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Abstract
Aims: Evaluation and modification of a classification protocol for delineating
development phases of the beech forest life cycle (Tabaku, Struktur von
Buchen-Urw€
aldern in Albanien im Vergleich mit deutschen Buchen-Naturwaldreservaten und-Wirtschaftsw€
aldern, 2000).

Location: The Uholka-Shyrokyi Luh primeval beech forest, Carpathian Biosphere Reserve in the Ukrainian Carpathian Mountains.
Methods: The classification protocol was evaluated by examining the requirements for each type based on the literature and empirically assessing the suitability of the typology resulting from applying it to non-overlapping 156.25 m2
grid cells superimposed on a 10-ha stem-mapped old-growth European beech
stand. Modifications were proposed and the modified protocol applied to the
10-ha old-growth stand and evaluated using permutation tests to assess the
distinctiveness of primary attributes among types in the resulting typology.
Results: We found a consistent bias in the classification protocol resulting from
a failure of the prospect requirement: the compound classification rule rendered
it virtually impossible for grid cells to be assigned to the Late Optimum phase.
The proposed modified protocol alleviates this problem and was found to result
in distinct types with statistically significantly different mean values for many
primary attributes.

Conclusions: Interpretations of a purported ‘signature texture’ for old-growth
beech forests dependent on the absence of the Late Optimum phase when using
the original classification protocol require reconsideration. The proposed modified protocol would be less susceptible to this bias, but caution is still advised,
given the inherent constraints of the classification protocol at small scales.
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Introduction
Classification typologies can be helpful both for formulating hypotheses about the ecological processes shaping the
different types (i.e. classes) to be classified and for developing subsequent ‘close to nature’ management strategies
(De Caceres et al. 2015). For instance, emphasis has been

placed on assigning and tracking forest stand structures
and their associated development types as surrogates for
biodiversity monitoring (Pressey 2004; Corona et al.
2011). However, successful application of a classification
typology depends upon the classification protocol meeting
general requirements for accepting the usefulness of the
typology resulting from a given classification approach (De
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Caceres et al. 2015). For example, the classification
approach should encompass the full range of variation of
the ecosystem components being classified (i.e. comprehensiveness) and/or types should be distinct with respect
to the primary classification attributes (i.e. distinctiveness;
De Caceres et al. 2015). In the case of assigning development phases (= types) to forests, at the very least the classification protocol must capture the salient ecological
processes thought to shape the development phases (cf.
Leibundgut 1959, 1993; Korpel’ 1995) (i.e. representativeness, Peck et al. 2015). Representativeness is typically
achieved by using primary attributes thought to be linked
to the processes associated with each phase of the beech
forest life cycle (Leibundgut 1993; Korpel’ 1995). Further,
logic dictates that the sequence of assignment rules be
structured such that it is theoretically possible for all development phases to be assigned as intended (the prospect
requirement); i.e. the rules must be sufficiently consistent
across the hierarchy (cf. Mayr & Bock 2002) that the criteria for a given type are mutually compatible.
As patches of forest progress through the forest life
cycle, the ecological processes dominating each period
leave behind telltale structural signatures. Periods associated with regeneration processes thus have lower total
biomass, which has been found to peak during periods of
growth and decline with increasing mortality (Watt 1947;
Meyer 1952; Korpel’ 1995; Emborg et al. 2000; but see
Zenner et al. 2015b). This association between process
and structure has led to the delineation of developmental
stages and structural phases on the basis of stand structure
(Leibundgut 1978; Korpel’ 1995; Meyer 1999). In addition to total biomass, the structural attributes taken as
indicators of different phases of the forest life cycle have
included the presence of regeneration (Rall 1990; Heurich
2006) or gaps (Emborg et al. 2000; Tabaku 2000), tree
species richness (Rall 1990), layering of the canopy
(Heurich 2006), deadwood (Tabaku 2000; Heurich 2006),
measures of heterogeneity in tree size structure (Tabaku
2000) and the ratio of increment:mortality (Meyer 1999).
Objectively assigning patches of forest to development
phases can therefore be achieved using a set of assignment
rules that draws on an expert-based membership rule
definition (sensu De Caceres & Wiser 2012) in which criteria for assignment are defined a priori from expert knowledge (e.g., Kral et al. 2010; Huber 2011). Perhaps because
the first classification protocols based objectively on data,
rather than subjective field assessment, were reported
only in the regional literature (see Tabaku 2000; Winter &
Brambach 2011), implementation has been slow. Among
the first to have been developed (Meyer 1999) and
applied (Tabaku 2000; Dr€
oßler & Meyer 2006) is the classification method of Tabaku (2000) (hereafter the TC
method).
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The first serious effort to broaden awareness of objective
classification protocols developed for investigating patch
dynamics in old-growth European beech (Fagus sylvatica
L.) forest focused on expanding, rather than evaluating,
the original protocols (Winter & Brambach 2011). For
example, the TC method uses a set of dichotomous compound assignment rules for seven primary structural attributes [canopy projection area (CPA), deadwood share
(DS), tree regeneration and various metrics reflecting the
tree size distribution] to assign development phases to
small (156.25 m2) square grid cells superimposed on a larger stem-mapped forest area. The proportion of forest area
belonging to each phase in the resulting typologies has
been interpreted to reflect the duration or likelihood of
given developmental periods (e.g., Sch€
utz 2001) or to indicate status, such as the near absence of the late optimum
phase being hailed a signature texture of primeval oldgrowth beech (Tabaku 2000; Dr€
oßler & Meyer 2006).
However, the validity of the classification protocol, and
therefore the conclusions drawn from it, has never been
systematically evaluated. Although Winter & Brambach
(2011) proposed revisions to the TC method, they were
derived deductively (with scant justification) rather than
empirically, and neither the original nor their revised TC
method has ever been assessed for suitability as a classification protocol. Further, while Winter & Brambach (2011)
expanded the application to larger spatial scales, they ultimately concluded that the original small spatial scale was
suitable for capturing fine-scale forest development phases
reflective of structural microhabitats.
Nonetheless, concerns about the validity of the TC
method (even as modified by Winter & Brambach 2011)
remain. Some suggestions for improvement have related
to measurement protocols for primary attributes, such as
the proposal that one of the structural attributes (crown
projection area) be calculated based on single crown coverage rather than multiple coverage of overlapping crowns
(Dr€
oßler & Meyer 2006). Another, and perhaps more fundamental, concern relates to the complete absence of one
of the sequential development phases (Late Optimum) in
old-growth beech forests for which typologies have been
developed (Tabaku 2000; Dr€
oßler & Meyer 2006), which is
inconsistent with observations fundamental to the development of the sequential classification approach and
results from other classification methods that report at least
a low frequency of the Late Optimum stage in primeval
beech stands (e.g., Korpel’ 1995; Kr
al et al. 2010, 2014a).
In the absence from the literature of any plausible ecological mechanism for skipping a development phase within
the forest life cycle, we hypothesize that the failure to
observe the Late Optimum development phase using the
TC method could be due to a logical error in the classification protocol that violates the prospect requirement.
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The suitability of the resulting typology for the purpose
of delineating development phases can be evaluated (i.e.
validated) by examining the requirements for each type
based on the literature (De Caceres & Wiser 2012). In addition, classification protocols can be evaluated using internal criteria such as distinctiveness (De Caceres et al. 2015).
The goals of this paper therefore were to (1) evaluate the
validity of the TC method (i.e. check the prospect requirement) and (2) propose a Modified TC method and evaluate
its distinctiveness when applied to assign forest life cycle
development phases within a 10-ha portion of an oldgrowth European beech forest reserve in the Carpathian
Mountains of southwestern Ukraine.

Methods
Study area
Sampling was conducted within the primeval UholkaShyrokyi Luh forest, which is part of the Carpathian Biosphere Reserve. Situated in the Ukrainian Carpathians, the
reserve lies within a highly fragmented massif that consists
mainly of flysch formations of the Cretaceous and Paleogene periods, with Jurassic limestone, calcareous conglomerates, marls and sandstone (Hamor & Br€andli 2013). The
climate is temperate, with a mean annual temperature of
7.7 °C (2.7 °C in January and 17.9 °C in July) and a
mean annual precipitation of 1134 mm. There is no historical evidence that the Uholka-Shyrokyi Luh forest has ever
been cut and the almost pure European beech (97.3%, by
basal area) forest shows typical structural features of an
old-growth forest (Commarmot et al. 2013; Hobi et al.
2015a). The forest is thought to be dominated by a smallscale disturbance regime, with canopy gaps mainly
<200 m2 (Hobi et al. 2015b).
Data collection
In 2000, a 10-ha (200 m 9 500 m) plot was established in
the Uholka portion of the forest (48°160 N, 23°370 E, centre coordinates) on an exposed southeast slope of 20–40%
at an altitude of 700–800 m a.s.l. (Commarmot et al.
2005). Within the plot, all live and dead trees (standing
and lying) with a DBH ≥ 6 cm were marked and mapped,
and their DBH, species and the presence of a stem bifurcation were recorded. All snags and a random subsample of
200 live trees distributed throughout the plot were measured for tree height and the upper stem diameter 7 m
above the ground. After Michailoff (1943), heights for all
trees were estimated based on non-linear regressions
between DBH and height (H) from the subsample
(H = 1.3 + 53.67 9 exp(18.36/DBH) with R2 = 0.93
and RMSE = 3.87 m). Crown length and four crown radii
in the cardinal directions were measured for each standing

tree in the subsample to estimate crown projection areas
based on a non-linear regression between DBH and crown
diameter (KD) [KD = exp(0.69302 + 0.39183 9 ln(DBH))
with R2 = 0.55 and RMSE = 1.29 m]. In 2010, re-measurements of DBH were taken and new trees (ingrowth to
6 cm DBH) were stem-mapped; the 2010 measurement
data were used in this study.
Classification approach and protocol
The core of the basic stand development cycle is the recognition that the dominant ecological process, which has the
largest net influence on total live biomass, leaves a characteristic structural signature that can be used to quantify
patch dynamics and spatially demarcate development
phases (e.g., Leibundgut 1959; Mayer 1982; Korpel’ 1995;
Emborg et al. 2000). The growing-up stage, dominated by
regeneration and growth processes, is characterized by
steadily increasing biomass, which culminates in the optimum stage and then declines through the decay stage (Leibundgut 1959, 1978; Korpel’ 1995; Meyer 1999; Tabaku
2000; Dr€
oßler & Meyer 2006). These primary phases are
divided into nine development phases (cf. Tabaku 2000;
Dr€
oßler & Meyer 2006) on the basis of the structural hallmarks of the dominant ecological processes previously
identified by experts in the field (Table 1): Gap (G), Regeneration (R), Establishment (E), Early Optimum (EO), Mid
Optimum (MO), Late Optimum (LO), Terminal (T), Decay
(D) and Plenter (P).
The TC method objectively assigns patches of forest to
these expert-defined development phases using a set of
assignment rules evaluated at the 156.25-m2 scale (Tabaku
2000). This size, which is equivalent to the crown projection area of a mature (70 cm DBH) beech tree (Meyer
1999), corresponds to the smallest spatial scale at which
development phases have been assigned using the TC
method (e.g., Tabaku 2000; Dr€
oßler & Meyer 2006). The
10-ha plot was thus first divided into non-overlapping
adjacent grid cells with a mesh size of 12.5 m 9 12.5 m
(N = 640 grid cells).
This classification protocol then applies a simple decision
tree using compound membership rules for primary structural attributes to divide the continuous forest life cycle
into the nine development phases (Tabaku 2000). The primary attributes computed for each grid cell include: (1)
CPA, i.e. the proportion (per cent) of a grid cell area covered by the overlapping crown projection of all live trees;
(2) the maximum DBH (MaxD) of standing trees within a
grid cell; (3) the DS, i.e. the proportion (per cent) of the
total (live and dead) volume in a grid cell comprised of
dead trees; (4) the mean DBH of standing live trees
(MeanD); (5) the normalized quartile DBH difference
(NQD), which assesses variability in tree sizes as 100 times
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Table 1. Characteristics of the development phases of the beech forest life cycle classification approach (adapted from Leibundgut 1993; Korpel’ 1995
and Tabaku 2000).
Development Phase Type

Characteristic Processes

Gap (G)

Overstorey mortality opens the canopy such that gaps (unstocked areas) become the dominant feature;
gaps are either closed by crown expansion from neighbouring trees, filled with new or older advance
regeneration that is released, or remain open [delineated by Tabaku (2000); previously part of the Decay phase]
Understorey tree regeneration becomes widespread, while overstorey mortality continues
Mortality finally eliminates the remaining overstorey trees, permitting seedlings to grow into an established sapling cohort
Vigorous growth of the sapling cohort increases stocking and closes canopy gaps, precluding further regeneration
Density-dependent mortality decreases, but continued vigorous growth of the new cohort increases stocking
until the new cohort forms a closed canopy and becomes dominant (i.e. is now the overstorey)
Growth maintains the closed canopy overstorey with maximum stocking
Density-independent mortality of individuals and groups of overstorey trees begins to create snags and mostly
single-tree gaps, reducing stocking
Overstorey mortality reduces stocking and creates larger canopy openings, many snags and high coarse woody
debris, and conditions conducive to regeneration
Characterized by a strongly differentiated, multigenerational structure, this phase was considered by
Leibundgut (1993), Korpel’ (1995), and many others to be non-sequential in the beech life cycle

Regeneration (R)
Establishment (E)
Early Optimum (EO)
Mid-Optimum (MO)
Late Optimum (LO)
Terminal (T)
Decay (D)
Plenter (P)

the size difference (DBH) of the tree of the 75th percentile
and the 25th percentile divided by the median DBH in
each grid cell; (6) the proportional stand height (PSH), i.e.
the proportion of the height of the tallest tree in a grid cell
relative to the tallest tree in the stand (47.9 m); and (7) the
proportion of the plot covered by tree regeneration (REG).
The decision tree uses primary attributes to dichotomously
separate phases if certain thresholds are not met or
exceeded: (1) the CPA (<30%) uniquely identifies the G
phase; (2) DS (≥30%) segregate the R, E, EO and D phases
that are further classified by REG and MeanD; (3) PSH
(≥85%) separates the T phase from the three Optimum (O)
phases; (4) NQD (>100) separates the P phase from the T
and the three Optimum phases; and (5) MaxD distinguishes among the three O phases (EO if the
MaxD < 40 cm, MO if 40 cm ≤ MaxD < 60 cm and LO if
the MaxD is ≥60 cm).
Before each grid cell could be classified into development phases following the decision tree, three minor adaptations to the TC method were necessary. First, because
regeneration (REG) was not spatially explicitly mapped for
the entire plot and hence unavailable for use in the decision tree, the G and R phases were combined into a single
phase (G/R) (Fig. 1a). Second, we computed the DS on a
basal area rather than a volume basis because smaller lying
coarse woody debris (i.e. branches and parts of stems) was
not spatially explicitly mapped. DS is thus defined as the
basal area of dead standing and lying trees as a percentage
of the total basal area of all living and dead trees over 6 cm
DBH within a grid cell. The effect of this modification is
expected to be minor as basal area and volume were highly
correlated (r > 0.995) in this study. Finally, because the TC
method of calculating CPA ignores the facts that some of
that projected crown area may extend outside the grid cell

4

and that the projected crown areas of different trees often
overlap within a grid cell, Dr€
oßler & Meyer (2006) proposed that computing CPA based on a single crown layer
rather than overlapping crown layers could alleviate the
tendency toward underestimation of the areal proportion
in gaps extrapolated from the proportional area assigned to
the gap phase. We thus computed CPA by summing CPAs
within a grid cell such that overlapping crown areas were
only incorporated once, and included crown areas projecting into the grid cell from trees in neighbouring cells while
excluding those projecting outside of the cell from trees
rooted within the cell, thus bounding the CPA estimate
between 0% and 100%. The effect of this modification
was a decrease in the relative abundance of the G/R phase,
from 5.6% in the TC multi-layered method to 3%, in
favour of the E phase that increased from 7.9% to 10.5%.
Classification requirements
The TC method classification protocol (Fig. 1a) was evaluated by examining the requirements for each type based
on the literature. The absolute threshold values of the primary attributes (e.g., MaxDBH value of 60 cm) used in the
protocol correspond to reported diameter distributions
from previous research that has shown that beech trees
can easily achieve this tree size (Korpel’ 1995; Tabaku
2000; Commarmot et al. 2005; Holeksa et al. 2009; Kucbel
et al. 2012). This is also true for the relative abundance
thresholds (e.g., 30% CPA, 30% DS) (Tabaku 2000;
Dr€
oßler & Meyer 2006; Winter & Brambach 2011). This
overlap in attributes demonstrates that these thresholds
are widely attainable in old-growth European beech forests (Christensen et al. 2005; Westphal et al. 2006). Given
that the average attributes of the Uholka old-growth forest
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Fig. 1. Decision tree and intensive class definitions for assigning development phases using classification protocols (a) adapted from Tabaku (2000) (TC
method) and (b) for the Modified TC method. Each primary attribute is evaluated as a dichotomy, assigning grid cells differentially if the criterion is met (Y,
black arrows) or not met (N, grey arrows). CPA, canopy projection area; MaxD, maximum DBH; DS, deadwood share; MeanD, mean DBH; NQD, normalized
quartile of DBH; PSH, proportional stand height. *≥6 cm DBH.

(Commarmot et al. 2005; Hobi et al. 2015a) are similar to
those reported for other beech old-growth forests (Prusa
1985; Korpel’ 1995), use of these thresholds was also
deemed appropriate for the current classification.
Suitability of the typology
To investigate if the TC method met the prospect requirement, we examined each compound assignment rule for
consistency across the decision tree (Fig. 1a). To facilitate
comparison with the literature, we quantified the development phase distribution resulting from the TC method
classification as the proportion of area assigned to each
type. We found that most compound rules allowed for the
assignment of the intended phase: e.g., it is possible for a
plot to have both DS > 30 and MaxD > 40 (Decay); both
DS > 30 and NQD > 100 (Plenter); NQD < 100 and
PSH > 0.85 (Terminal); and PSH < 0.85 and MaxD < 40
(Early Optimum) or <60 (Mid Optimum). However, upon
noting that no grid cells in the current study achieved

PSH < 0.85 and MaxD > 60 (and thus none were assigned
to the Late Optimum phase), we explored the relationship
between tree height and DBH in the current study and the
literature. To determine if this indicated a local or a global
failure of the prospect requirement, we compared the predicted height at 60 cm DBH to the reported maximum tree
heights using the DBH–height regression equation for the
current study and published regression equations from primeval beech stands (Tabaku 2000; Dr€
oßler & von L€
upke
2007; Holeksa et al. 2009). We found that the PSH attribute threshold introduced a bias of preferential assignment
to the T rather than the LO phase: the regression relating
DBH to tree height in the current study indicated that a
tree with a DBH of 60 cm or more (i.e. the threshold for
the LO phase) always exceeded a PSH of 85% (Fig. 2), such
that the assignment of a grid cell to the LO phase had a zero
probability because it was impossible to simultaneously
exceed the 60 cm DBH threshold and stay below a PSH of
85%. Such grid cells were instead always assigned to the T
phase. Very few exceptions were found when we
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Table 2. Proportions of grid cells assigned to eight forest development
phase types at a scale of 156.25 m2.
Study

Uholka* (UA)
Uholka (UA)
Mirdita (AL)
Puka (AL)
Rajca (AL)
Havesova (SK)
Kyjov (SK)

Fig. 2. The relationship between tree DBH and estimated values (based
on the regression of tree height on DBH) for the proportion of stand height
(PSH) criterion from the original TC method for the current study (Uholka,
solid black line) and for five other old-growth reserves previously reported
€ßler &
in the literature for Albania (AL; Tabaku 2000) and Slovakia (SK; Dro
€pke 2007). Note that very few trees from any site would have both a
von Lu
PSH < 85% and a DBH > 60 cm (i.e. the lower right quadrant).

computed the PSH of predicted tree heights from the
regression equations for five other primeval beech stands
in Albania (Tabaku 2000) and Slovakia (Dr€
oßler & von
L€
upke 2007; Holeksa et al. 2009; Fig. 2). We thus
conclude that this likely represents a global failure of the
prospect requirement by the TC classification protocol.
To resolve the violation of the prospect requirement, we
modified the TC method (hereafter the Modified TC
method) by omitting the PSH criterion from the decision
tree and, instead, broadening the use of the DS criterion to
distinguish between the LO and T phases (Fig. 1b). Previously, the DS criterion primarily distinguished D
(DS ≥ 30%) from the O, T and P phases (DS < 30%). We
chose, for demonstration purposes, a DS cut-off value of
5% to further distinguish between the LO (<5% DS) and T
(≥5% DS and <30%) phases. This modification resulted in
the reclassification of five grid cells (0.8%) from the T to
the MO phase and of 197 grid cells (30.8%) from the T to
LO phase (Table 2).
Due to significant departures from normality, testing for
differences in the average values of the primary attributes
across the 640 grid cells assigned to development phases
using the Modified TC classification protocol was done
using permutation tests (Good 2013). The average value of
each attribute in each development phase was computed,
followed by a random assignment of attribute values to
development phases, and then the permuted mean was
calculated. This process was repeated 10000 times, and
the observed means compared to the permuted means.
Differences between development phases were considered
significant at the a = 0.05 level. The Holm-Bonferroni

6

Development Phases (% Area)
G/R

E

EO

MO

LO

T

D

P

5.6
5.6
3.1
4.7
3.9
4.1
9.6

7.9
7.9
0
1.7
4.4
6
4.6

9.4
9.4
7.8
8.2
6.5
8.9
8.2

8.4
7.7
19.1
6.5
4.9
4.7
4

30.8
0
0
0
0
3.8
0

6.1
37.7
47.5
49.6
49.7
29.6
36.6

18.4
18.4
5.6
2.6
7.6
15.8
13.2

13.4
13.4
16.9
26.7
22.9
27.1
23.8

The first row of relative abundance values of development phases for
Uholka* (Ukraine, UA) is based on the Modified TC method from the current study, the abundances shown for Uholka (second row), three oldgrowth European beech forests in Albania (AL; Tabaku 2000) and two in
€ßler & Meyer 2006) are based on the original TC (Tabaku
Slovakia (SK; Dro
2000) classification protocol with the exception that the Gap and Regeneration phases were summed. G/R, gap/regeneration phase; E, establishment
phase; EO, early optimum phase; MO, mid optimum phase; LO, late optimum phase; T, terminal phase; D, decay phase; P, plenter phase.

method was used to correct for multiple mean comparisons
(Holm 1979). All computations and the assignment of a
development phase for each grid cell were performed in
Matlab (v 8.2.0; Mathworks Inc., Natick, MA, US). Statistical analyses were performed in Matlab and SAS (v 9.3;
SAS Institute Inc., Cary, NC, US).

Results
Typologies
Table 2 shows the assignments of the typologies resulting
from both the TC method (including for sites reported in
the literature) and the Modified TC method, reported as a
percentage of forest area assigned to each phase. Application of the TC method in the current study resulted in the
assignment of the T (37.7%) and P (13.4%) phases to over
half of the study area. Taken together, the O phases covered 17.1% of the area, with similar proportions in the EO
(9.4%) and MO (7.7%) phases, but no area allocated to
the LO phase. The share in the early development phases
was 13.5%, with 5.6% in the G/R phase and 7.9% in the E
phase. The D phase, slightly more abundant than the combined O phases, comprised an area of 18.4%. Under the
Modified TC method, the proportions of the G/R, E, EO, D
and P phases remained unchanged. The area allocated to
the T phase, however, decreased by 84% (to 6.1%), with
some area redirected to the MO phase (which increased to
8.4%) and the rest to the LO phase (30.8%).
Distinctiveness
Some differences among development phases in the five
primary attributes of the Modified TC method clearly
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reflected the intent and design of the dichotomous rule
structure, such as the very low CPA in the G/R phase or
the very high NQD in the P phase or the high DS in the D
phase (Fig. 3). Similarly, the increasing sequence of MaxD

from EO to MO to LO reflects the classification rule based
on that attribute. However, although only a criterion for
the G/R phase, CPA differed significantly among more
than half of all phases. Similarly, MeanD was a defining
attribute only for the E and EO phases and yet also differed
among stages. Average values for CPA, MaxD and MeanD
all increased significantly after the G/R, E and EO phases,
reached their peak in the T phase (MaxD, MeanD) or the P
phase (CPA), and declined in the D phase. The inverse of
this pattern was seen for DS, which was lowest in the Optimum phases. By design, NQD values increased from below
100 in the EO, MO, LO and phases to above 100 in the P
phase. Average NQD values in the D phase were less than
half than in the P phase.

Discussion

Fig. 3. Mean ( SE) values for each primary attribute of the Modified TC
method, by development phase type. G/R, gap/regeneration; E,
establishment; EO, early optimum; MO, mid optimum; LO, late optimum; T,
terminal; D, decay; P, plenter. Horizontal lines indicate the cut-offs for each
attribute and the relevant phases. Different letters indicate statistically
significant differences between development phases based on
permutation tests at the a = 0.05 level using the Holm–Bonferroni
correction for multiple means comparisons.

Classification protocols are intended to implement the
objective assignment of types according to the general
requirements of the overarching classification approach
(De C
aceres et al. 2015). In the case of development
phases delineating portions of the beech forest life cycle,
the utility of a classification protocol lies in its ability to differentiate among forest patches dominated by different
ecological processes in the kind of old-growth forests from
which the life cycle approach was developed (e.g., Leibundgut 1959, 1993; Korpel’ 1995). Our examination of
the TC method confirmed that the sequence of compound
assignment rules was not structured such that all development phases could be assigned as intended, effecting a violation of the prospect requirement. Assignment of the Late
Optimum phase should have been readily attainable given
that the criterion for diameter at breast height (MaxD) had
a threshold of only 60 cm, which is less than half the size
that individual beech trees are known to achieve in oldgrowth forests (Tabaku 2000; Commarmot et al. 2005;
Dr€
oßler & von L€
upke 2007). Nonetheless, the Late Optimum phase was never assigned because it was impossible
to meet this DBH threshold while simultaneously meeting
the requirement for the proportion of stand height (<85%
PSH). In this Ukrainian old-growth European beech stand,
as well as in the Albanian old-growth reserves of Rajca,
Mirdita and Puka (Tabaku 2000), the Slovakian reserve of
Kyjov (Dr€
oßler & Meyer 2006) and at least five other Slovakian old-growth forest reserves (Kucbel et al. 2012),
beech trees with a DBH of ≥60 cm typically exceed 85%
PSH (based on reported stand height curves and heights of
the tallest tree in the reserves). Grid cells within these typical old-growth stands would thus be precluded from LO
phase assignment and would instead invariably be
assigned to the T phase when using the TC method. It is
not impossible for local growing conditions to permit individual trees to reach exceptional heights: the tallest beech
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trees in the Havesova old-growth reserve in Slovakia
reached about 50 m (Dr€
oßler & von L€
upke 2007), pushing
the 85% PSH threshold just a few cm beyond 60 cm, with
the result that 3.8% of grid cells were assigned to the LO
phase. However, this extreme exception serves to demonstrate the illogic of an assignment rule requiring two typically mutually exclusive conditions.
This violation of the prospect requirement resulted in a
zero probability of being classified into the LO phase and a
systematic inflation (positive bias) of the abundance of the
T phase. Consequently, when applying the TC method, the
current stand in Ukraine demonstrated the same pattern of
an absence of the LO phase and dominance by the T phase
as has previously been reported in these old-growth beech
forest reserves in Albania (Tabaku 2000) and Slovakia
(Dr€
oßler & Meyer 2006). In all cases, the T phase was the
most abundant phase (Albania: 47.5–49.6%; Slovakia:
29.6–36.6%; Ukraine: 37.7%) and the LO phase was
entirely (Albania; Slovakia; Ukraine) or nearly absent (Slovakia: 3.8%). Possibly as a consequence of this overassignment of the T phase, previous applications of the TC
method have led to the conclusion that the development
cycle is strongly dominated by older phases; in particular,
the combination of high relative abundance of the T phase,
which comprises 30–50% of the forest area, and the
absence or near absence of the LO phase has been branded
the signature texture of old-growth beech forests (Tabaku
2000; Dr€
oßler & Meyer 2006). However, given the logical
sequence of the Optimum phases (Table 1) and our
demonstration of the violation of the prospect requirement, we suspect that if the modified TC method (or any
other method rectifying this bias) were applied in these
Albanian and Slovakian sites, the relative abundance of
the T phase would prove notably lower while that of the
LO phase would increase commensurately.
We therefore propose a Modified TC method to remedy
this bias by omitting the PSH requirement and taking
advantage of the DS criterion to distinguish between the
LO and T phases instead. Though omitting the PSH criterion admittedly removes the only direct measure of vertical structure from the classification scheme, indirect
measures of vertical structure remain via the DBH criteria.
More importantly, the TC method distinguishes between
the LO or T phase entirely using the relation between trees
of 60 cm DBH and the height of the largest (tallest) tree in
the stand, which has little to do with the ecological process
of canopy break-up or gap initiation that marks the end of
the LO phase and the inauguration of the T phase: we
argue that the distinction between the LO and T phases is
primarily a function of differences in mortality processes. It
is precisely at the point of transition from the LO to the T
phase when processes begin to shift from growth to mortality and eventually regeneration, marking the beginning
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of the end of the previous generation and the start of the
next in the generational mixture typical of old-growth forest (Meyer 1999; Tabaku 2000; Dr€
oßler & Meyer 2006).
While mortality should be low in the LO phase, well after
the completion of stem exclusion, it should increase in the
upper canopy layer with the initiation of the T phase
(Korpel’ 1995), which is commonly defined as the phase
in which tree vitality and the overstorey decline, resulting
in increasing mortality of large trees of advanced age and
stagnating volume increment with no net accumulation of
biomass (Meyer 1999; Tabaku 2000; Dr€
oßler & Meyer
2006). It is therefore reasonable to expect that a certain
amount of deadwood should be present in the T phase,
which is consistent with the generally hypothesized
U-shape trajectory of dead woody biomass (Holzwarth
et al. 2013).
We therefore determined that a DS threshold value
>0% would be consistent with a process definition of the T
phase (cf. Meyer 1999; Tabaku 2000; Dr€
oßler & Meyer
2006) while still satisfying the prospect requirement. In
this study, use of a 5% threshold value for the DS criterion
decreased the relative abundance of the T phase by 84%,
and commensurately increased the relative abundance of
the LO phase from 0 to nearly 31%, without affecting the
assignment of most other phases. The exact threshold
value within the range of >0–5% DS made only a modest
difference in the current study, because the vast majority
of grid cells had no deadwood and would remain in the LO
phase regardless of the magnitude of any >0% DS threshold value. The relative abundance of the T phase was
11.4% when using >0% and 6.1% when using 5%, and
declined even more for all DS thresholds between 5% and
30%. Thus, no matter how low or high the DS threshold
above 0%, the relative abundance of the T phase declined
substantially compared to the TC method. However, further work is needed to establish the generality of a 5%
threshold.
Further refinements
Dr€
oßler & Meyer (2006) suggested that calculating CPA
based on a single crown layer rather than multiple, overlapping crown layers could alleviate the tendency toward
underestimation of the areal proportion in gaps extrapolated from the proportional area assigned to the gap phase.
However, this modification actually slightly decreased the
relative abundance of the G/R phase because the reduction
in the amount of crown area projected outside focal grid
cells was less than the addition of crown area from neighbouring trees projected into focal grid cells. Although this
method of CPA calculation had little effect, it does have
the advantage of better reflecting the light condition of the
understorey (cf. Takashima et al. 2006). Nonetheless,
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Dr€
oßler & Meyer (2006) were correct to point out that the
proportion of area in the gap phase is not a measure of the
proportion of area in gaps. The difference can be demonstrated by considering the assignment rule for the Gap
phase using the TC method, in which a grid cell cannot
have a crown projection area of more than 47 m2 (<30%
CPA at a spatial resolution of 156.25 m2) and hence must
have an open gap area of at least 106 m2. However, up to
80% of canopy gaps in old-growth beech and beech–fir
forests in Central and Southeast Europe are between 40–
141 m2 (Dr€
oßler & von L€
upke 2005; Zeibig et al. 2005;
Kenderes et al. 2008; Kucbel et al. 2010). Given that
~13% of sample plot centres in the Uholka old-growth
beech reserve are in gaps <50 m2 and another ~10% in
gaps 51–200 m2 (Hobi et al. 2015b), many grid cells containing all or portions of such small gaps would fail to reach
the threshold for classification in the gap phase. The majority of small gaps will thus be distributed among grid cells
that are allocated to the D and E phases by the TC method,
such that the relative abundance of the gap phase will
always be much less than the actual proportion of the
stand that is in gaps regardless of how CPA is calculated.
Additionally, although not within the scope of the current investigation, it is of note that the spatial scale of the
TC method classification approach (i.e. 156.25 m2),
although perhaps necessary to capture the gap phase and
describe fine-scale forest development phases (Winter &
Brambach 2011), is likely suboptimal for monitoring forest
stand dynamics and may even incur a bias against the
Plenter phase. The primary attribute (NQD) that distinguishes this phase from the Optimum phases requires a
minimum of five trees for calculation. At this scale, more
than half of all grid cells failed to have a sufficient density
of trees to permit calculation, resulting in a default assignment into one of the Optimum phases (i.e. NQD was only
able to be calculated in 57% of cells ultimately assigned to
the EO phase, 33% for MO and 34% for LO). Because this
limitation can be rectified by using larger spatial scales for
assessment (e.g., Peck et al. 2015), it represents less a failure of the prospect requirement than a call to consider the
applicability of the TC method (original or modified) at the
156.25-m2 scale and to reconsider interpretations of stand
structure and the abundance of individual development
phases when assessed at small scales (cf. Alessandrini et al.
2011; Kral et al. 2014b; Zenner et al. 2015a). The minimum appropriate scale for development phase classification is under debate: while the classification typology was
originally developed using subjective field assignments of
variably-sized phase-patches, some extending up to 2 ha
in area (e.g., Korpel’ 1995), smaller scales are arguably
necessary to capture gap processes (e.g., Hobi et al.
2015b). However, although the advent of rule-based classification protocols may alleviate concerns about the incon-

sistency and subjectivity of development phase
assignments (Standov
ar & Kenderes 2003), it remains to
be seen if a given (single) spatial scale is adequate to optimally assign all development phases. Resolution of this
issue will require a systematic assessment of the Modified
TC method across multiple spatial scales.
Finally, given the requirement for intensive groundbased inventory data, the protocol could likely be made
more operational if it were adapted to remotely-sensed
data such as LiDAR, which can provide direct measures of
both vertical canopy elements and their spatial distribution
(Masek et al. 2015). Although recent work has demonstrated the capability of even leaf-off LiDAR to capture
some of the primary attributes of the Modified TC method
(e.g., crown projection area; Dickinson et al. 2014), further refinement of the protocol could involve adaptation
away from ground-based attributes toward remotelysensed attributes. Further work will be required to demonstrate if, for example, tree diameter cut-offs, which are not
currently feasible based on LiDAR data, can be replaced
with more readily available attributes, such as the density
of canopy layers (cf. Carlton 2016).

Conclusions
While primary attributes and assignment rules have yet to
be standardized and a host of different classification protocols exist for assigning forest patches to development
phases (e.g., Mayer 1982; Koop 1989; Oldeman 1990; Korpel’ 1995; Bobiec et al. 2000; Podlaski 2008; Kr
al et al.
2010, 2014a), our results demonstrate that the design of
the classification protocol strongly influences the relative
abundances of individual development phases and markedly shapes the interpretation of forest dynamics (Emborg
et al. 2000; Tabaku 2000; Dr€
oßler & Meyer 2006). Specifically, previous interpretations based on the Tabaku (2000)
method that a lack of the late Optimum phase represents a
‘signature texture’ of old-growth beech forests require
reconsideration, perhaps with greater emphasis on the relative abundance of the Terminal, Plenter and Decay
phases. To credibly portray forest dynamics, classification
protocols must employ consistent rules at all levels of the
classification to decompose forest patches into a series of
nested types (i.e. phases; cf. Mayr & Bock 2002). Although
the assignment of grid cells into all possible types by itself is
not yet sufficient proof that the Modified TC method is
capable of credibly portraying the shifting mosaic structure
that dominates old-growth beech forests, our results do
demonstrate that this classification protocol is now capable
of meeting the basic prospect requirement for most oldgrowth European beech forests. However, some limitations persist, leading to a lack of correspondence between
the area in the Gap phase and the gap fraction and a poten-
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tial underestimation of the Plenter phase at small scales.
While the decision on threshold values of the primary
attributes used in this, as in all protocols, is arguable, and
further work is still required to refine and validate this classification protocol, meeting the prospect requirement
clearly is an essential prerequisite for any sensible classification protocol.
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