plot ITotal (the summed IDS scores of all three stages in a plot). The 
three arrows in the diagram indicate the position of a plot along the 
0–100% axes for the Initial stage (upper corner of triangle), the Opti-
mum stage (lower right corner) and the Terminal stage (lower left 

corner). Plots located in the dark-gray area have a relatively similar 
share of all three stages. (No stage exceeds the other two in terms of 
stem numbers and basal area more than 1.5-fold). In the medium-gray 
zone, two stages exceed the other one more than 1.5-fold. In the light-
gray zone, a single stage exceeds both other stages more than 1.5-
fold. The size of the circles gives the size of the total index score ITotal 
of the plot (small: < 0.9, medium: 0.9–1.3, large: > 1.3), indicating the 
total density of stages
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2009). In forests with high structural heterogeneity the coef-
ficient of variation of many structural characteristics tends to 
increase with decreasing plot size (Král et al. 2010a). This 
inflates the minimum number of sample plots required for 
reliably estimating the spatial variability of the stand struc-
ture at small plot sizes. According to the approach given by 
Král et al. (2010a), our 118 plots well exceed the minimum 
plot number needed for reliably estimating total basal area 
(n = 27) and total tree number (n = 49).

Plot size depends on the type of information sought in the 
study. A meaningful spatial scale in the study of beech forest 
dynamics may be defined by gap size (Drößler and Meyer 
2006). Spies and Franklin (1996) also use the term ‘shifting-
gap phase’ for their last phase in forest developmental suc-
cession. Most canopy gaps in beech old-growth forests result 
from the death of single trees or small groups of trees (Bot-
tero et al. 2011; Drößler and Lüpke 2005; Kenderes et al. 
2009; Kucbel et al. 2010; Tabaku and Meyer 1999; Zeibig 
et al. 2005) with a size of < 100 m2 being most frequent, 
while stand-replacing disturbances (e.g., Hobi et al. 2015; 
Kucbel et al. 2012) seem to be rare in European beech for-
ests. Analyzing spatial tree distribution in the Kyjov virgin 
beech forest, Drößler et al. (2016) found gap size patterns 
to be reflected in stand structure throughout the entire for-
est development cycle. Single trees were the most frequent 
‘group size’ suggesting to collect information with a spatial 
grain size of a single tree in studies on beech forest dynam-
ics. Since sample plots must be larger than this minimum 
grain size to conclude on stand structure and structural inter-
actions, plot dimensions should exceed the area covered by 
a single tree, i.e., approximately 150 m2 for a beech canopy 
tree (Meyer, 1999). When studying the vertical stratification 
of canopies, even larger plots should be picked. We followed 
Lombardi et al. (2015) who assumed a plot size of 500 m2 to 
be adequate for quantifying old-growth structural indicators 
in European temperate forests.

Quantifying forest structure with the Development 
Stage Index IDS

The introduced Development Stage Index IDS is based on 
the grouping of trees into three diameter classes that are 
then referred to as ontogenetic development phases. Goff 
and West (1975) also divided the life cycle in old-growth 
forests of shade-tolerant North American tree species into 
three distinct phases: an understory phase of slow growth 
and high mortality, a vigorous canopy phase of relatively 
rapid growth and low mortality, and an older canopy phase 
of reduced growth and increased mortality. These authors 
associate the transitions between these phases with the 
benchmarks in the inclination of the polynomial curve fitted 
to the tree diameter–density distribution, which has a rotated 
sigmoidal shape. This curve reflects the initial exponential 

decline in stem numbers (understory phase) that turns into 
a subsequent plateau with relatively stable stem numbers 
(vigorous canopy phase) and is then followed by an increas-
ing decline at high dbh values (senescent overstory phase). 
The diameter–density distributions in our three stands also 
fit to this curve type, as has also been reported from other 
beech-dominated virgin forests (e.g., Alessandrini et al. 
2011; Westphal et al. 2006). This suggested to adopt the cri-
teria formulated by Goff and West (1975) for distinguishing 
between the three ontogenetic phases in our study. We used 
this dbh-based classification also for standing dead trees, 
assuming that mortality is to a considerable extent caused by 
community-level processes characteristic of the considered 
life history stage (Holzwarth et al. 2013).

One may argue that describing the forest development 
cycle by distinguishing only three stages, as proposed here, 
must represent an over-simplification of forest structure and 
a loss of information compared to other approaches which 
used more stages (e.g., disintegration, gap, regeneration and 
plenter phases or stages; Král et al. 2016; Tabaku, 2000). 
However, the results obtained from our analysis with the IDS 
scores clearly demonstrate that the areal mingling of only 
three development stages results in complex patterns (e.g., 
Fig. 3). These patterns correspond to a diversity of forest 
structures and thus facilitate the interpretation of structural 
dynamics of primeval forests, in particular when applied in 
repeated surveys.

The calculation of IDS scores requires referencing to 
tree density (N) and basal area (BA) data of plots which are 
dominated mostly or exclusively by that development stage. 
Since the Terminal stage forms extended patches only in 
old-growth forests, our approach is applicable only to for-
est stands with a long continuity of natural development, 
but not to stands with higher human impact. Yet, transfer-
ring IDS reference values derived from virgin forests to other 
forests of the same species and site characteristics seems 
feasible. This is indicated by the only moderate variation in 
Nmax values (found in the Optimum and Terminal stages) and 
BAmax values (found in the Initial and Optimum stages) of a 
development stage among the three Slovakian beech forests. 
Considerable variation in Nmax and BAmax values was only 
observed in plots, where either stem number (as found in 
NmaxIni) or dbh was exceptionally large (as seen in BAmaxTer). 
Recorded differences in the stem density and basal area 
maxima likely are caused by the sampling design with plot 
numbers probably still being too small to reliably detect the 
N and BA maxima in these forests, as the whole-stand means 
of tree density and basal area were not different between the 
three forests. To account for this possible shortcoming, we 
averaged over the Nmax and BAmax values of the three forests, 
when calculating the stem density and basal area reference.

IDS is a mixed index which expresses the effects of both 
tree abundance and tree size on the spatial extension of a 
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development stage in the forest. This is important as the 
cover of the Initial stage is mostly determined by the number 
of trees (N), while it is BA that largely determines cover in 
the Optimum stage, when stand thinning is completed. In the 
Terminal stage, dying trees reduce stem density, a process 
which typically is not compensated by the basal area growth 
of the remaining trees; thus, N achieves a larger influence on 
cover again. Combining both measures ensures that IDS can 
be used to estimate the extension of all three development 
stages. Highly significant negative correlations between the 
IDS scores of the three stages are an expression of the fact 
that the different demographic populations of beech in a 
stand compete for canopy space.

As expected, the IDS index was sensitive to the choice of 
dbh class ranges in our run with altered dbh thresholds. If 
a diameter class is narrowed, this class represents a shorter 
period in the forest cycle and the forest area assignable to 
the corresponding forest development stage must decrease. 
From diameter frequency plots of beech old-growth forests, 
it appears that the chosen 40 and 70 cm class limits are 
justified because they roughly correspond to demographic 
benchmarks in the life cycle of a beech tree. The nearly equal 
abundance found for the three development stages in the 
pooled plots of the three Slovakian virgin forests also under-
pins this judgment. Certainly, other tree species may require 
defining different dbh thresholds. While plot size alters the 
size of IDS and ITotal values in the plots, it appears to be less 
influential on the calculated proportion of the development 
stages at the stand level. This indicates that the IDS index is 
applicable to different plot sizes and thus to different types 
of forest inventory data, while the proportion of forest area 
assigned to the three stages is largely unaffected. In contrast, 
the development stage classification approach proposed by 
Tabaku (2000) is highly sensitive to plot size: Raising plot 
size from 156.25 to 500 m2 caused large changes in the pro-
portion of phases identified in the stands we studied (Table 3 
in supplementary material), as well as in the Ukrainian 
beech virgin forest of Uholka (compare Peck et al. 2015 and 
Zenner et al. 2016). The greatest changes were visible in the 
large extension of the ‘plenter phase,’ which is a surrogate 
for high spatial heterogeneity.

Distribution and abundance of development stages

We found roughly similar frequencies (about 30–36%) of the 
Initial, Optimum and Terminal stages across our 118 plots, 
irrespective of the calculation approach used (the proportion 
of the stage-specific IDS in ITotal versus the proportion of 
plots dominated by a certain stage). Under the assumption 
of a landscape-scale quasi-equilibrium state of the studied 
virgin forests, the relatively balanced distribution of indices 
evidences similar spatial extensions of the three develop-
ment stages in the forest suggesting that the dbh classes were 

well chosen. Since growth and development of shade-toler-
ant trees are often retarded in the understory, the extension 
of a forest development stage, however, is not a good indi-
cator for the duration of a given stage in a tree’s life cycle. 
In fact, dendroecological data indicate that beech trees are 
often spending much longer time spans in the Initial stage 
than in the other two stages (Trotsiuk et al. 2012).

Different development stage definitions in other clas-
sification approaches can lead to largely deviating results. 
For example, the approach of Tabaku (Drößler and Meyer 
2006; Tabaku 2000; Zenner et al. 2016) applied to primeval 
beech forests results in a much larger proportion of phases 
corresponding to our Terminal stage (nearly 50%), while 
only about 17 and 12% were assigned to phases related to 
our Initial and Optimum stages, respectively. This is caused 
by a focus on attributes with association to late develop-
mental stages (deadwood and large trees), while informa-
tion on other structural elements such as lower canopy strata 
is not considered. A considerable proportion of the plots 
had been characterized as the ‘plenter phase,’ which has no 
direct equivalent in our classification system and has been 
criticized for being a synonym for small-scale spatial het-
erogeneity without logical order in the forest dynamics cycle 
(Winter and Brambach 2011). According to this approach, 
the abundance of development stages is highly unbalanced 
in all six beech primeval forests, to which it was applied 
(see Zenner et al. 2016). On our plots, we see the same ten-
dency when the approach of Tabaku is used (supplementary 
Table 3). This suggests that all investigated beech primeval 
forests in eastern-central and southeastern Europe should 
shift in the next decades from the terminal and decay phases 
to early development phases at large parts of their area. We 
assume that this is a consequence of methodology rather 
than an overarching ecological phenomenon of beech forest 
dynamics in our time. Král et al. (2010b) proposed another 
classification approach, which yielded more balanced pro-
portions of the stages, but the results varied considerably 
during the study period of 30 years (Král et al. 2014).

Analysis of the IDS data in our study shows that all three 
stages coexist in the plots of 500 m2 size, demonstrating high 
spatial heterogeneity in the three Slovakian virgin forests. 
This seems to contrast with reports of other authors on the 
occurrence of relatively homogeneous patches in European 
old-growth forests (e.g., Müller 1929 and Leibundgut 1982, 
1993). A possible explanation is that these authors stud-
ied forests in which past large-scale disturbances created 
extensive forest patches with cohort-like structure. We rarely 
encountered the exclusive presence of one single develop-
ment stage on larger areas, as has been described by Kor-
pel (1995) for Slovakian virgin forests. In fact, only very 
few of our 118 plots reached high proportions (> 70% of 
ITotal) for any of the three stages, or alternatively low propor-
tions (< 10%) for the Initial or Optimum stages. The high 
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evenness of the three stages in the plots (> 0.84 in all stands) 
is another expression of the high small-scale heterogeneity, 
which has been addressed in earlier old-growth forest studies 
by introducing the term ‘plenter structure’ (Tabaku 2000). 
The standard deviation of IDS in Table 6, which varied from 
43 to 77% of the mean in the three forests, expresses differ-
ences between the forests in terms of the degree of structural 
heterogeneity. Deviation from equality in the abundance of 
Initial, Optimal and Terminal stage plots [as in the Havešová 
(HA) and Stužica (ST) forests] may indicate past disturbance 
events such as windstorms that may affect a forest on the 
stand scale (e.g., Nagel et al. 2014).

From the ternary plots, different stand-level structural 
patterns become visible for the three studied primeval for-
ests. These patterns likely are providing information on 
past disturbance regimes and environmental heterogeneity 
at the stand level, but in the absence of repeated inventory 
data, any interpretation must remain speculative. However, 
a remarkable outcome is that many study plots are local-
ized relatively close to the center of the ternary plot in all 
three forests, suggesting that the degree of small-scale mix-
ing of the three stages is indeed high with frequent stage 
overlap within a plot. The graphical presentation of canopy 
structural heterogeneity in a ternary plot is a promising 
tool, which allows visualizing the complex mixing of life 
history stages in temperate old-growth forests and enables 
interpreting the underlying dynamic processes. Applica-
tion to repeated inventory data might help in understanding 
structural self-organization processes in the canopy, as they 
become visible in changing study plot positions over time 
in the ternary plot.

Deadwood as an old‑growth forest attribute

Deadwood adds largely to the conservation value of old-
growth forests due to its importance for xylobiontic organ-
isms and cavity-nesting birds (e.g., Begehold et al. 2015; 
Müller and Bütler 2010; Winter and Brambach 2011). It is 
also a valuable structural attribute in assessments of the old-
growth character of forests (e.g., Bauhus et al. 2009) and a 
decisive structural feature in the definition of development 
phases and stages (e.g., Tabaku 2000). The IDS index asso-
ciates deadwood objects with the different forest develop-
ment stages through diameter, assigning thin deadwood to 
the Initial stage and thick dead logs to the Terminal stage. 
High deadwood numbers and volumes increase the IDS score. 
This approach has not been used before, since deadwood 
then partly loses its indicator value for forest development 
phases or stages. We share the opinion on the important role 
of deadwood as a characteristic structural attribute of old-
growth forests and its high value in conservation matters. 
However, tree death is in many cases related to processes 
characteristic of the specific life history stage and thus the 

diameter class of the tree (Holzwarth et al. 2013). Further-
more, in forest dynamics, the death of a tree in the first 
place implies a release of growing space and the associated 
availability of resources (light, water and nutrients) to the 
surrounding trees. The still important role of deadwood in 
the IDS may become visible in particular, when the index is 
applied to repeated inventory data, because deadwood decay 
gradually decreases the IDS score of the respective stage. For 
example, if a storm kills all Terminal stage trees in a plot, 
where this stage was dominant, 10 years later the ITer score 
will decrease considerably by the decline in NTer and BATer, 
while other individuals that survived will profit from the 
released growing space and react with increased growth. 
Thus, the IDS score of the respective stages will increase. The 
consideration of deadwood in the calculation of the score 
causes the index to react only slowly to structural changes 
caused by tree mortality. Therefore, the IDS score is best 
applied in long-term observational studies. Yet, deadwood 
in its role as a structural memory of the past can improve 
the understanding of interactions among the different stages 
and may help in tracking stage transitions in the forest that 
happened in past decades.

Incorporating deadwood abundance in the index allows 
searching for structural inter-dependencies by means of cor-
relation analysis. Earlier studies have frequently reported 
a negative correlation between deadwood volume and live 
wood mass (e.g., Král et al. 2010a; Holeksa et al. 2009). The 
IDS score, however, incorporates deadwood volume (through 
BAd) and the number of deadwood objects (through Nd), both 
of which may change independently across development 
stages. We observed a positive relation between IIni and Nd, 
probably reflecting the outcome of self-thinning processes 
in this stage. Dead trees in the Initial stage are of small size 
and do only marginally influence BAd and Vd. As the Initial 
stage usually follows the Terminal stage with gradual stand 
decay (or large-scale disturbance) and typically is lasting 
much longer than the period of deadwood decomposition, 
deadwood volume and numbers often vary largely (see 
also Král et al. 2010b and Tabaku 2000). While deadwood 
amount passed through a minimum in the Optimum stage 
with typically lowest mortality (Korpel 1995), a significant 
negative relation between the number of dead logs (Nd) and 
the IOpt score did not exist in our data (negative trends in 
the HA and KY stands, but positive relation in ST with the 
presence of fir).

In our dbh-based definition, the Terminal stage covers 
a time span from ‘growing old’ to ‘replacement by young 
trees,’ resembling the definition of the ‘breakdown stage’ 
proposed by Král et al. (2010b). While our definition is not 
necessarily related to the presence of dead trees, other clas-
sification approaches define distinct disintegration phases 
or decay stages (Jaworski and Podlaski 2007; Korpel 
1995; Tabaku 2000), which may result in higher deadwood 
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amounts in this phase. While we found only a nonsignificant 
tendency toward higher deadwood amounts with higher ITer 
scores, this index showed a significant positive relation to 
deadwood volume (r = 0.25, p = 0.006), when only coarse 
woody debris of low to medium decay (> 20 cm dbh, decay 
class ≤ 3) was considered. This substrate is of higher value 
for xylobionts (Schuck et al. 2004). For IIni and IOpt, such a 
relation was not found, which indicates that the over-mature 
trees of the Terminal stage indeed are largely determining 
the deadwood amount.

IDS as a proxy for further stand structural 
characteristics

From the correlation analyses, it is evident that the IDS 
scores, and likewise the stages´ proportions, can provide fur-
ther information on stand structure in old-growth forest plots 
(see Table 5). As expected, higher IIni scores generally stand 
for higher stem densities also in plots that are dominated by 
the respective other development stages, while a higher ITer 
score indicates smaller overall tree densities. Higher IOpt and 
ITer scores stand for higher cumulative basal areas in the plot, 
while higher IIni values relate to smaller basal areas. The 
same is true for the volume of above-ground wood biomass. 
Interestingly, a higher frequency of microhabitats (such as 
cavities in the stem and bark injury) is indicated not only by 
higher ITer scores, but also by higher IOpt values. A similar 
abundance of microhabitats in the Optimum and Terminal 
stages (see Table 2 in supplementary material) may sug-
gest that microhabitats relevant for xylobionts are created 
in virgin beech forests well before the trees are reaching 
over-mature size. One explanation is the generally higher 
stem density in the Optimum than Terminal stage, which 
may outweigh the lower specific frequency of microhabi-
tat occurrence. Another explanation could be that falling 
dead trees are damaging younger, vital neighbors, which is 
prevented in managed forests. Since we registered only the 
density of microhabitats, but did not assess their quality, it 
may, however, be that the Terminal stage with its very old 
and large trees does possess habitats of greater value for 
xylobionts than do exist in the Optimum stage.

High IIni scores are also indicators of a reduced density 
of tree saplings > 1.5 m height, probably because they are 
suppressed by a dense cover of young trees. Thus, in these 
montane virgin beech forests, regeneration is highest in the 
Optimum and Terminal stages, but is largely suppressed in 
the Initial stage, which allows the next beech generation to 
develop only after the trees of the Initial stage have grown 
tall. As the IDS scores of the three stages correlate positively 
with the ITotal score (r: 0.22–0.49), the latter is also associ-
ated with stand structural characteristics that are strongly 
correlated with one or more IDS scores.

Conclusions

The proposed IDS index can be viewed as an important 
step toward the goal to describe and analyze the complex 
mosaic structure of temperate old-growth forests with 
objective and quantitative measures. The index bases 
on two easily measured variables, which serve as suit-
able proxies for quantifying the spatial extension of life 
history stages from the Initial to the Terminal stage. The 
index seems to be relatively robust against variation in plot 
size, but is sensitive to altered classification schemes of 
the development stages. The IDS score allows interpreting 
stand development from the plot to the landscape scale. 
On the plot level, IDS scores provide information on the 
mixing of tree populations of different demographic posi-
tions, allowing conclusions on vertical structure and its 
spatial variation in the forest and thus on the character of 
the disturbance regime. At the stand and landscape scales, 
mean IDS values can give hints on past major disturbances, 
visible through deviation from equilibrium conditions. 
Displaying IDS scores in ternary graphical plots allows 
visualizing spatial variation in the mixing of development 
stages. This approach can also facilitate the comparison of 
different forests in terms of canopy structure and function. 
Further, when the ternary plot is applied to repeated inven-
tory data, dynamic changes in stand structure can be ana-
lyzed. Finally, the improved empirical database generated 
by introducing the IDS score may enable more rigorous 
hypothesis testing in forest dynamics research. In future 
studies, the IDS index should be applied to other beech 
old-growth forests, repeated inventory data and further 
structurally different forest types. This may require modi-
fying the index by altering the dbh thresholds, including 
other or additional structural variables and extending the 
set of stem density and basal area data, which are needed 
as a reference.
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