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Summary
Knowledge on large-scale dynamics of natural beech forests is limited, since
such forests are rare and previous studies were focusing on relatively small
areas. An outstanding object to study patterns and processes of natural
beech forests over large spatial scales is the largest remnant of European
beech (Fagus sylvatica L.), the primeval forest Uholka-Shyrokyi Luh in the
Ukrainian Carpathians. The main objective of this thesis is to characterise the
structure of this forest and its disturbance regime at different spatial scales.
To do so, three methodological approaches were applied. At first, data of the
main forest structural attributes gained in a (1) a terrestrial sampling inventory was used and supplemented with a (2) tree-ring assessment of the
forest’s age structure and disturbance history. Subsequently, (3) highresolution WorldView-2 stereo satellite images were applied to analyse
canopy gaps over the entire forest area. The combination of these terrestrial,
dendroecological and remote sensing approaches enabled the derivation of
a conclusive picture of the structure and disturbance patterns shaping the
primeval beech forest of Uholka-Shyrokyi Luh.
The aim of the first chapter is to assess the age structure and disturbance
dynamics of this forest at small spatial scales and to identify processes that
led to the observed small-scale stand structures. This study was carried out
on four subjectively selected circular plots (0.1 ha each) in the Uholka part of
the study area. DBH and height of all living trees ≥ 6 cm DBH (n=164) were
measured and increment cores were taken for age estimation, growth
pattern analyses and the reconstruction of the disturbance history. Age
estimations showed that beech can reach an age of up to 550 years. The age
span of trees on each of the four plots covered at least 300 years, confirming
a highly uneven-aged forest structure even on such fairly small areas. These
results suggested that stand dynamics were mainly driven by periodic disturbances of low intensity. The high percentage of rotten trees in the upper
canopy indicated that individual trees are prone to wind breakage, which
promoted these small-scale dynamics.
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The second chapter focuses on the large-scale sampling inventory carried out
in summer 2010. It provides representative estimates of the structural
characteristics of this primeval beech forest, which allowed additional
inferences regarding its disturbance regime. The data gained on 314
systematically distributed circular plots of 500 m2 each included characteristics of living trees, standing and lying deadwood, tree regeneration, the size
of canopy gaps and the vertical canopy layering. The beech-dominated
forest showed a multi-layered, uneven-aged canopy structure with canopy
gaps rarely larger than the crown projection area of a few trees. The reconstruction of the disturbance history based on tree-ring patterns provided no
evidence for stand-replacing disturbance events and suggested the forest
structure to be shaped by fine-scale processes leading to a homogeneity of
most structural forest characteristics at larger spatial scales.
In the third chapter an accuracy assessment of WorldView-2 digital surface
models (DSMs) and their usage for forest canopy modelling is presented.
This part of the thesis was carried out in the lowlands of Switzerland, due to
the availability of accurate reference data and the possibility for a comparison with a DSM generated from ADS80 aerial images. The WorldView-2 and
ADS80 image data are both among the best commercially available optical
imagery for elevation modelling at present. Accuracies of the DSMs over the
three land cover types herb and grass, artificial areas and forests were
estimated using GPS measurements, manual stereo-measurements, and airborne laser scanning data as reference. Forested areas emerged as the most
difficult type for height modelling, still, with median errors <2 m, DSMs
based on WorldView-2 images were found to have a large potential for
forest canopy modelling.
The objective of the fourth chapter is to characterise the forest’s gap dynamics using WorldView-2 stereo satellite images. Two approaches for canopy
gap detection were tested: one based on local statistics with moving
windows on a canopy surface model and one using a supervised spectral
image classification. The first approach failed to map the small-scale mosaic
of canopy gaps due to the highly variable topography and the large viewing
angles of the satellite; only larger gaps >500 m2 could be recorded. The
supervised classification based on a combination of the red and yellow
spectral band of the images revealed the forest structure to be dominated

Summary

3

by small canopy gaps with an average size of 28.21 m2 and larger openings
>1000 m2 to be very rare. The low gap fraction of <1% suggested a
dominance of low-severity disturbances.
Overall, the findings of this thesis reveal fine-scale processes as the main
driver of beech forest dynamics. The terrestrial sampling inventory, the
dendroecological disturbance reconstruction and the canopy gap analyses
indicate the primeval beech forest of Uholka-Shyrokyi Luh to be structured
by a small-scale mosaic of canopy gaps mainly <200 m2 and large standreplacing events to be rare. I hypothesise that in the absence of catastrophic
events, this forest is in a dynamic equilibrium with a small-scale mosaic of
patches in different developmental stages and will be able to maintain its
current structure in the long run. The multi-layered, uneven-aged canopy
structure with the strong dominance of beech and an exceedingly low
abundance of early successional species support this hypothesis.
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Zusammenfassung
Natürliche Buchenwälder sind selten und unser Wissen über deren grossflächige Dynamik ist begrenzt, zumal sich bisherige Studien auf die Untersuchung relativ kleiner Gebiete beschränkten. Europas grösster Buchenurwald, der Wald von Uholka-Shyrokyj Luh in den Ukrainischen Karpaten,
eignet sich hervorragend, um die Strukturmuster und Prozesse natürlicher
Buchenwälder über grosse räumliche Skalen zu untersuchen. Das Ziel dieser
Arbeit ist es deshalb, die Struktur und das Störungsregime dieses Waldes auf
verschiedenen räumlichen Skalen zu analysieren. Dafür wurden drei methodische Ansätze gewählt. Zuerst wurden die wichtigsten strukturellen Waldparameter in einer (1) grossräumigen Stichprobeninventur erfasst und mit
einer (2) Jahrringanalyse zur Untersuchung der Altersstruktur und der Störungsgeschichte vervollständigt. Anschliessend wurden die Bestandeslücken der gesamten Waldfläche anhand (3) hochauflösender WorldView-2
Stereosatellitenbilder analysiert. Die Kombination dieser terrestrischen,
dendroökologischen und fernerkundlichen Methoden erlaubten es, ein
Gesamtbild der Struktur- und Störungsmuster des Buchenurwaldes von
Uholka-Shyrokyj Luh zu erstellen.
Das Ziel des ersten Kapitels ist es, die kleinflächige Altersstruktur und die
Störungsdynamik dieses Buchenurwaldes zu untersuchen, um die Prozesse
zu identifizieren, welche zu den kleinflächigen Bestandesstrukturen führten.
Dieser Teil der Arbeit wurde auf vier subjektiv ausgewählten kreisförmigen
Flächen von je 0.1 ha im Uholka Teil des Untersuchungsgebietes durchgeführt. Von allen lebenden Bäumen ≥6 cm BHD (n=164) wurden der BHD
und die Baumhöhe gemessen, sowie Bohrkerne zur Altersschätzung, Analyse
der Wachstumsmuster und einer Rekonstruktion der Störungsgeschichte
entnommen. Die Altersschätzungen zeigten, dass Buchen bis zu 550 Jahren
alt werden können. Auf allen vier Flächen erstreckte sich die Altersspanne
der Bäume über mindestens 300 Jahre, was bestätigte, dass die Waldstruktur
sogar auf solch kleinen Flächen stark ungleichaltrig war. Folglich schien die
Bestandesdynamik hauptsächlich durch periodische, schwache Störungen
geprägt zu sein. Der hohe Prozentsatz an morschen Bäumen in der Ober-
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schicht zeigte zudem, dass Einzelbäume anfällig auf Windbruch sind, was
wiederum zur kleinräumigen Dynamik beitrug.
Im zweiten Kapitel werden die Ergebnisse der grossräumigen Stichprobeninventur vom Sommer 2010 vorgestellt. Diese lieferte repräsentative Schätzungen von Kennwerten und strukturellen Merkmalen dieses Buchenurwaldes, und erlaubten zusätzliche Rückschlüsse auf dessen Störungsregime. Auf 314 systematisch verteilten, kreisförmigen Stichprobenflächen
von je 500 m2 wurden Charakteristiken der lebenden Bäume, das stehende
und liegende Totholz, die Verjüngung, die Grösse von Bestandeslücken und
die vertikale Struktur der Bestandesschichten aufgenommen. Die Resultate
zeigten, dass der weitgehend aus Buchen bestehende Wald eine mehrschichtige, ungleichaltrige Bestandesstruktur aufwies. Das Kronendach war
durch kleine Lücken strukturiert, welche selten grösser waren als die
Kronenschirmfläche weniger Einzelbäume. Auch anhand der Jahrringmuster
liessen sich keine grossflächigen Störungen nachweisen, was darauf hindeutete, dass die Waldstruktur durch kleinräumige Prozesse dominiert
wurde, welche auf grösseren räumlichen Skalen zu homogenen Bestandesmerkmalen führten.
Im dritten Kapitel wird eine Genauigkeitsanalyse von WorldView-2 Oberflächenmodellen (DOM) und deren Nutzen für die Modellierung von Waldbeständen präsentiert. Aufgrund der Verfügbarkeit präziser Referenzdaten
wurde dieser Teil der Arbeit im Schweizer Mittelland durchgeführt. Dies
erlaubte zudem den Vergleich mit einem DOM basierend auf ADS80 Luftbildern. Die WorldView-2 und ADS80 Bilddatensätze gehören zu den derzeit
besten, kommerziell verfügbaren optischen Daten für Höhenmodellierung.
Die Genauigkeit der DOM in den drei Landbedeckungsklassen Kraut- und
Grasflächen, künstliche Flächen und Waldflächen wurde mit GPS Messungen, manuellen Stereo-Messungen und Daten aus flugzeuggestütztem
Laserscanning als Referenz abgeschätzt. Waldflächen stellten sich als die
schwierigste Landbedeckungsklasse für die Höhenmodellierung heraus.
Dennoch sind DOM basierend auf WorldView-2 Bildern mit mittleren Fehlern
<2m vielversprechend für die Modellierung von Waldbeständen.
Das Ziel des vierten Kapitels ist es, die Lückendynamik dieses Buchenurwaldes mit Hilfe von WorldView-2 Stereosatellitenbildern zu charakterisieren. Für die Lückenerkennung wurden zwei Ansätze getestet: erstens die
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lokalen „Moving-Window“-Statistiken basierend auf dem Oberflächenmodell
des Waldbestandes und zweitens eine überwachte, spektrale Bildklassifikation. Aufgrund der vielfältigen Topographie und der grossen Sichtwinkel
des Satelliten bei der Aufnahme, scheiterte der erste Ansatz für die Modellierung des kleinräumigen Mosaiks von Bestandeslücken und lediglich
Lücken >500 m2 konnten kartiert werden. Die überwachte Klassifikation
hingegen, welche auf einer Kombination des roten und gelben Spektralbereiches der Bilddaten basierte, zeigte, dass der Wald durch kleine Lücken
mit einer mittleren Grösse von 28.21 m2 strukturiert war. Grössere Lücken
>1000 m2 hingegen waren selten. Der geringe Lückenanteil von <1% legte
eine Dominanz von wenig intensiven Störungen nahe.
Zusammenfassend verdeutlichen die Resultate dieser Arbeit, dass kleinräumige Prozesse die Buchenwalddynamik dominieren. Die terrestrische
Stichprobeninventur, die dendroökologische Rekonstruktion der Störungen
und die Kartierung der Bestandeslücken zeigen auf, dass der Buchenurwald
Uholka-Shyrokyj Luh von einem kleinräumigen Mosaik von Bestandeslücken
meist <200 m2 geprägt ist und grossflächige Ereignisse selten sind. Vorausgesetzt, dass katastrophale Störungen ausbleiben, vermute ich, dass sich der
Wald in einem dynamischem Gleichgewicht mit einem kleinräumigen
Mosaik von Flächen in verschiedenen Entwicklungsphasen befindet und
seine aktuelle Struktur über längere Zeiträume erhalten bleibt. Der mehrschichtige und ungleichaltrige Bestandesaufbau mit der starken Dominanz
der Baumart Buche und dem verschwindend kleinen Vorkommen von
frühen Sukzessions-Arten unterstützen diese Vermutung.
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General introduction
European beech forests
European beech (Fagus sylvatica L.) is the most abundant deciduous tree in
Central Europe, and it dominates forests within most of its physiological
tolerance range (Peters 1997). It is known to be very shade tolerant, casting
deep shade and being fairly resistant to browsing but susceptible to spring
frosts (Packham et al. 2012). Shade tolerance is especially important for
seedlings and saplings, which tolerate very low light levels, i.e. below 5% of
light availability above the forest canopy (Ellenberg 1988, Emborg 1998), as
it enables them to outcompete other species and even build almost pure
stands. The natural distribution range of European beech is congruent with
the temperate and warm temperate regions in southern, central and
western Europe including southern Scandinavia, which do not exhibit a
distinct drought period (Roloff et al. 1994). F. sylvatica requires moist
summers and mild winters and is thus absent from the more continental
areas in eastern Europe (Packham et al. 2012).
In Ukraine, F. sylvatica reaches the eastern margin of its distribution
(Czajkowski et al. 2006), but with tree heights up to 45 m and diameters of
more than 130 cm the species still grows close to its ecological optimum and
dominates large areas in the Carpathians (Brändli and Dowhanytsch 2003).
There is evidence that in these sparsely settled areas, some beech forests
have remained in their natural state (Hamor et al. 2008). Such “primeval” or
“virgin” beech forests, defined as forests which have never been influenced
significantly by humans, are rare in Europe (Parviainen 2005). These forests
have to be distinguished from “old-growth” forests, which may include
objects previously managed, but were left to develop naturally without
major natural disturbances for long periods and therefore show a wide
range of tree sizes and the presence of very old trees (Mosseler et al. 2003,
Bauhus et al. 2009, Wirth 2009). However, most European forests have been
altered by humans for centuries, with the most rapid changes occurring
during medieval times (Peterken 1996). Beech forests were an important
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resource for settlers as they were providing wood for heating and
construction, leaves as fodder for the cattle, litter as bedding and beechnuts
for animal fattening (Peters 1997). Today, untouched beech forests are
limited to remote (typically mountain) areas such as the Carpathians, the
Balkans and the Alps, where management was difficult and not profitable
(Commarmot and Brang 2011).

Figure 1: Location of the primeval beech forest Uholka-Shyrokyi Luh in Western Ukraine
(Source of World Shaded Relief and World Imagery: ArcGIS Map Service, ESRI 2013).

Some of the most investigated beech-dominated primeval forest remnants
are the Izvoarele Nerei (Nera) forest in Romania (Smejkal et al. 1995), the
forests Havešová and Kyjov of Slovakia (Korpel' 1995, Drössler and von Lüpke
2005), Puka and Rajca in Albania (Tabaku 2000), and Uholka-Shyrokyi Luh in
the Western Ukraine (Brändli and Dowhanytsch 2003, Commarmot et al.
2013). This latter forest, covering an area of around 10,000 ha, is the largest
one. It is located in central Transcarpathia (48° 18’ N and 23° 42’ E, centre
coordinates) and belongs to the eight protected forest areas united in the
Carpathian Biosphere Reserve (Figure 1). In the year 2007 the forest of
Uholka-Shyrokyi Luh was, together with smaller primeval forest remnants in
Ukraine and Slovakia, declared as the UNESCO World Heritage site “Primeval
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Beech Forests of the Carpathians and the Ancient Beech Forests of
Germany”. Past and present anthropogenic impacts on this forest are
thought to be low and do not seem to have a discernible impact on forest
dynamics (Commarmot et al. 2013). The large continuous area makes the
forest of Uholka-Shyrokyi Luh a valuable object for studying the patterns
and processes that determine the structure and dynamics of natural beech
forests (Figure 2).

Beech forest succession and the disturbance regime
Understanding forest succession in beech-dominated forests has been a
focus of ecological research for over a century. As changes of ecological
communities over time are largely influenced by disturbances allowing
successional processes to restart, they are incorporated in the modern
theories of succession (Remmert 1991). The disturbance regime of a forest
can be defined as the characteristics (frequency, extent, and severity) of the
dominant disturbance types as well as their interactions (Frelich 2002).
Disturbances can be endogenous (internal) like the fall of a single tree when
it dies standing due to autogenic processes of ageing and decay, or they are
exogenous (external) like wind, lightning or fire (Attiwill 1994). In temperate
forests the major exogenous disturbances are fires, windstorms, ice storms,
droughts and insect outbreaks (Schelhaas et al. 2003). While forest fires and
drought are typically limited to drier (i.e., continental and southern) areas,
European beech forests appear to be dominated by wind and snow as the
main disturbance agents (Firm et al. 2009).
Watt (1925, 1947) was one of the first ecologists investigating the succession
of beech forests. His research focused on the reproduction and
establishment of beech in the context of the size of canopy gaps. He
formulated first ideas regarding the cyclic development of forests closely
related to Gleason’s (1927, 1939) concept of cyclical succession, who pointed
out the importance of the properties of individuals and species in the
succession process, rather than the properties of communities (Clements
1936). Starting in the 1950s, research plots were established in a considerable number of European forest reserves, many of which were established in
primeval forest, to study the successional pathways of beech-dominated
forests (e. g. Mayer 1989, Leibundgut 1993, Korpel' 1995, Commarmot et al.
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Figure 2: Primeval beech forest of Uholka-Shyrokyi Luh in spring (top) and in summer
(bottom). Large amounts of standing and lying dead wood, uneven-sized beech trees and a
multilayered canopy appear to be characteristic of this forest. Photos: M. Hobi.
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2005, Brang et al. 2011). On these monitoring plots all trees were numbered
and classified according to criteria such as crown length, canopy layer to
which the trees belonged, vitality and the surmised tendency of their future
development. In combination with analyses of the forest’s structure (vertical
canopy structure) and texture (horizontal canopy structure) natural beech
forest was found to be dominated by canopy gaps with and area of less than
150 m2 caused by the mortality of single trees or, less often, groups of 2-3
trees (Drössler and von Lüpke 2005, Zeibig et al. 2005, Kenderes et al. 2008,
Wagner et al. 2010); severe stand-replacing events seem to be rare (Tabaku
and Meyer 1999, Drössler and von Lüpke 2005, Rugani et al. 2013).
Today, the development of natural beech forests is described as a mosaic of
tree cohorts passing through a number of developmental stages from regeneration and early growth through maturity, aging and decay back to
regeneration; the forest as a whole is considered to be in a state of dynamic
equilibrium (Remmert 1991, Leibundgut 1993, Korpel' 1995). Natural disturbances may interrupt this cycle and lead to canopy gaps with a different
microclimate, influencing the competitive dynamics among tree species and
between trees and other plants (Remmert 1991). Beech is known as a very
shade-tolerance species, in the absence of larger disturbances it outcompetes virtually all other species. As the processes shaping natural beech
forest seem to occur on relatively small spatial scales (Splechtna and Gratzer
2005, Westphal et al. 2006), this would lead to a small-scale mosaic of
patches in different developmental stages. However, these studies were
conducted on relatively small investigation plots in the rare remnants of
natural beech-dominated forests; large-scale studies especially with
continuous spatial coverage are lacking. For understanding how disturbance
events and interactions among disturbances are influencing the
successional pathways of beech forests, approaches at the landscape level
have to be incorporated.

Approaches to study the forest of Uholka-Shyrokyi Luh
Motivated by this lack of knowledge about the patterns and processes
influencing the dynamics of natural beech forest this doctoral thesis in the
primeval beech forest of Uholka-Shyrokyi Luh was designed. Since processes
affecting forest structure span a wide range of temporal and spatial scales, a
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combination of remote sensing and field measurements including dendrochronological methods based on sample plots were evaluated as the most
suitable data sources. While forest inventory methods can be used to
estimate key forest characteristics such as the number of trees per hectare,
basal area and the volume of living trees, the optical images cover the entire
study perimeter and allow for a precise estimation of forest characteristics
such as the percentage and size distribution of gaps in the canopy. Accurate
tree age estimation and inference on the forest’s disturbance history are best
provided by dendroecological data. Using geostatistical methods, the data
gained on the sample plots can be used to analyse the variation of key forest
characteristics across spatial scales. Thus, analyses from the individual tree to
the landscape level are used to elucidate at which spatial scales natural
beech forest reach a steady-state.
A large-scale sampling inventory of the entire forest Uholka-Shyrokyi Luh
(perimeter area 10,282 ha) was designed and realised in the year 2010 in
cooperation with the Carpathian Biosphere reserve and the Ukrainian
National Forestry University (Figure 3). The general goal of this inventory
funded by the Swiss State Secretariat of Education, Research and Innovation
(SERI) was to obtain representative estimates of the main forest characteristics (Commarmot et al. 2013). Together with a survey leader from
Switzerland and one from Ukraine I was guiding the field teams, consisting
of Swiss and Ukrainian students and scientists, conducting the field work.
The logistics of this inventory posed a considerable challenge due to the
remoteness of the area, the long walking distances involved and the fissured
topography with steep slopes and rocky terrain. Forest characteristics such
as species composition, tree density, growing stock, the volume of standing
and lying deadwood, forest structure, regeneration density and density of
habitat trees as well as anthropogenic traces within the forest were assessed
(Commarmot et al. 2013). These data should serve as reference for
comparisons with managed beech forests and other forest reserves, and as a
basis for the improvement of measures for biodiversity conservation and
forest management concepts.
Dendroecological methods based on tree-ring width are most suitable to
determine variables such as the annual growth increment and the age of
forest stands, or to analyse the interannual growth variability of individual
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Figure 3: Overview map of the forest inventory with the planned sample plots and the
camp sites established by the field teams with support of the local forest service (Source:
GIS data from CBR and WSL).
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forest stands, or to analyse the interannual growth variability of individual
trees. For example, identifying releases from suppression within the tree-ring
pattern is a widespread means to determine the canopy accession of
individual trees and quantify the disturbance history of a forest stand (Black
and Abrams 2003). The methods focus on the growth of individual trees by
providing information about past processes and thus enhance the time span
of a study. Complementing terrestrial analyses with tree-ring measurements
therefore allows to broaden the temporal scale of a forest survey, even if
only one time-step could be analysed in the field.
Only the synoptic spatial coverage provided by remote sensing, however,
allows for a continuous characterisation of forest ecosystems at the
landscape level (McRoberts and Tomppo 2007). Recent technological
developments in remote sensing have opened up new possibilities for
complementing field surveys. Current technologies offer a wide spectrum of
data sources acquired by active systems such as airborne laser or radar and
passive systems such as optical images gained by satellites, helicopters or
airplanes (Lillesand et al. 2008). The choice of remote sensing data to be
used is based on an assessment of the advantages and disadvantages of
data acquisition and management and of technical, time- and cost-related
factors (Coops et al. 2007). In local to regional scale forest research, airborne
laser scanning is often the method of choice because the laser beam
penetrates through the surface of the forest canopy and enables height
measurements since it provides three-dimensional data (Wulder et al. 2012).
Although airborne laser scanning has taken an upturn due to its operability,
its applicability is often hindered by the prohibitive cost of data acquisition
especially when large areas are under consideration. In contrast, aerial stereo
images are routinely acquired by national mapping agencies in a continuous
cycle, which renders them a highly suitable alternative for forest monitoring
(Järnstedt et al. 2012). As the acquisition of optical images by airplanes in
remote areas entails a great deal of administrative time and effort, stereo
satellite images are a valuable alternative to supplement field collected data.
Very high resolution stereo satellite images with submetric ground resolution provided by satellites like IKONOS, Geo-Eye-1 and WorldView-2 are
among the best commercially available at present. Since these data are
relatively new and methodological issues still have to be solved, for which
this thesis is making its contributions.
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Research aims of the thesis
The main objective of this doctoral thesis was to analyse the structure and
disturbance patterns of the largest primeval beech forest situated in the
Ukrainian Carpathians to elucidate forest dynamics at different spatial scales.
To this end, three methodological approaches were applied. At first, data of
the main forest structural attributes gained in a (1) terrestrial sampling
inventory were used and supplemented with a (2) tree-ring assessment.
Subsequently, (3) WorldView-2 stereo satellite images were applied for an
analysis of the canopy gaps in this forest. The combination of data sources
from a terrestrial inventory, dendroecology and remote sensing enabled the
derivation of a comprehensive picture of the natural disturbance regime
shaping the forest of Uholka-Shyrokyi Luh.
The following ecological research questions were addressed:


Which structural characteristics are typical for the largest primeval
forest remnant of European beech? (Chapters I, II and IV)



How do these forest attributes vary with spatial scale? (Chapters I
and II)



What are the characteristics of the texture of this forest? (Chapters II
and IV)



What inferences can be drawn about the disturbance regime of this
forest? (Chapters I, II and IV).

The remote sensing approach involved methodological studies, the aims of
which were:


to assess the accuracy of photogrammetric digital surface models
based on airborne ADS80 and spaceborne WorldView-2 stereo
images (Chapter III)



to evaluate differences in the accuracy of these models based on
different land cover types (grass and herb vegetation, forested
areas and artificial areas) (Chapter III)



to test two approaches for canopy gap detection by means of
WorldView-2 stereo data: one based on local statistics with moving
windows on a canopy surface model and one using a supervised
spectral images classification (Chapter IV).
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Structure of the thesis
The thesis is structured in four parts. The first part focuses on the analysis of
the small-scale age structure and a dendroecological reconstruction of the
forest’s disturbance history (Chapter I). The second part aims at analysing the
patterns and processes shaping the structure of this primeval beech forest
and characterises its disturbance regime at different spatial scales (Chapter II). The third part presents an assessment of the accuracy of digital surface
models based on WorldView-2 stereo satellite images over the three
different land cover types herb and grass, artificial areas and forests (Chapter III). In the last part, stereo WorldView-2 images are used for a canopy gap
assessment to characterise the texture of the forest canopy (Chapter IV).
Chapter I: Age structure and disturbance dynamics of the relic primeval
beech forest Uholka (Ukrainian Carpathians)
Knowledge on the small-scale age structure of primeval beech forests is rare,
as coring trees in such forests is mostly prohibited. Based on dendrochronological analyses conducted on four subjectively chosen plots with an area
of 0.1 ha in the South of the Uholka forest, we were trying to draw inferences
on the disturbance regime of this forest. DBH and height of all 164 trees on
these four plots were measured and increment cores were taken for age
estimation and growth pattern analyses. To identify significant growth
releases and reconstruct the disturbance history, a dendroecological
approach referred to as the “boundary line method” was employed.
Chapter II: Pattern and process in the largest primeval beech forest of
Europe (Ukrainian Carpathians)
Beech forests are among the most widespread forest types in Europe, and
there is a need for reference values e.g. for biodiversity conservation and
“near-natural” forest management practices; such reference values need to
come from forests that have remained largely undisturbed by humans.
Knowledge on natural beech forest dynamics is, however, rather limited, as
most studies were conducted on small monitoring plots and conclusions for
large forest areas are largely speculative. In contrast to the small-scale
structure and dendroecological assessment (Chapter I), this part of the thesis
covers the whole forest area of 102.8 km2. It focuses on the large-scale
sampling inventory of typical forest characteristics based on 353 circular
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plots carried out in summer 2010 in the primeval beech forest. Age structure
and disturbance history were reconstructed by dendrochronological
methods. Using different methodological approaches from forest and
landscape ecology, the patterns and processes shaping this primeval forest
are analysed at different spatial scales to elucidate whether it actually is in a
steady state.
Chapter III: Accuracy assessment of digital surface models based on
WorldView-2 and ADS80 stereo remote sensing data
Digital surface models (DSMs) are widely used in forest science to model the
forest canopy. The accuracy assessment of a DSM is crucial, as any elevation
errors will propagate to the final product and may lead to false conclusion.
Therefore, an accuracy test of DSMs over different land cover types was the
first step in the remote sensing part of this thesis. The study was carried out
in Switzerland due to the availability of accurate reference data comprising
GPS measurements, manual stereo-measurements and airborne laser
scanning data. To compare the two state-of-the-art image input data for
DSM generation, models based on (1) WorldView-2 stereo satellite images
and (2) a stereo pair of ADS80 aerial images were calculated. The use of
accurate information of surface height for forest applications is discussed
and provides the basis for the attempt to map canopy gaps in the forest of
Uholka-Shyrokyi Luh, which is presented in the last chapter of the thesis.
Chapter IV: Gap dynamics of the largest primeval beech forest of
Europe revealed by remote sensing
Analyses of forest structural patterns at high resolution have benefitted from
advances in remote sensing techniques, especially with the recent launch of
satellites providing data with a submetric ground resolution over large areas.
A stereo pair of very high resolution WorldView-2 satellite images was used
for the generation of a digital surface model of the forest canopy, but it
failed to map the small-scale mosaic of gaps in the canopy. Therefore a
supervised spectral image classification approach was used to generate gap
density maps over the entire study area. These maps were used to characterise the gap area distribution and make inferences, in combination with
previous findings based on the inventory and dendroecological data
(Chapter I and II), on the disturbance regime of this primeval beech forest.
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Abstract
The Carpathian mountains harbour the largest areas of virgin European
beech (Fagus sylvatica L.) forest. Understanding the growth dynamics of
European beech under natural conditions without human intervention is
crucial for close-to-nature management of beech forests in Europe. In this
study we give an insight into the natural disturbance dynamics of the virgin
beech forest Uholka, based on a structural analysis and a dendroecological
reconstruction of its history. On four circular plots of 0.1 ha each, DBH and
tree height of all living trees ≥6 cm DBH were measured. Increment cores of
all the 164 trees were taken for age estimation and growth pattern analysis.
To identify significant growth releases and reconstruct the disturbance
history a dendroecological approach, referred to as the boundary line
method, was employed. The density of the living trees per plot ranged from
270 to 590 stems per ha and the volume from 525 to 1237 m3 per ha. The
longest tree-ring series was 451 years long, however age estimation
methods showed that beech could reach an age of up to 550 years. All four
plots covered an age span of at least 300 years and can be characterised as
uneven-aged with continuous tree establishment. Beech can survive long
suppression periods of over 100 years and shows regularly distributed
growth releases over the analysed period (1870–1999). The results suggest
that stand dynamics in this forest are driven by periodic small disturbances,
while larger events occur only rarely. The high percentage of rotten trees in
the upper canopy indicates that individual trees are prone to windbreakage,
which promotes these small-scale dynamics.

Keywords
primeval forest, Fagus sylvatica, dendroecology, disturbance history, growth
release, forest structure, Carpathian Biosphere Reserve
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Introduction
Since the middle of the 20th century, many studies analysing the structure of
old-growth forests and describing the pattern of development phases have
been carried out in Central Europe (e.g., Leibundgut 1993, Korpel' 1995,
Meyer 1995). Forest dynamics were usually understood as a mosaic of tree
cohorts passing through a development cycle from regeneration and early
growth through maturity, aging and decay back to regeneration. Although it
has been recognised that disturbances may interrupt and shorten the
development cycle (White and Pickett 1985, Leibundgut 1993), they were of
little interest and have for a long time not been recognised as being an
integrated part of forest dynamics.
Only in the last two decades, more attention has been given to understanding the importance of disturbances for natural forest dynamics in
Central Europe. The size, distribution and formation of canopy gaps have
been investigated to describe the disturbance regimes of temperate virgin
forests (Tabaku 2000, Drössler and von Lüpke 2005, Zeibig et al. 2005,
Kenderes et al. 2008, Meyer 2008). Dendroecological approaches have
proven to be most valuable for identifying past disturbance events,
especially through detection of growth releases (Nowacki and Abrams 1997,
Black and Abrams 2003, Fraver and White 2005). When canopy trees are
broken or thrown by wind, the remaining trees, in particular trees from lower
canopy layers, are released from suppression or competition and react with
increased growth. This allows a reconstruction of the disturbance history
based on tree-ring series. However, studies using dendroecological methods
for detecting disturbance frequencies and intensity in virgin forests are still
scarce (e.g., Szwagrzyk and Szewczyk 2001, Splechtna et al. 2005, Nagel et al.
2007, Samonil et al. 2009, Zielonka et al. 2010, Szewczyk et al. 2011) as coring
trees in the rare remaining virgin forests is usually prohibited.
The disturbance regime of European beech (Fagus sylvatica L.) forests is
usually dominated by small-scale gap dynamics, with wind being the main
disturbance agent (Peterken 1996, Westphal et al. 2006, Firm et al. 2009).
Previous studies have shown that gaps in virgin European beech forests
cover an area of less than 150 m2 and are caused by the mortality of single
trees and less often groups of 2–3 trees (Tabaku and Meyer 1999, Drössler
and von Lüpke 2005, Zeibig et al. 2005, Kenderes et al. 2008, Wagner et al.
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2010). Less frequently larger canopy gaps have been observed (Drössler and
von Lüpke 2005) indicating the occurrence of – albeit rare – windthrow
events of higher intensity. According to Zeibig et al. (2005), stem breakage is
the prevailing mortality mode of the gap makers (66%), indicating that stem
rot must be quite common. However, there is no information available about
the frequency of rotten trees in virgin beech forests.
Only little information is available on the maximum lifespan of beech and
the age distribution within European virgin beech forests. The oldest beech
reported to date was found in the fir-beech virgin forest Lelovče potok in
Bosnia at an altitude of 1300–1480 m, and was 518 years old (Mlinsek 1967).
Beech trees aged over 500 years were also found by Piovesan et al. (2003) at
a high elevation site in the Central Apennines. This is about twice the
maximum age estimated for beech in the Western Carpathians (Korpel' 1982,
1995). However, Stoyko et al. (1982) stated that on a permanent plot in
Uholka (Western Ukraine) the age range between young (from 6 cm DBH)
and mature trees could be 300 years, and for trees in the same diameter
class (4 cm) more than 40 years. Thus, it is difficult to infer from tree size
(DBH) to tree age, especially in forests dominated by shade-tolerant species
(Lorimer 1984).
A previous study of the forest structure in the beech forest Uholka in the
Ukrainian Carpathians, which is considered to be one of the largest
remaining virgin beech forests in Europe, showed a wide diameter
distribution at the plot (10 ha) and subplot (0.25 ha) levels, indicating an
uneven-aged structure even at small spatial scales (Commarmot et al. 2005).
Although this preliminary study gave an insight into the overall forest
structure, it is still unclear how and to which extent the diameter and age
structures are affected by the natural disturbance regime.
Therefore, the aim of this study was to assess the structural diversity on
selected plots and to identify the major processes that led to the observed
stand structures. Specifically, we addressed the following research question:
How can the disturbance regime be characterised based on the small-area
age structure and a dendroecological reconstruction of the disturbance
history? According to the hypothesis that virgin beech forests are mainly
shaped by small-scale gap dynamics, we expected to find an uneven-aged
forest structure with a high variation of tree age on small areas and frequent
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but asynchronous growth releases showing in only few trees at the same
time. Even-aged structures and growth releases appearing simultaneously in
many trees distributed over the whole area would indicate the occurrence of
severe disturbances.

Material and methods
Study area
The study site is located in the Uholko-Shyrokoluzhanskiy massif in the
Ukrainian Carpathians (48°16'N, 23°37'E), still covered with more than
14,000 ha of primeval forest (Hamor et al. 2008) (Figure 1). The forests within
the Carpathian Biosphere Reserve are part of the transnational UNESCO
World Heritage site “Primeval Beech Forests of the Carpathians and the
Ancient Beech Forests of Germany”. The massif consists of flysch layers with
marls and sandstone and of Jurassic limestone and cretaceous conglomerates. The climate is temperate, with a mean annual temperature of 5.7 °C,
-6 °C in January and 16.2 °C in July, and an annual precipitation of 1407 mm
(Brändli and Dowhanytsch 2003). Fagus sylvatica L. is the dominating tree
species and forms, at an altitude of 450 to 1200 m, almost pure stands with
only little interspersion of other deciduous tree species such as Acer
pseudoplatanus L., Acer platanoides L., Fraxinus excelsior L., and Ulmus glabra
Huds. emend. Moss (Commarmot et al. 2005).
Lviv
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Figure. 1: Distribution of Fagus sylvatica (green) in Europe and location of the virgin forest
Uholka in Western Ukraine. (Source of species distribution map: http://www.euforgen.org).
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Sampling methods
Four circular plots of 0.1 ha each (horizontal radius 17.84 m) were set up in
2010 in the core zone of the reserve, approximately 200 m apart from each
other and close to the 10 ha monitoring plot described in Commarmot et al.
(2005). As the 10 ha plot was established for long-term monitoring, coring
within the plot was not allowed. The four plots were situated on a south-east
facing slope (30–45%) at an altitude of 660–730 m and showed similar site
conditions. They were selected to cover a large diameter range and to
represent different forest structures and stand densities encountered in this
forest. For a reliable estimate of maximum age, the presence of very large
trees in the study plots was of high importance.
All living trees with a DBH ≥6 cm (diameter at 1.3 m height) within the plots
were recorded with their azimuth and distance from the plot centre, and
their DBH and height were measured. All sampled trees were cored for age
estimation and tree-ring analysis. The total number of cored beech trees was
164. The cores were taken at 100 cm above ground (143 trees) and parallel to
the slope to minimise the influence of reaction wood. If coring at 100 cm
above ground was not possible (e.g. on steep slopes or because of stem
damage) the trees were cored at the height of 80 cm (21 trees). In each plot,
one to two saplings were randomly selected and cross sections were taken
in 20 cm intervals from the root collar to estimate the time needed by the
trees to reach coring height.

Structure analysis
To characterise the forest structure on the four plots, tree density, basal area,
stem volume, current annual volume increment, top height, diameter
distribution and the percentage of trees in different canopy layers were
calculated. The volume of the living trees was estimated with a tariff function
developed by E. Kaufmann, WSL (in preparation). It is based on the tariff
functions of the Swiss National Forest Inventory (Kaufmann 2001) and
adapted with local tree data (DBH, height and diameter at 7 m height)
collected during a large-scale inventory of the virgin beech forest in the
Uholko-Shyrokoluzhanskiy massif in summer 2010. The radial increment
over the last 10 years of all living trees was used to calculate the current
annual volume increment. The top height (dominant height) hdom100 was
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defined as mean height of the 100 largest trees per hectare (Zingg 1999). It
was calculated as mean height of the 10 thickest trees per plot. The mean
top height of the four plots was used to define the canopy layers according
to the IUFRO classification: first (upper) layer >2/3 of top height; second
(middle) layer >1/3 and ≤2/3 of top height, third (lower) canopy layer ≤1/3 of
top height (Leibundgut 1956).
The data of the four plots were pooled to analyse the DBH-height and the
DBH-age relationships. For the DBH-height relationship the function of
Petterson (1955) was fitted. A polynomial function as the one used by
Loewenstein et al. (2000) was used to describe the diameter-age relationship. To assess the goodness of fit, the coefficient of determination (R2) and
the root mean square error (RMSE) were calculated (Zar 1999). We compared
the DBH distribution of all the four plots together with the one of the nearby
10 ha monitoring plot of Commarmot et al. (2005) to check, how well the
selected plots represent the structure of the lower part of the virgin forest of
Uholka. To better interpret the trend of the DBH distribution the number of
stems was log-transformed.

Age estimation
The increment cores were air dried, glued and cut with a core-microtome
(Gärtner and Nievergelt 2010) to get a smooth surface. Tree rings were
measured on a LINTAB 3 digital positioning table (Rinntech, Heidelberg,
Germany) with a resolution of 0.01 mm according to standard dendrochronological methods (Stokes and Smiley 1968). The TSAP tree-ring
software (Rinntech, Heidelberg, Germany) was used for cross-dating, which
was difficult for the smallest trees due to suppression (see also Grundmann
et al. 2008). A master chronology was calculated based on the best synchronised ring-width series (46 series) to visually check the cross-dating. Several
negative pointer years (2003, 1980, 1968, 1948, 1913, 1900, 1886, 1838)
allowed for a precise dating of all the 164 cores in the last 200 years.
To estimate the age of the living trees different methods were used. The age
of the trees with complete cores (n=52, 32%) was estimated based on the
cross-dated tree ring series. As not more than two tree rings per core in the
cross-dated period were missing this is a reliable age estimation. To
determine the age of the trees where increment cores missed the pith (n=76,
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46%) a standard graphical method was applied (Duncan 1989). Concentric
circles were fitted to the curvature of the inner rings, assuming constant
growth during that period to estimate the number of growth rings in the
missing radius. To estimate the age of the living trees which were rotten in
the centre (n=36, 22%) an age-radius equation was calculated based on the
cumulative growth of the complete tree cores (n=52). Assuming that the
radial growth is concentric, the length of the missing radius was estimated
as the difference between the geometrical radius (without bark) and the
total core length (Rozas 2003). The missing age was calculated as:
[1]

27.44 ∗

.

where A is the estimated missing age (years), and r is the missing radius (cm).
The relation showed an R2 of 0.88 and a RMSE of 30 years.
Based on the sapling data, 11 years were added to the age of trees which
were cored on 100 cm height above the ground, and 9 years to those which
were cored at 80 cm, to get the real age. These values are similar to a study
of Samonil et al. (2009) who found an average time of 14 years of growth for
an individual to reach the height of 1.3 m.
For further age analysis we grouped the trees according to the reliability of
the age estimation. Age estimates of trees where the core reached the pith
and of trees where not more than 20 years had to be added (n=116). All
other estimates (n=48) were marked as unreliable and were excluded from
the DBH-age analysis. The trees were attributed to 20 years age classes
(0–19 years, 20–39 years, etc.) to analyse the age distribution at plot level.

Growth release
The reconstruction of past disturbance events was based on the
identification of release events in tree-ring series. These releases are the
result of a rapid increase in resource availability (mainly light) caused by the
removal of competing or overtopping trees by a disturbance. To identify
these events the method developed by Nowacki and Abrams (1997) and
modified by Black and Abrams (2003, 2004), referred to as the boundary line
method, was used.
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Prior growth (PG) and percentage change in growth rate (PGC) were
calculated for each tree ring of all tree-ring series. PG represents the absolute
mean annual increment of the 10 years preceding the annual ring
concerned, and PGC represents the change of mean annual increment in
percent between two 10-year intervals. PGC was calculated according to the
formula given by Nowacki and Abrams (1997):
[2]

∗ 100

where M1 is the average tree growth for the 10 years prior to the target year
(including the year for which it is calculated) and M2 is the average tree
growth for the 10 years following the target year.
With these values a boundary line was fitted by dividing the set of 20,670
increment values into intervals of 0.5 mm. In each interval the ten highest
PGC values were used to fit a negative exponential function. The top ten
points in each interval enabled an equal sample size and ensured that the
maximal releases are represented in the fitted function.
This fitted curve we then compared to two other previously published
boundary lines for European beech (Figure 2). Splechtna et al. (2005) fitted a
boundary line based on tree ring data from three different sites in Lower
Austria and used their own measurements as well as data from the
International Tree-Ring Data Bank (ITRDB) (94,649 increment points in total).
Samonil et al. (2009) were coring trees in the Outer Western Carpathians and
built a boundary line based on increment data of 96 cores (19,833 increment
points). The curve of Samonil et al. (2009) did not fit our data well and the
curve of Splechtna et al. (2005) seemed to underestimate the amount of
detected releases in our studied plots. As growth increment is site specific
and the analysed plots lie on the eastern border of the distribution range of
European beech, we decided to use our own fitted curve to detect releases
in this study as this would best integrate the local growth conditions.
All release pulses were then scaled with respect to the fitted boundary line.
Two classes were distinguished: PGC values over 50% were regarded as
major releases and values of PGC between 20% and 49.9% as moderate
releases. Due to the decrease in sample depth we limited the analysed
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2000

period to 1870-2000. This ensures that the sample depth on each plot is at
least 8 analysed increment cores.
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Fitted curve: PGC~2242.78*exp(-5.06*PG)+418.24*exp(-0.88*PG)
Splechtna et al. 2005: PGC~2801.08*exp(-5.41*PG)+488.61*exp(-0.75*PG)
Samonil et al. 2009: PGC~45.94+exp(7.58-2.48*PG)
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Figure 2: Fitted boundary line described by a negative exponential function to identify
growth releases based on increment values, n=20,670. Comparison with the boundary line
used by Splechtna et al. (2005) and Samonil et al. (2009).

Results
Stand structure
In the four plots only beech was present. The plots strongly differed in stand
characteristics (Table 1). The plots 1 and 3 both showed very high basal areas
and volumes. Nevertheless, they differed considerably in their diameter (and
also height) structure (Figure 3). Plot 2 was characterised by a comparatively
low basal area and volume and a high density of mainly small trees, and plot
4 by a medium basal area and volume but low tree density. The canopy

Chapter I

31

structure of plots 1 and 2 was two-layered, whereas plots 3 and 4 could be
described as multi-layered. The diameter range in each of the plots was at
least 84 cm (Figure 3). The mean density of large living trees ≥80 cm DBH
over all the plots was 35 stems per ha. 32% of the trees were in the upper
canopy layer, 18 % in the medium layer and 50% in the lower layer based on
the average top height of 39 m. The maximum height of beech in each plot
was 43 to 45 m.
Table 1: Stand characteristics of the four 0.1 ha sample plots. Living trees; callipering limit
6 cm DBH. Average ± one standard deviation.

Plot №

Tree density
[stems ha-1]

Basal area
[m2 ·ha-1]

Volume
[m3·ha-1]

Current annual
increment
[m3 ·a-1·ha-1]

1

370

63.5

1237

7.7

2

590

30.9

524

9.2

3

410

62.7

1148

10.4

4

270

40.8

746

9.8

410 ± 134

49.5 ± 16.3

914 ± 336

9.3 ± 1.2

Average

The pooled diameter distribution of all four plots showed a bimodal shape
with the highest density of trees in the smallest diameter class (8 cm) and a
second smaller peak in the mid-diameter range around 56 cm DBH
(Figure 3). In Figure 4 the pooled diameter distribution is presented in log
transformation and compared to the diameter distribution curve of the
nearby 10 ha plot. The general trend of both distribution curves is very
similar and can be described by a rotated sigmoid curve. The pooled
diameter distribution of the four plots, however, showed much higher
fluctuations in tree density from diameter class to diameter class than the
diameter distribution of the 10 ha plot.
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Figure 3: Diameter distribution of the not rotten and rotten living trees per plot (0.1 ha)
and all plots together (total area 0.4 ha); DBH classes of 4 cm width, labels indicating classmidpoints.

The diameter-height curve (pooled data from all plots) was fitted best with
the equation of Petterson (1955) (n=164, R2 =0.94, RMSE=3.38 m):
[3]

1.3

.

.

∗

Of all the sampled trees 22% had a rotten heart. The percentage of rotten
trees per plot ranged from 7% to 41%. More than 47% of all the upper storey
trees and 86% of trees with a DBH ≥80 cm were rotten. The rotten part of the
trees accounted for 55% of the total basal area over all the plots. Stem rot
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was found in all diameter classes (although more frequent in large trees;
Figure 3) but only rarely in trees younger than 150 years.

2
1
0
−1
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plots 1−4
10 ha plot
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64
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96 104 112 120 128
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Figure 4: Diameter-class distribution of the four plots 1–4 (total area 0.4 ha) compared to
the diameter-class distribution of the nearby monitoring plot (Commarmot et al. 2005, area
10 ha) in Uholka forest reserve, Ukraine.

Age structure
The maximum number of tree rings counted on a core was 451 (tree with
missing pith), the maximum age of a rotten tree was estimated to be
approximatively 550 years. The mean age of the upper layer trees was
estimated to be 350 years, of the medium layer trees 160 years and of the
lower layer trees 110 years.
To evaluate the relation between tree age and DBH, different regressions
were statistically tested. It was best described by a polynomial regression
(n=116, R2 =0.82, RMSE=35 years) (Figure 5). However trees with the same
DBH may differ more than 200 years in age.
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Figure 5: Age-diameter relationship based on trees with reliable age estimation (n=116,
R2 =0.82, RMSE=35 years).

The four plots showed different age structures, but they were all
characterised as being uneven-aged. In plots 3 and 4 the reliable age span
reached up to 470 years (Figure 6) and tree establishment was more or less
continuous. Plots 1 and 2 showed a similar age span if all cores were
considered, but reliable age estimation could only be made for trees
younger than 170 years and 290 years, respectively. There seem to have
been periods of several decades without tree establishment on the
individual plots.
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Figure 6: Age-class distribution of all the living trees per plot (0.1 ha) and all plots together
(total area 0.4 ha); Age classes of 20 years, (labels indicating class-midpoints).

There was a tendency towards a bimodal age distribution in the plots 2 and
3 and probably also in plot 1. This tendency became even more pronounced
when the age distributions of all plots were pooled (Figure 6). There was a
distance of 150–200 years between the two peaks appearing at the age of
110 and between the age of 270 and 330 years.

Disturbance chronology
In 84 out of 116 analysed tree ring series at least one growth release event
could be identified. The average age when trees showed the first release was
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65 years and ranged from 21 to 177 years. This corresponds to a mean DBH
without bark of 4.4 cm with a range of 1–9.5 cm. The analysis of the initial
growth period indicated a low growth rate and a small increment during the
first period of tree life. The mean radial increment before the first release
event was 0.35 ± 0.26 mm·a-1 at coring height. Compared to the mean radial
increment of the upper layer trees of 1.56 ± 0.78 mm·a-1 during the period
2000–2009 this is rather low.
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Figure 7: Decadal distribution of the percentage of stems showing major and moderate
releases identified with the boundary-line release criteria per plot (0.1 ha) and all plots
together (total area 0.4 ha). The line represents the sample depth. (x-labels indicating classmidpoints).
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Release events occurred on the four plots during the whole analysed period
1870 to 1999 (Figure 7). Major release events were identified in 6 to 10 of the
13 decades in each plot, while moderate releases were recorded in 11 to 13
decades. In all plots more trees showed moderate than major releases. On an
area of 0.1 ha, simultaneous major releases were found in maximum 20% of
the trees, major or moderate releases in maximum 50%. The amount of
detected releases per decade varied much more on the individual plots than
on a larger area represented by all plots together. Regarding all plots
together the percentage of stems showing a release largely varied between
10% to 25%. There was only one decade (1870–1879) within the analysed
period, during which more than 40% of the trees in each plot showed either
a major or moderate release.

Discussion
Structural characteristics
Basal area and volume – The mean basal area (49.5 ± 16.3 m2·ha-1) and
standing volume (914 ± 336 m3·ha-1) of living trees ≥6 cm DBH on the four
plots lie in the upper range of the values (mean basal area 38.5 ± 7.4 m2·ha-1
and standing volume 770 ± 155.9 m3·ha-1) found on 50 x 50 m subplots of the
10 ha research plot of Commarmot et al. (2005). Similar values were found in
the virgin beech forest Rožok (on 0.5 ha) in eastern Slovakia (Korpel' 1995)
and in the two Albanian virgin beech forests Puka (on 3.6 ha) and Rajca (on
6 ha) (Tabaku 2000). The basal area of more than 60 m2·ha-1 and standing
volume of more than 1100 m3·ha-1 recorded on the plots 1 and 3 in our study
can be considered as very high for beech forests. However, such findings can
be explained by the small plot size since the variation of stand parameters
increases, the smaller the areas sampled are (Král et al. 2010). Furthermore, in
selecting plots with a wide diameter range and very large trees present, we
also made a bias towards high standing volumes, although we tried to cover
different forest structures and stand densities.
Diameter structure – The pooled diameter distribution of the four plots is very
similar to that of the nearby 10 ha plot described by Commarmot et al.
(2005, 2009) (Figure 4), which could best be fitted by a seven-parameter
Weibull function (Westphal et al. 2006). This rotated sigmoid form of
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diameter distribution seems to be typical for virgin beech forests (Westphal
et al. 2006) and also for other old-growth forests (Goff and West 1975). Goff
and West (1975) consider this form of diameter distribution biologically
more reasonable for natural old-growth forests than a negative exponential
(reverse J-shaped) curve. The deviations of the pooled diameter distribution
of the four plots from the one of the 10 ha plot can be explained by the small
plot size and by the bias we made, when selecting plots with a large
diameter range. This bias in the sampling design also explains that the mean
density of 35 stems ≥80 cm DBH per ha is higher than in the average of the
10 ha plot (23 trees ≥80 cm per ha) or in other beech-dominated old-growth
forests in Central Europe (Nilsson et al. 2003). The pooled data of the four
plots confirm, that a rotated sigmoid type of diameter distribution can be
found also on such small areas as 0.4 ha. This supports the suggestion of
Alessandrini et al. (2011), that a developed old-growth structure can be
recognised even on extremely small areas, as long as they are not dominated by intermediate and large size classes. The rotated sigmoid type of
diameter distribution and the high congruence with the diameter
distribution curve of the 10 ha plot let us conclude that the four plots can be
regarded as typical for the lower elevations of the virgin forest of Uholka and
represent the general stand structure well.
Age estimation – In two plots, at least one beech tree with a reliable age of
over 460 years was found. Because of the high proportion of stem rot (47%)
in upper-story trees and difficulties to reach the pith with the increment
borer due to the asymmetric growth of many of the cored trees, age
estimation methods had to be applied. Based on these methods beech was
estimated to reach an age of up to 550 years. This gives evidence that in the
Eastern Carpathians beech can easily reach a maximum lifespan of 400–500
years, which is much more than the 200–300 years previously reported for
the Carpathian mountains (Korpel' 1982, Jaworski et al. 1994, Parpan et al.
2009). Up to now, more than 500 year old beech trees were reported only
from high altitude sites in Bosnia and Italy (Mlinsek 1967, Piovesan et al.
2003).
Age-diameter relationship – The fitted polynomial DBH-age relationship for
beech (Figure 5) has a high R2 (0.82), but showed that age estimations based
on DBH in this virgin forest involve uncertainties of 100 to 200 years, which
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increased with increasing DBH. This weak relationship can be explained by
the different length of the suppression period and canopy accession age, as
suppressed trees show much lower increment than the dominant ones.
According to Bigler and Veblen (2009), slow growing trees are likely to reach
a higher lifespan than fast growing trees, which could help to explain the
high variation in the DBH-age relationship. As coring trees in old-growth and
virgin forest is mostly prohibited, age estimation based on DBH is usually
used as a non-destructive proxy method. However, especially for shadetolerant species, the bandwidth of age of trees with the same DBH can be
considerable and should always be kept in mind when inferring age from
DBH. The restrictive coring policy of many old-growth and virgin forest
administrations may explain why the age-diameter relation of beech in
natural forest was rarely studied. Nagel et al. (2007) analysed the DBH-age
relationship of blown down trees >20 cm in DBH in an old-growth FagusAbies forest in Slovenia and found only a weak relationship (R2=0.2, n=43)
between age and DBH. However, their results also showed that there is a
high variation in the age of trees in the same diameter class (more than 100
years). In an old-growth beech forest in the Apennines Piovesan et al. (2005)
found a weak relationship between DBH and age of beech trees (n=19) over
50 cm in DBH, which corresponds with our findings for such large trees. They
observed a big variation in age of trees with the same diameter too. In the
present study, trees of almost all DBH classes could be used to calculate the
DBH-age relationship and the sample size (n=116) was much larger. This
gives the relationship more reliability and also explains the high R2.
Age structure – The age distribution analysis of the plots indicated that tree
recruitment may occur in every decade (although in various numbers), even
on areas as small as 0.1 ha. However, there were also gaps of several decades
with no successful establishment (Figure 6). The tree densities in the
younger age classes must be interpreted carefully, as we included only trees
with a DBH ≥6 cm in our study. As beech with 6 cm DBH had an age of 50 to
approx. 140 years (Figure 5), it can be assumed that there were additional 50
to 110 years old trees, which did not reach the calliper threshold. To verify
this, it would be necessary to analyse also the small trees with DBH <6 cm.
Unfortunately, age analysis of such small trees is only possible on cross
sections, for which we would not get the permission. Nevertheless, we
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recommend for future studies to measure at least the DBH of all trees >1.3 m
height.
The tendency towards a bimodal age distribution, which was found on three
of the four plots, became more pronounced when the age distributions of all
plots were pooled. A bimodal age distribution was also found in an oldgrowth beech forest in the western Carpathians (Korpel' 1995), though with
shifted peaks (at age classes 30 and 150–160 years) and a smaller distance in
time between them (approximatively 120 years). Even if regeneration may
establish continuously, it seems that favourable light conditions allowing the
survival of a larger number of saplings occur only in intervals of about 150–
200 years, which corresponds to half of the average lifespan of the upper
storey trees. This is the age when beech trees become prone to stem rot,
predisposing them to stem breakage. Emborg (1998) showed, that not all
development phases provide sufficient light conditions for the survival and
growth of beech seedlings. We cannot say whether the observed bimodality
in the age distribution can also be found on larger areas or whether there,
the age distribution will be more balanced. In old-growth forests with a
small scale mosaic of different forest structures and development phases,
the spatial scale of the study can influence the results considerably.
However, the bimodal age distribution found in our study can help to
explain the sigmoid form of the diameter distribution (Figure 4) with a more
or less pronounced peak in the midsize diameter range often found in oldgrowth forests (Goff and West 1975, Westphal et al. 2006).
Overall, the structural characteristics of the investigated forest are high
standing volumes, high numbers of large trees, a multi-layered canopy and
high variation in tree size and age. These are all structural attributes typically
associated with old-growth forests (Bauhus et al. 2009). It can take many
hundreds of years until a formerly managed or severely disturbed forest
reaches this structure and shows such a highly differentiated tree age
distribution on small spatial scales as it was observed in this study (von
Oheimb et al. 2005).

Disturbance chronology
Suppression and release – European beech is well known as a very shadetolerant tree species (Ellenberg 1988), this trait being especially important
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during the juvenile stages of a tree. Although most beech juveniles die
during the first 10 years, some can survive several decades of shade
suppression (Peters 1997). Nagel et al. (2006) found that beech seedlings
often undergo multiple suppression-and-release episodes before they
effectively reach the upper canopy. In our study we found that the
suppression period until the first release lasts in average 65 years and that
beech trees may stay up to 177 years in the lower canopy layer.
Disturbance events – Growth releases occurred continuously during the
analysed period from 1870 to 1999 on all four plots, which excludes stand
replacing disturbances during this time. Releases were found to be more
frequent from 1870 to 1879 than in the other decades, although they were
mainly moderate. This is the only evidence of a more severe disturbance
event that affected a larger area and provoked growth reactions in a high
number of trees. Unfortunately, the number of old trees in our sample was
low, so that only a 130 years disturbance period could be interpreted. This
made it difficult to link the disturbance frequency or intensity with tree
establishment, all the more as the density of 50-110 years old trees is
unreliable, due to the calliper threshold of 6 cm DBH and the long
suppression periods. The observed peak in trees recruited around 1900
might have been initiated by the disturbances in 1870–1879. However, there
is only weak evidence for this, as the pronounced peak in the age
distribution is mainly due to plot 2.
Age and diameter distributions – The age and diameter distributions (Figures
3 and 6) showed similarities between the plots 1 and 2 as well as between
the plots 3 and 4. This suggests that plots 1 and 2 experienced more severe
disturbance events, which resulted in a higher number of synchronously
recruited trees, whereas plot 3 and plot 4 showed a more continuous
recruitment indicating small-scale (single tree) gap disturbances. This
assumption can however not be confirmed by the disturbance analysis.
Beech nuts can germinate under the closed canopy and seedlings can
survive for several years at very low light levels (Emborg 1998, Wagner et al.
2010). Thus, disturbance events happening after seedling establishment
may be even more relevant for the surviving of the seedlings and saplings
than those happening shortly before seedling establishment. The ability of
beech to germinate and survive at low light levels compensates for the only
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periodic seed production. Under a small-scale disturbance regime with
frequent but low intensive disturbances beech does not need a full mast for
successful regeneration. According to Commarmot et al. (2005) a small
number of seedlings and saplings are present almost everywhere, which can
fill the gaps as soon as the light conditions get better. The independence
from mast years was recognised as a great advantage of forest management
by group selection systems (Femelschlag) (Mayer 1992).
Detection of growth release events – The detection of release events is
strongly influenced by the choice of the method used (Rubino and McCarthy
2004). In our case we decided to use the boundary line method (Black and
Abrams 2003), which is one of the furthest developed and is increasingly
used to describe forest disturbance histories from tree-ring data. The
method gives an accurate estimation of the disturbance history, because it
accounts for changes in release potential within a trees life. It considers the
change in relative growth rate as it expresses the growth increase after a
disturbance as a percentage of the growth rate before the event. However,
the way of fitting the boundary line for release detection highly influences
the amount of identified growth releases. The method is known to be over
sensitive at low rates of prior growth and overly stringent at high rates
(Fraver and White 2005). These factors contributed to our decision to fit our
own boundary line to our data as this best incorporates the local site and
growth condition of the measured beech trees in the eastern range of the
species distribution. To quantify the effect of different methods to fit the
boundary line further analyses are needed.
To sum up, the pattern of the detected growth release events indicated that
the forest was shaped by small scale dynamics and no stand-replacing
disturbance occurred on the studied plots. Lavnyy and Laessig (2003) have
investigated the frequency and intensity of storms (≥20 m/s) in the Ukrainian
Carpathians from 1945 to 1999, and they found that storms were very
frequent during this period with a big variation from one year to another.
These findings support our observation. Often trees showed several releases
till they eventually reached the upper canopy. This stop-and-go growth
pattern suggests that small-scale gap dynamics prevail in such a virgin
beech forest. Single tree gaps provide favourable light conditions only for a
short period of time and will close fast by lateral crown extension of the
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surrounding trees. This is especially pronounced for beech, which is known
to occupy free crown space with high efficiency (Schütz 1998).

Conclusion
Even though we only studied a small area of the forest, this study
contributes to the limited information concerning age structure and
disturbance history of virgin beech forests in Central Europe. The study gives
an insight in the complex mosaic of factors defining the structure and the
disturbance regime of a virgin beech forest. We could show that (1) stand
structures in a virgin beech forest differ on small scale, (2) beech can reach
ages of up to 500 years, although trees older than 150 years are highly prone
to stem rot, (3) beech can survive long suppression periods of over 100 years,
and (4) small-scale disturbances happen continuously, whereas evidence for
large stand replacing events is lacking.
The presence of stem rot, particularly in old upper-storey trees, predisposes
them to stem breakage (Pontailler et al. 1997). Hence, even low intensive
disturbance events (mainly wind but also snow) can create single tree gaps
allowing suppressed trees and seedlings to benefit and intensify their
growth. Such a small scale disturbance regime leads to an uneven-aged
structurally diverse forest. The results of our study suggest, that even more
severe disturbances rather lead to the formation of small canopy gaps all
over the area than to cause large-scale wind throws. To confirm these
findings, the study about the influence of the disturbance regime on the
forest structure has to be extended to a larger area. This is only possible by
sampling plots distributed over the whole forest area which cover the
variety of altitude and topographic conditions.

Acknowledgements
We thank the Carpathian Biosphere Reserve for permission to conduct this
study in the Uholka virgin beech forest. We are also grateful to Martin
Brüllhardt and Luca Mini for assistance in the field and to Edgar Kaufmann
for the calculation of the volume tariff function. We thank the members of
our group for valuable comments on the manuscript. We acknowledge the
reviewers for providing useful comments. This research was funded by the
State Secretary for Education and Research, Switzerland.

44

Age structure and disturbances of Uholka

References
Alessandrini, A., F. Biondi, A. Di Filippo, E. Ziaco, and G. Piovesan. 2011. Tree size
distribution at increasing spatial scales converges to the rotated sigmoid curve in
two old-growth beech stands of the Italian Apennines. Forest Ecology and
Management 262:1950-1962.
Bauhus, J., K. Puettmann, and C. Messier. 2009. Silviculture for old-growth attributes.
Forest Ecology and Management 258:525-537.
Bigler, C. and T. T. Veblen. 2009. Increased early growth rates decrease longevities of
conifers in subalpine forests. Oikos 118:1130-1138.
Black, B. A. and M. D. Abrams. 2003. Use of boundary-line growth patterns as a basis
for dendroecological release criteria. Ecological Applications 13:1733-1749.
Black, B. A. and M. D. Abrams. 2004. Development and application of boundary-line
release criteria. Dendrochronologia 22:31-42.
Brändli, U.-B. and J. Dowhanytsch. 2003. Urwälder im Zentrum Europas. Ein Naturführer durch das Karpaten-Biosphärenreservat in der Ukraine. Paul Haupt Verlag,
Bern, Switzerland.
Commarmot, B., H. Bachofen, Y. Bundziak, A. Bürgi, B. Ramp, Y. Shparyk, D. Sukhariuk,
R. Viter, and A. Zingg. 2005. Structures of virgin and managed beech forests in
Uholka (Ukraine) and Sihlwald (Switzerland): a comparative study. Forest Snow
and Landscape Research 79:45-56.
Commarmot, B., Y. Shparyk, D. Sukhariuk, A. Bürgi, and A. Zingg. 2009. Entwicklung
zum Urwald? Ein Vergleich zwischen dem Zürcher Sihlwald und dem Buchenwald
Uholka in der Westukraine. In: 2. Hessisches Naturwaldforum Buche, 28. - 29. April
2008. Hessisches Ministerium für Umwelt, Energie, Landwirtschaft und
Verbraucherschutz, Bad Wildungen, Germany.
Drössler, B. and B. von Lüpke. 2005. Canopy gaps in two virgin beech forest reserves
in Slovakia. Journal of forest science 51:446-457.
Duncan, R. P. 1989. An evaluation of errors in tree age estimates based on increment
cores in Kahikatea (Dacrycarpus dacrydioides). New Zealand Natural Sciences
16:31-37.
Ellenberg, H. 1988. Vegetation Ecology of Central Europe. University Press,
Cambridge, UK.
Emborg, J. 1998. Understorey light conditions and regeneration with respect to the
structural dynamics of a near-natural temperate deciduous forest in Denmark.
Forest Ecology and Management 106:83-95.
Firm, D., T. A. Nagel, and J. Diaci. 2009. Disturbance history and dynamics of an oldgrowth mixed species mountain forest in the Slovenian Alps. Forest Ecology and
Management 257:1893-1901.

Chapter I

45

Fraver, S. and A. S. White. 2005. Identifying growth releases in dendrochronological
studies of forest disturbance. Canadian Journal of Forest Research 35:1648-1656.
Gärtner, H. and D. Nievergelt. 2010. The core-microtome: A new tool for surface
preparation on cores and time series analysis of varying cell parameters. Dendrochronologia 28:85-92.
Goff, F. G. and D. West. 1975. Canopy-understory interaction effects on forest population structure. Forest Science 21:98-108.
Grundmann, B. M., S. Bonn, and A. Roloff. 2008. Cross-dating of highly sensitive
Common beech (Fagus sylvatica L.) tree-ring series with numerous missing rings.
Dendrochronologia 26:109-113.
Hamor, F., Y. Dovhanych, V. Pokynchereda, D. Sukharyuk, Y. Bundzyak, Y. Berkela, M.
Voloshchuk, B. Hodovanets, and M. Kabal. 2008. Virgin forest of Transcarpathia.
Inventory and management. Carpathian Biosphere Reserve, Rakhiv, Ukraine.
Jaworski, A., J. Karczmarski, and J. Skrzyszewski. 1994. Dynamika, budowa i struktura
drzewostano´w w rezerwacie ‘‘Łabowiec’’. Acta Agraria et Silvestria, Series
Silvestria 32:3-25.
Kaufmann, E. 2001. Estimation of standing timber, growth and cut. In: P. Brassel and H.
Lischke (eds.). Swiss National Forest Inventory: Methods and Models of the
Second Assessment. WSL Swiss Federal Research Institute, Birmensdorf,
Switzerland.
Kenderes, K., B. Mihok, and T. Standovár. 2008. Thirty years of gap dynamics in a
Central European beech forest reserve. Forestry 81:111-123.
Korpel', S. 1982. Degree of equilibrium and dynamical changes of the forest on
example of natural forests of Slovakia. Acta Facultatis Forestalis Zvolen 24:9-31.
Korpel', S. 1995. Die Urwälder der Westkarpaten. Gustav Fischer Verlag, Stuttgart,
Germany.
Král, K., D. Janík, T. Vrska, D. Adam, L. Hort, P. Unar, and P. Samonil. 2010. Local
variability of stand structural features in beech dominated natural forests of
Central Europe: Implications for sampling. Forest Ecology and Management
260:2196-2203.
Lavnyy, V. and R. Lässig. 2003. Extent of storms in the Ukrainian Carpathians. In:
Proceedings of the International Conference ‘Wind Effects on Trees’. University of
Karlsruhe, Germany, September 16-18, 2003.
Leibundgut, H. 1956. Empfehlungen für die Baumklassenbildung und Methodik bei
Versuchen über die Wirkung von Waldpflegemassnahmen. Mitteilungen IUFRO
Sektion 23:10.
Leibundgut, H. 1993. Europäische Urwälder. Wegweiser zur naturnahen Waldwirtschaft. Haupt, Bern, Switzerland.

46

Age structure and disturbances of Uholka

Loewenstein, E. F., P. S. Johnson, and H. E. Garrett. 2000. Age and diameter structure
of a managed uneven-aged oak forest. Canadian Journal of Forest Research
30:1060-1070.
Lorimer, C. 1984. Methodological considerations in the analysis of forest disturbance
history. Canadian Journal of Forest Research 15:200-213.
Mayer, H. 1992. Waldbau auf soziologisch-ökologischer Grundlage. 4. teilweise neu
bearbeitete Auflage. Fischer, Stuttgart, Germany.
Meyer, P. 1995. Untersuchung waldkundlicher Entwicklungstendenzen und methodischer Fragestellungen in Buchen- und Buchenmischbeständen niedersächsischer Naturwaldreservate (NWR). Cuvillier, Göttingen, Germany.
Meyer, P. 2008. Lücken- und Verjüngungsdynamik in Buchen-Naturwäldern. Ann. Sci.
Rés. Bios. Trans. Vosges du Nord-Pfälzerwald 14:92-102.
Mlinsek, D. 1967. Wachstum und Reaktionsfähigkeit der Urwaldbuchen auf der
Balkanhalbinsel (Bosnien). IUFRO-Kongress München, 1967, IV:425-435.
Nagel, T., A., T. Levanic, and J. Diaci. 2007. A dendroecological reconstruction of
disturbance in an old-growth Fagus-Abies forest in Slovenia. Annals of Forest
Science 64:891-897.
Nagel, T. A. and J. Diaci. 2006. Intermediate wind disturbance in an old-growth beechfir forest in southeastern Slovenia. Canadian Journal of Forest Research 36:629638.
Nilsson, S. G., M. Niklasson, J. Hedin, G. Aronsson, J. M. Gutowski, P. Linder, H.
Ljungberg, G. Mikusinski, and T. Ranius. 2003. Erratum to "Densities of large living
and dead trees in old-growth temperate and boreal forests". Forest Ecology and
Management 178:355-370.
Nowacki, G. J. and M. D. Abrams. 1997. Radial-growth averaging criteria for
reconstruction disturbance histories from presettlement-origin oaks. Ecological
Monographs 67:225-249.
Parpan, V. I., S. N. Sannikov, and T. V. Parpan. 2009. The hypothesiss of the pulsed
dynamics of virgin beech forests. Russian Journal of Ecology 40:466-470.
Peterken, G. F. 1996. Natural woodland ecology and conservation in northern temperate regions. Cambridge University Press, Cambridge, UK.
Peters, R. 1997. Beech forests. Kluwer Academic Publishers, Dordrecht, Netherlands.
Petterson, H. 1955. Die Massenproduktion des Nadelwaldes. Mitteilungen der
Forstlichen Forschungsanstalten Schwedens 45:392-580.
Piovesan, G., M. Bernabei, A. Di Filippo, M. Romagnoli, and B. Schirone. 2003. A longterm tree ring beech chronology from a high-elevation old-growth forest of
Central Italy. Dendrochronologia 21:13-22.

Chapter I

47

Piovesan, G., A. Di Filippo, A. Alessandrini, F. Biondi, and B. Schirone. 2005. Structure,
dynamics and dendroecology of an old-growth Fagus forest in the Apennines.
Journal of Vegetation Science 16:13-28.
Pontailler, J.-Y., A. Faille, and G. Lemée. 1997. Storms drive successional dynamics in
natural forests: a case study in Fontainebleau forest (France). Forest Ecology and
Management 98:1-15.
Rozas, V. 2003. Tree age estimates in Fagus sylvatica and Quercus robur: testing
previous and improved methods. Plant Ecology 167:193-212.
Rubino, D. L. and B. C. McCarthy. 2004. Comparative analysis of dendroecological
methods used to assess disturbance events. Dendrochronologia 21:97-115.
Samonil, P., L. Antolik, M. Svoboda, and D. Adam. 2009. Dynamics of windthrow
events in a natural fir-beech forest in the Carpathian mountains. Forest Ecology
and Management 257:1148-1156.
Schütz, J. P. 1998. Behandlungskonzepte der Buche aus heutiger Sicht. Schweizerische Zeitschrift für Forstwesen 149:1005-1030.
Splechtna, B., G. Gratzer, and B. Black. 2005. Disturbance history of a European old
growth mixed species forest – A spatial dendroecological analysis. Journal of
Vegetation Science 16:511-522.
Stokes, M. A. and T. L. Smiley. 1968. An introduction to tree-ring dating. University
Press, Chicago, USA.
Stoyko, S. M. and L. O. Tasenkevych. 1982. Flora i roslynnist’ Karpats’koho
zapovidnyka. Naukova dumka, Kyiv, Ukraina.
Szewczyk, J., J. Szwagrzyk, and E. Muter. 2011. Tree growth and disturbance dynamics
in oldgrowth subalpine spruce forests of the Western Carpathians. Canadian
Journal of Forest Research 41:938-944.
Szwagrzyk, J. and J. Szewczyk. 2001. Tree mortality and effects of release from
competition in an old growth Fagus Abies Picea stand. Journal of Vegetation
Science 12:621-626.
Tabaku, V. 2000. Struktur von Buchen-Urwäldern in Albanien im Vergleich mit
deutschen Buchen-Naturwaldreservaten und -Wirtschaftswäldern. Cuvillier
Verlag, Göttingen, Germany.
Tabaku, V. and P. Meyer. 1999. Lückenmuster albanischer und mitteleuropäischer
Buchenwälder unterschiedlicher Nutzungsintensität. Forstarchiv 70:87-97.
von Oheimb, G., C. Westphal, H. Tempel, and W. Härdtle. 2005. Structural pattern of a
near-natural beech forest (Fagus sylvatica) (Serrahn, North-east Germany). Forest
Ecology and Management 212:253-263.
Wagner, S., C. Collet, P. Madsen, T. Nakashizuka, R. D. Nyland, and K. Sagheb-Talebi.
2010. Beech regeneration research: From ecological to silvicultural aspects. Forest
Ecology and Management 259:2172-2182.

48

Age structure and disturbances of Uholka

Westphal, C., N. Tremer, G. v. Oheimb, J. Hansen, K. v. Gadow, and W. Härdtle. 2006. Is
the reverse J-shaped diameter distribution universally applicable in European
virgin beech forests? Forest Ecology and Management 223:75-83.
White, P. S. and S. T. A. Pickett. 1985. The ecology of natural disturbance and patch
dynamics. Academic Press, Orlando, USA.
Zar, J. H. 1999. Biostatistical Analysis. 4th edition. Prentice Hall, Upper Saddle River,
New Jersey, USA.
Zeibig, A., J. Diaci, and S. Wagner. 2005. Gap disturbance patterns of a Fagus sylvatica
virgin forest remnant in the mountain vegetation belt of Slovenia. Forest Snow
and Landscape Research 79:69-80.
Zielonka, T., J. Holeksa, P. Fleischer, and P. Kapusta. 2010. A tree-ring reconstruction of
wind disturbances in a forest of the Slovakian Tatra Mountains, Western
Carpathians. Journal of Vegetation Science 21:31-42.
Zingg, A. 1999. Genauigkeit und Interpretierbarkeit von Oberhöhen. Centralblatt für
das gesamte Forstwesen 116:25-34.

Chapter II

49

Chapter II

Pattern and process in the largest primeval beech
forest of Europe (Ukrainian Carpathians)
In review as:
Hobi, M. L. a,b, B. Commarmot a, and H. Bugmann b. Pattern and process in the
largest primeval beech forest of Europe (Ukrainian Carpathians). Journal of
Vegetation Science.
a

WSL Swiss Federal Institute of Forest, Snow and Landscape Research,
Zürcherstrasse 111, 8903 Birmensdorf, Switzerland

b

Forest Ecology, Institute of Terrestrial Ecosystems, Department of Environmental
Systems Sciences, ETH Zurich, 8092 Zurich, Switzerland

50

Pattern and process in European beech forests

Abstract
Questions: Are the structural characteristics of natural beech forests that
have repeatedly been found on small monitoring plots representative of the
large-scale features of these forests? Is the primeval beech forest UholkaShyrokyi Luh shaped by fine-scale processes, or are high-severity disturbance events affecting its structure?
Location: Ukrainian Carpathians, Uholka-Shyrokyi Luh, the largest primeval
beech forest of Europe covering 102.8 km2
Methods: On 314 circular plots of 500 m2 each, systematically distributed
across the forest, all living and dead trees with a diameter at breast height
(DBH) ≥6 cm were assessed. Lying deadwood, tree regeneration, size of
canopy gaps, and number of canopy layers were recorded. Spatial analyses
were conducted using Moran’s I. Dendrochronological methods provided an
insight into the age structure of the forest and its disturbance history.
Results: The forest is characterised by a density of 435.0 ± 12.2 ha-1 (mean ±
SE) living trees, a basal area of 36.6 ± 0.8 m2·ha-1, a volume of living trees of
582.1 ± 13.5 m3·ha-1 and a total deadwood volume of 162.5 ± 8.4 m3·ha-1.
Beech is the dominating species (97.3 ± 0.7%, by basal area), interspersed
with mostly deciduous species of moderate shade tolerance. The forest
canopy is multi-layered, with canopy gaps rarely larger than the crown
projection area of a few trees and a high abundance of old trees. The forest
structure is mainly shaped by fine-scale processes, which lead to a homogeneity of attributes of living trees at larger spatial scales.
Conclusions: For the first time, robust values for natural beech forest
structure and dynamics over large spatial scales are provided. The results
lend support to findings on small monitoring plots, but our landscape
approach allows for a reliable estimation of key forest characteristics such as
basal area and standing volume, which tend to be overestimated in studies
on subjectively placed small monitoring plots. This forest is characterised by
a small-scale disturbance regime, which leads to a multi-layered, unevenaged canopy structure with a very strong dominance of beech and an
exceedingly low abundance of early successional species, indicating a forest
in dynamic equilibrium with a small-scale mosaic of patches in different
developmental stages.
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Introduction
The processes that shape the dynamics and thus the patterns of plant
communities have fascinated ecologists for a long time (e.g., Watt 1947).
Beech (Fagus sylvatica L.) forests are among the most widespread forest
types in Europe (Packham et al. 2012), but little is known on the dynamics of
primeval beech forests since humans started to alter European forests a long
time ago (Parviainen 2005). Only scattered relicts of natural beech forests
have been preserved, mostly in remote and mountain areas of the
Carpathians, the Balkans and the Alps, where management was difficult and
often not profitable (Commarmot & Brang 2011). Moreover, research in such
forests has been carried out mainly on small permanent monitoring plots,
and long-term data series are rare (Šebková et al. 2011; Kucbel et al. 2012).
Almost a century ago ecologists started to investigate beech forests in
southern England (Watt 1925), with a focus on reproduction, establishment
and species diversity based on careful and meticulous observations of
processes in forest canopy gaps. As a result, Watt (1947) developed a theory
of pattern and process in the plant community that was influenced by ideas
of Gleason (1927, 1939), emphasising the importance of individuals and
species in the unpredictable cyclic succession process. Both Watt and
Gleason recognised the importance of processes such as population
dynamics, competition and tolerance for understanding the mosaic of
vegetation patches resulting from forest succession. Since these seminal
works, predicting the direction of changes in species composition and stand
attributes over time has been a major focus of forest ecological research.
In order to deepen the understanding of these patterns and processes, many
research plots of usually 0.5 to 2 ha were established from the 1950s through
the 1970s in primeval forest remnants (e.g., Mayer 1989; Leibundgut 1993;
Korpel' 1995). According to a method proposed by Leibundgut (1959),
monitoring plots were subjectively placed to represent different development phases of the forest, and all trees within the plots were numbered,
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measured and classified according to criteria such as crown length, canopy
layer to which the trees belonged, vitality and the surmised tendency of
their future development. The spatial pattern of the different development
phases over larger areas (tens of hectares) was used to infer the temporal
dynamics of the forest and its overall state (Leibundgut 1993; Korpel' 1995;
Meyer 1995; Tabaku 2000; Saniga & Schütz 2001; Heiri et al. 2009). The
length of the development cycle was estimated by regeneration-growth
studies, aerial images, and sometimes tree-ring analyses (Korpel' 1995;
Emborg et al. 2000). Based on these investigations forest dynamics are
understood as a mosaic of tree cohorts, passing through a development
cycle from regeneration and early growth through maturity, ageing and
decay back to regeneration, and the forest as a whole is considered to be in
a dynamic equilibrium (Remmert 1991; Leibundgut 1993; Korpel' 1995).
Yet, the role of natural disturbances in natural beech forest dynamics is
unclear from these studies limited to small areas. Already Watt (1947)
recognised that natural disturbances are an integral component of the
development cycle, which may lead to large canopy gaps, providing a
distinct microclimate and thus influencing the competitive dynamics in the
plant community. In the absence of unequivocal, large-scale evidence, the
disturbance regime of primeval European beech forests is generally thought
to be dominated by small-scale dynamics, with wind as the main agent
(Schelhaas et al. 2003; Westphal et al. 2006; Firm et al. 2009). Severe standreplacing events appear to be rare (Tabaku & Meyer 1999; Drössler & von
Lüpke 2005), such that the small-scale disturbance regime leads to an
uneven-aged structure with very old trees (Trotsiuk et al. 2012), which is in
stark contrast to the assertion that beech forests in their optimal stage are
characterised by large-scale, “hall-like” homogeneity (e.g., Leibundgut 1993).
Disturbances can be studied by recording the size, cause and frequency of
canopy gaps in permanent plots, along transect lines, or based on aerial
images (Henbo et al. 2004; Drössler & von Lüpke 2005; Zeibig et al. 2005;
Kenderes et al. 2008; Kucbel et al. 2010; Rugani et al. 2013). They can be
classified in three categories according to the resulting amount of mortality
in the disturbed area: low-severity where single trees or small groups of trees
of the forest understory or/and overstory are affected resulting in scattered
minor mortality, moderate-severity where wind kills most/all of either the
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understory or overstory, but leaves a substantial legacy of intact mature
trees or seedlings and high-severity where most of the understory and the
overstory is killed (Frelich 2002). Dendrochronological techniques have
proven useful for reconstructing past disturbance events and determining
maximum tree age (e.g., Splechtna et al. 2005; Nagel et al. 2007; Šamonil et
al. 2009; Zielonka et al. 2010; Szewczyk et al. 2011), but they have rarely been
applied at larger spatial scales, as coring of trees in the few primeval forest
remnants of Europe is typically prohibited or limited to dead trees. Systematic surveys at the landscape scale are, however, needed to obtain robust
information on the disturbance regime (Lorimer 1980) and should thus
complement plot-based investigations on forest structure.
A unique forest suitable for a large-scale investigation of structural diversity
and the disturbance regime is the primeval beech forest of Uholka-Shyrokyi
Luh in Ukraine, which is considered to be the largest primeval European
beech forest. Due to its remoteness and large size (>100 km2), it can be
expected that its present structure is the result of natural processes and that
the influence of former or recent anthropogenic use and impacts are
negligible. Thus, this forest is an outstanding object to study successional
pathways of natural beech forests and the role of disturbances for shaping
its structure and dynamics.
We use a large-scale, novel data set to address the following questions:
(1) Are the structural characteristics of natural beech forests that have
repeatedly been found on small monitoring plots representative of
the large-scale features of these forests?
(2) Is this primeval beech forest shaped by fine-scale processes, or are
high-severity disturbance events affecting its structure?
The findings will contribute to elucidate the patterns and processes defining
the structure and dynamics of this forest and its disturbance regime.
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Material and methods
Study area
The primeval forest of Uholka-Shyrokyi Luh is situated on the southern
slopes of the Carpathians (48° 18’ N and 23° 42’ E, centre coordinates) in the
southwestern Ukraine (Figure 1a). It is part of the Carpathian Biosphere
Reserve (CBR), the so-called Uholka-Shyrokyi Luh protected massif, and
constitutes the largest component of the transnational UNESCO World
Heritage site “Primeval Beech Forests of the Carpathians and the Ancient
Beech Forests of Germany”. The study area is 10 282 ha in size and extends
from 400 to 1300 m a.s.l. The Uholka-Shyrokyi Luh protected massif is
divided into two parts of similar size: Uholka in the south and Shyrokyi Luh in
the north. The terrain is strongly fissured with three main streams running
from north to south and many side valleys. The massif consists of flysch
layers with marls and sandstone, and of Jurassic limestone and cretaceous
conglomerates (Brändli & Dowhanytsch 2003). Uholka is characterised by a
limestone ridge containing numerous karst caves, whereas clastic sedimentary rocks such as silt- and sandstones dominate in Shyrokyi Luh. The climate
is temperate, with a mean annual temperature of 7.7 °C (-2.7 °C in January
and 17.9 °C in July), measured at the meteorological station of the CBR in
Uholka at 430 m a.s.l. (average for 1990-2010 AD). Mean annual precipitation
is 1134 mm (1980-2010 AD).
Anthropogenic impacts on the forest of Uholka-Shyrokyi Luh are thought to
be low. Significant timber cuttings in the mountain regions of Transcarpathia started only in the 18th century during Austrian government
(Brändli & Dowhanytsch 2003; Delehan 2005). At the end of the 19th and
beginning of 20th century, large areas of primeval forest were still found in
remote and inaccessible areas of the Carpathians, which were not suitable
for timber rafting (Roth 1932; Zlatník 1935). There is no historical evidence
that the forests of Uholka-Shyrokyi Luh have ever been cut. Intensive grazing
of mainly sheep and goats on the mountain tops depressed, however, the
upper forest line by 100-200 m in some places (Hamor & Brändli 2013).
Traces of anthropogenic use, such as waste, anthropogenic damages to
trees, traces of livestock grazing or timber cutting, assessed during the
sampling inventory in 2010, were only found close to the settlements of
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Mala and Velyka Uholka, along the upper forest line and along the main
passage ways to the mountain pastures in Shyrokyi Luh. The main anthropogenic traces found in the core zone were small footpaths and items that
stem from research and monitoring, which do not seem to have a
discernible impact on forest structure or dynamics (Commarmot et al. 2013).
Indirect anthropogenic influences of air pollution cannot be ruled out, but
appear unlikely (Šebesta et al. 2011). Oulehle et al. (2010) investigated
anthropogenic acidification effects in primeval forests near our study site in
western Ukraine and found nitrogen deposition to be quite low in
comparison to Western European forests (Krupa 2003). Therefore we
consider this beech forest as primeval (a synonym to virgin) based on the
argument that it has never been influenced significantly by humans
(Peterken 1996).

Terrestrial sampling
The terrestrial sampling was conducted in summer 2010 by six survey teams.
A total of 353 circular plots of 500 m2 size (horizontal radius 12.62 m) were
defined within the study area. The sampling design was a non-stratified,
cluster random sampling. Clusters of two sample plots each were arranged
on a systematic grid of 445 m x 1235 m (Figure 1b). The distance between
the two plots of a cluster was 100 m. Field sampling posed a considerable
challenge and was physically strenuous due to the remoteness of the area,
the difficult terrain and the long walking distances involved. Thirty-nine
plots were outside the forested area, centred in a creek, inaccessible or
considered as too dangerous for measurement due to steep slopes and
rocky terrain. Thus, 314 sample plots were assessed and included in the
analysis, 145 (46%) in Uholka and 169 (54%) in Shyrokyi Luh.
All living and dead trees with a diameter at breast height (DBH) ≥6 cm within
the plots were recorded with their azimuth and distance from the plot
centre, and their DBH and species were noted. Further attributes assessed
included the horizontal layer to which the tree belongs (upper, medium or
lower canopy layer), stem form, crown length, microhabitat structures
(structural features in trees providing important microhabitat) such as cracks
and splits, stem cavities and stem or crown breakage, and the degree of
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Figure 1: Location of the primeval forest Uholka-Shyrokyi Luh in Western Ukraine (a). Topography of the sampling perimeter with double
rows of sample plots (b). Blue points are sampled plots with cored increment cores and red points are sampled plots without cored trees.
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wood decay (5 classes: fresh, hard, rotten, mouldering and mull wood
according to Keller et al. (2011)) of the dead trees (for details regarding the
variables assessed and their definitions, see Commarmot et al. 2010). Tree
height and the upper stem diameter 7 m above ground were measured on a
random sub-sample (16 and 8%) of the living trees, as well as the stem
heights of all snags.
Lying deadwood ≥7 cm diameter was sampled along three transect lines of
15 m horizontal length each, running in the directions 35, 170, and 300 gon
from the sample plot centre (line intersect sampling). At the intersections of
the deadwood piece with the transect line, the inclination angle of the deadwood piece and two crosswise diameters were measured, and the degree of
decay was assessed in five classes.
The degree of crown cover in the upper, medium and lower canopy layers
and the type and degree of canopy closure (aggregation of tree crown in the
upper canopy layer) were estimated as criteria for the vertical and horizontal
forest structure. They were assessed on an interpretation area of 2500 m2
(horizontal radius 28.2 m) around the plot centre. The mean top height was
used to define the canopy layers according to the IUFRO classification
introduced by Leibundgut (1956): upper layer >2/3 of top height, medium
layer >1/3 and ≤2/3 of top height, lower canopy layer ≤1/3 of top height. In
addition, it was noted whether the sample plot centre was in a canopy gap
or under closed canopy. A gap was defined as an opening in the canopy
where regeneration height is below one third of top height. Gap size was
recorded in six size classes: 20-50 m2, 51-200 m2, 201-500 m2, 501-1000 m2,
1001-5000 m2, >5000 m2. The interpretation areas were further used to
assess topographic variables, such as slope, aspect and relief, and the
occurrence of anthropogenic traces.
Regeneration was sampled on three concentric circles located 10 m to the
west of the sample plot centre: a 5 m2 circle (RC1) for saplings 10 to 39.9 cm
tall, a 10 m2 circle (RC2) for saplings between 40 and 129.9 cm height, and a
20 m2 circle (RC3) for saplings with a minimum height of 130 cm and a
maximum DBH of 5.9 cm. Saplings <130 cm height were assessed for
ungulate browsing to the leading shoot.
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One randomly selected living tree with a DBH ≥16 cm was cored on each
plot for age estimation and tree-ring analysis. Due to time constraints, this
was, however, done on 249 of the 314 sampled plots only. The cores were
taken between 80 and 100 cm above ground and parallel to the slope to
minimize the occurrence of reaction wood.

Analyses of forest composition
The statistical software R (R Development Core Team 2008) was used for
data analysis. The two adjacent sample plots in the double rows of the
inventory (Figure 1b) were treated as clusters of two plots when estimating
population parameters. The local density per ha of the target variables and
the associated standard errors (SE) were calculated according to the estimators suggested by Mandallaz (2008, p. 68) under a non-stratified one-phase,
one-stage cluster random sampling scheme. The formulae used to estimate
the volume of living trees, snags and lying deadwood can be found in
Appendix A.

Spatial analyses
The Global Moran’s I for spatial autocorrelation implemented in the GIS
software ArcMap 10 (ESRI, Redlands, USA) was used to model the spatial
relationships of the target variables. Moran’s I is calculated from both feature
location and feature values simultaneously, and varies between 1 and -1
(Legendre & Legendre 1998, p. 715). A positive I indicates spatial clustering,
while a negative value indicates that the data are spatially dispersed. A
related Z-score and a p-value are calculated to evaluate the significance of
the index. When Moran’s I is near zero, there is no spatial autocorrelation, i.e.
the values are randomly distributed. Moran’s I was calculated for distances
between 1000 and 5000 m in 500 m steps. The calculations were unreliable
for distances below 1000 m, because there were not enough neighbouring
points in the data set due to the distance of 1235 m between adjacent
sample plots in north-south direction.
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Dendroecological analysis
Age estimation
The increment cores were prepared with a core microtome (Gärtner &
Nievergelt 2010), and the tree-rings were measured on a LINTAB 3 digital
positioning table (Rinntech, Heidelberg, Germany) with a resolution of
0.01 mm according to standard dendrochronological methods (Speer 2010).
The TSAP tree-ring software was used for crossdating. The ages of trees
where the increment core missed the pith were determined by using a
standard graphical method (Duncan 1989) to estimate the number of
missing rings between the pith and the first complete tree-ring. Only trees
for which ≤20 years had to be added were used for the age structure
analysis, which reduced the sample to 79 trees. Based on the analyses by
Trotsiuk et al. (2012) in Uholka, we added 9 years (for trees cored at 80 cm
above ground) or 11 years (for trees cored at 100 cm above ground) to
correct for the average number of years elapsing between ground level and
coring height. The trees were attributed to 10-year age classes to analyse the
overall age structure of the forest (trees ≥16 cm DBH).
Disturbance chronology
Past disturbance events were reconstructed based on the identification of
growth releases in the tree-ring series. All 249 tree cores could be used for
this analysis, because we encountered almost no missing rings while measuring, and tree cores with rotten parts can be integrated as far as they could
be measured (see sampling depth in Figure 3). Disturbance events cause a
rapid increase in resource availability (mainly light) by removing competing
or overtopping trees and are thus visible in the growth pattern of a tree. To
identify such disturbance events, the boundary line method developed by
Nowacki and Abrams (1997) and modified by Black and Abrams (2003; 2004)
was applied. A total of 47,963 increment values from the 249 cores were
used to fit a local boundary line for release detection (see Appendix B). The
detected growth releases were pooled into 10-year classes, and the fraction
of trees with major (>50% growth change) and with moderate releases
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(between 20 and 49.9% growth change) was plotted for the period 1701–
2000 AD. This disturbance reconstruction method based on growth releases
is best suited to reconstruct moderate intensity disturbance events, where a
substantial legacy of intact mature trees is left.

Results
General characteristics of the forest
The primeval beech forest of Uholka-Shyrokyi Luh is characterised by an
average number of trees ≥6 cm DBH of 435.0 ± 12.2 ha-1 (mean ± SE), a basal
area of 36.3 ± 0.8 m2·ha-1 and a volume of living trees of 582.1 ± 13.5 m3·ha-1
(Table 1). Total deadwood volume was 162.5 ± 8.4 m3·ha-1 on average, 26.6 ±
3.1 m3·ha-1 of which were standing (16%) and 135.9 ± 7.5 m3·ha-1 lying (84%).
All these characteristics were estimated with a accuracy of 5% (tree numbers,
basal area and volume of living trees) to 10% (volume of deadwood), at a
confidence level of 95%. The estimates are thus good reference points for
old-growth beech forests under similar bioclimatic conditions.
Deadwood made up 22% of the total volume (living and dead) of
744.6 m3·ha-1 and was found in all five decay stages. ‘Fresh’ and ‘hard’
deadwood contributed together 36% to total deadwood volume, whereas
the more advanced decay stages ‘rotten’, ‘mouldering’ and ‘mull’ wood
contributed 20%, 17% and 27%, respectively. The dead tree data indicated
that 76.4% of the dead trees were either uprooted (14.3%) or snapped
(62.1%) and 23.6% mainly thin and suppressed trees died standing. The
density of dead standing trees was 29.6 ± 2.2 ha-1. On average, 9.9 ± 0.9 large
trees with a DBH >80 cm were recorded per hectare; the largest of them had
a DBH of 150 cm. Trees with a height of >50 m were found in both Uholka
and Shyrokyi Luh. The tallest tree measured was a beech with 53 m. Microhabitat structures were provided by 35% of the living trees, the most
frequent of them being deadwood in the crown, crown breakage, and bark
damages. Cavities with ‘mull’ wood were found in 10 trees per hectare; 8% of
the trees featured more than one type of microhabitat structure.

Chapter II

61

Table 1: Forest characteristics of the virgin beech forest Uholka-Shyrokyi Luh within the
survey area of 10 282 ha. Habitat trees are living trees with special tree features such as
cracks and splits, stem cavities and stem or crown breakage that provide microhabitats for
specialised animals and plants. SE = standard error.

structural forest characteristics
living trees ≥6 cm DBH

tree density [N·ha-1]

basal area [m2·ha-1]

volume [m3·ha-1]

number of trees [N·ha-1]

habitat
trees

deadwood

volume [m3·ha-1]

total volume by decay
stage [m3·ha-1]

number of trees [N·ha-1]

categories

mean

SE

standing
lying
total
standing
lying
total
standing
lying
total
standing dead trees, snags
stumps (50-129.9 cm high)
standing
lying coarse woody debris
total
fresh deadwood
hard deadwood
rotten wood
mouldering wood
mull wood
not specified
without any habitat structure
with at least 1 habitat structure
with >1 habitat structures

431.0
4.0
435.0
36.3
0.3
36.6
578.4
3.8
582.1
29.6
3.2
26.6
135.9
162.5
15.1
44.3
31.8
43.2
27.3
0.8
284.9
150.1
35.0

12.2
0.8
12.2
0.8
0.1
0.8
13.6
1.5
13.5
2.2
0.5
3.1
7.5
8.4
3.2
4.1
3.2
3.7
2.8
0.6
10.0
7.6
2.1
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Species composition
Fagus sylvatica is the dominant tree species and forms almost pure stands
with <3% (based on basal area) of other deciduous species, such as Acer
pseudoplatanus, Acer platanoides, Carpinus betulus, Fraxinus excelsior and
Ulmus glabra (Table 2). In total, 15 tree species were found, but very lightdemanding species, such as poplars or willows, were very rare and occurred
only along the forest edge or close to creeks.
Most of the tree species on the sample plots were also present on the
regeneration subplots (Table 2). Fagus sylvatica was the most abundant
species in the regeneration as well: in total, almost 30 000 Fagus sylvatica
seedlings and saplings per hectare were present on the regeneration subplots. The second most abundant species in the regeneration was Acer
pseudoplatanus with 3997 individuals per hectare on average. The percentage of admixed species was higher in the regeneration than in the
population of trees ≥6 cm DBH, and it decreased from 17.2% in the height
class 10-39 cm to 6.7% in the height class 40-129 cm and 3.5% in the
saplings ≥130 cm in height. Browsing damage to the leading shoot,
presumably caused by red deer (Cervus elaphus L.) or roe deer (Capreolus
capreolus L.) was found on only 0.13% of all the measured saplings <130 cm
height. Browsing of beech trees (0.42%) was four times as high as of other
species (0.08%).

Forest structural attributes
Canopy structure and gaps
On two thirds of the forest area the canopy structure was three-layered
(Figure 2a); a one-layered structure was found on only 7% of the sample
plots. The upper canopy layer was mainly characterised by a few single tree
gaps, or it was closed. 61% of the sample plot centres were under closed
canopy (Figure 2b) and 23% in gaps ≤200 m2 . Only 4% of the plots were in
gaps ≥1000 m2.

Total

Other species

U. glabra
F. excelsior

C. betulus
A. pseudoplatanus
A. alba
A. platanoides

F. sylvatica

Species

415.1
6.6
3.0
1.0
0.9
0.8
0.5
3.0
430.9

6471
103
45
16
14
13
7
48

6716

12.2

11.7
3.5
1.1
0.8
0.3
0.4
0.3
1.2

(500 m circle)
Sample
N/ha
size N mean SE

2

Trees ≥6 cm DBH

3768

3121
1
567
1
49
9
12
8
24000.0

19879.0
6.4
3611.5
6.4
312.1
57.3
76.4
51.0
3984.5

SE
3187.9
6.4
1356.8
6.4
188.0
36.4
70.5
33.5

RC1 (5 m circle)
Sample
N/ha
size N
mean

2

2196

6993.6

3792.5

RC2 (10 m 2 circle)
Sample
N/ha
size N
mean
SE
2049 6525.5 1003.7
9
28.7
19.8
95
302.6
128.0
3
9.6
9.6
30
95.5
86.1
4
12.7
6.3
2
6.4
6.4
4
12.7
10.1

Regeneration

2291

3648.1

3894.7

RC3 (20 m2 circle)
Sample
N/ha
size N
mean
SE
2211 3520.7
390.6
2
3.2
3.2
52
82.8
36.6
4
6.4
6.4
15
23.9
16.0
5
8.0
5.3
2
3.2
3.2

Table 2: Number of living trees assessed per species in the population ≥6 cm DBH and in the three different
regeneration sample plots RC1 (5 m2 circle, sapling height 10-39 cm), RC2 (10 m2 circle, tree height 40-129 cm), and RC3
(20 m2 circle, trees ≥129 cm high and < 6 cm DBH). SE = standard error.
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20-50

51-200

201-500

501-1000 1001-5000 > 5000
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2
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Canopy layers

Figure 2: Vertical forest structure defined by number of canopy layers (a). Distribution of
gaps sizes at the sample plot centre as an indicator of the horizontal canopy structure (b).
Error bars indicate the standard error and n/a stands for not specified.

Disturbance history
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1935
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The analysis of growth releases in the 249 tree cores sampled all over the
study area showed that disturbance events occurred continuously during
the period 1701–2000 AD (Figure 3). Within a decade, major releases were
detected in <10% of the trees, and major or moderate releases in <40%. The
years 1999, 1988, 1981 and 1925 stand out as years when 11% to 17% of the
sampled trees showed either a major or moderate release. The disturbance
history was very similar in Uholka and Shyrokyi Luh (results not shown).

Calendar year

Figure 3: Reconstruction of the disturbance history of the forest. Decadal distribution of
the percentage of stems showing major (over 50% growth change) and moderate
(between 20 and 49.9%) releases identified with the boundary-line release criteria.
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Age structure
Tree age could be estimated reliably for 79 of the 249 individuals cored; 21%
of the trees had a rotten centre, and due to asymmetric tree growth the pith
was often missed when coring. Both factors led to a strong reduction of the
sample size for the age structure analysis. The 79 trees showed a wide age
range with a median of 211 years in Uholka and 187 years in Shyrokyi Luh
and the oldest reliably dated beech tree had an age of 406 years (Figure 4b).
Trees were present in almost all 10-year age classes from 40 to 410 years
(Figure 4a). Note that there was a substantial lack of young trees due to the
callipering limit of 16 cm, at which size tree ages varied between 40 and 160
years. Although Shyrokyi Luh showed a slightly smaller age range and a
lower median age, the age distribution of the two forest parts did not differ
significantly (Kolmogorov-Smirnov test, p = 0.51). The corresponding DBHdistribution of the trees used for the age structure analysis ranged from 16
to 87 cm (Figure 4c) including large trees in both parts of the forest (Figure
4d).
(b)
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70
60
50
40
30

18
22
26
30
34
38
42
46
50
54
58
62
66
70
74
78
82
86

number of stems

(c)

DBH classes [cm]

20

Figure 4: Age-class distribution of the reliably dated trees (n = 79) with age classes of 10
years (a). Box plots of the age distribution in the forest parts Uholka UH (n = 37) and
Shyrokyi Luh SHL (n = 42) (b). DBH-class distributions of the reliably dated trees with
classes of 4 cm. Note that only trees with a DBH ≥16 cm were assessed (c). Box plots of the
DBH distribution in the two forest parts (d).
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DBH distribution
The log-transformed diameter distribution of the living trees ≥6 cm DBH in
the primeval forest of Uholka-Shyrokyi Luh can be described by a rotated
sigmoid curve (Figure 5) . The diameter distributions in Uholka and Shyrokyi
Luh did not differ significantly (Kolmogorov-Smirnov test, p = 0.52), nor did
the distributions in strata defined according to elevation, aspect or slope
(Appendix C1-C3).
ALL (n=314)

2

4

6

SHL (n=192)

0

Natural logarithmic tree density [N ha-1]

UH (n=145)

8

16

24

32

40

48

56

64

72

80

88

96

104

112

120

128

136

144

DBH classes 4 cm

Figure 5: Natural logarithmic density of the living standing trees [N·ha-1] per 4 cm DBH
classes in the whole study area (ALL) and the two parts Uholka (UH) and Shyrokyi Luh (SHL).
The dashed lines show the standard errors of the three groups.

Variation and spatial relationships of forest characteristics
Standing deadwood volume and the density of dead trees showed the
highest variation of all the forest characteristics between clusters of two
sample plots (Table 3). These two characteristics, which are closely related,
had a skewed distribution with several outliers in the upper range. All other
forest characteristics had a coefficient of variation lying in the range of 0.3 to
0.9 and showed only few outliers.
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Lying deadwood volume
[m3·ha-1]

35.0

538.1

20.0

154.6

11.6

116.4

160.2

10.7

186.6

29.0

110.3

39.8

100.5

0.4

0.3

0.4

1.5

0.7

3.4

0.9

Basal area
[m2·ha-1]

Dead tree
density [N·ha-1]

Standing deadwood volume
[m3·ha-1]

mean
standard
deviation
coefficient of
variation

Volume of
living trees
[m3·ha-1]

420.0

Stem density
[N·ha-1]

Total deadwood volume
[m3·ha-1]

Table 3: Mean, standard deviation and coefficient of variation of the main forest characteristics based on the clusters of 2 plots each (cluster area 1000 m2).

Moran’s I allowed us to analyse these patterns of variation at larger scales
based on spatial autocorrelation. Two distinct patterns were observed in the
study area: characteristics with spatial clustering over various distances
indicated by a positive I, and characteristics with no spatial clustering at
most distances, showing a negative I. Spatial clustering over various
distances was observed for dead tree density, lying deadwood volume and
total deadwood volume. No spatial clustering at most distances was found
for tree density, living basal area, living volume and standing deadwood
volume. An example of the correlograms of these two patterns of spatial
relationships, i.e. for the volume of living trees (no spatial clustering at most
distances, Z score mostly <1.96) and for total deadwood volume (spatial
clustering over various distances, Z score mostly >1.96) is shown in Figure 6.
Total living volume [m3 ha-1]

4
2
-4

-2

0
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2
0
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Figure 6: Correlograms for the total volume of living trees (a) and the total deadwood
volume (b). Z score values are calculated based on Moran’s I and indicate outside the
shaded area significant autocorrelation (p < 0.05). Positive significant values (Z score >1.96)
stand for spatial clustering and negative significant values (Z score <-1.96) for spatial
dispersion. The distance on the x-axis corresponds to the moving window size used.
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Discussion
Forest characteristics and their variation across spatial scales
Stem density, basal area and volume – The average forest characteristics of
the primeval beech forest of Uholka-Shyrokyi Luh such as stem density, basal
area and volume of living trees (cf. Table 1) lie in the range of data from
other primeval Fagus sylvatica forests in Slovakia, Albania and Ukraine (Pruša
1985; Korpel' 1995; Tabaku 2000; Kucbel et al. 2012). The average basal area
of 36.6 ± 0.8 m2·ha-1 and the growing stock of 582.1 ± 13.5 m3·ha-1 are,
however, lower than in the 10 ha plot (38.5 m2·ha-1 and 770 m3·ha-1,
respectively) situated in the south of the Uholka forest (Commarmot et al.
2005) and also slightly lower than the long-term average from 7 primeval
forest reserves in the Western Carpathians (Kucbel et al. 2012). Even higher
basal areas and average volumes of living trees were found in the Albanian
beech-dominated primeval forests Puka (3.6 ha; 45.6 m2·ha-1, 780.7 m3·ha-1)
and Rajca (6 ha; 43.4 m2·ha-1, 807.4 m3·ha-1) (Tabaku 2000). Different site
conditions, and in the case of volume also the volume tariffs applied, may
influence this comparison. Unfortunately, the assessment of soil conditions
was not possible during the 2010 inventory due to limited resources, and
respective data are not available. However, the tree dimensions reached,
belonging to the largest ever reported for beech (Drössler & von Lüpke
2005), suggest that the growth conditions in the forest of Uholka-Shyrokyi
Luh are very favourable (c.f. paragraph ‘large trees’). All the studies
compared, however, relate to much smaller areas than the 10 282 ha of our
survey and are based on monitoring plots of 0.5-10 ha in size. According to
Holeksa et al. (2009), who compared stand characteristics of several
European old-growth forests, small monitoring plots are often placed in
areas where the growing stock is higher than average, because these areas
are perceived to be ‘typical’ of primeval forests. Studies based on such
monitoring plots may thus provide biased estimates of stand characteristics
compared to large-scale surveys.
Large trees – Inventories of beech-dominated old-growth forests report a
density of 5 to 20 large living trees per hectare with a DBH >80 cm (Meyer et
al. 2003; von Oheimb et al. 2005), which is in line with our finding of 9.9 ± 0.9
large trees per hectare. Beech trees that are up to 53 m tall belong to the
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tallest measured specimen in Europe; beech of similar height was found in
the Havešová and Kyjov forest reserves in Slovakia (Drössler & von Lüpke
2005). This indicates that site conditions in the Uholka-Shyrokyi Luh
protected massif are quite good and allow beech to grow close to its
optimum.
Deadwood – A relatively high total deadwood amount of 162.5 ± 8.4 m3·ha-1
and a substantial contribution of 84% of the lying deadwood to the total
deadwood volume characterise the forest of Uholka-Shyrokyi Luh. Both
values are higher than on the 10 ha monitoring plot (mean deadwood
111 m3·ha-1, 72% lying) of Commarmot et al. (2005), but the total deadwood
volume is in the range of the 130 ± 103 m3·ha-1 calculated as average of 86
European beech forest reserves (Christensen et al. 2005). The high amount of
lying deadwood assessed in the large-scale inventory can partly be attributed to differences in the sampling method. Line-intersect sampling may
record more lying deadwood than other methods, which usually define a
minimum criterion not only for the diameter but also for the length of the
deadwood pieces. Furthermore, two recent natural disturbance events
recorded in our study area may have contributed to the high percentage of
lying deadwood: a windstorm in March 2007, which uprooted and broke
trees in several parts of the area, and heavy wet snow fall in October 2009
causing mostly crown breakage (personal communication, local forest
service). In spite of this, deadwood was present in all decay stages. Since the
decay process of beech deadwood is lasting approximately 30-60 years
(Lombardi et al. 2008; Muller-Using & Bartsch 2009), we can conclude that
deadwood has been produced regularly, which – together with the high
average deadwood volume – emphasises the old-growth character of this
forest.
Tree ages – The cored trees were quite evenly distributed over the age
classes with a slight accumulation around the mean age classes between
120 and 250 years. As a callipering threshold of 16 cm was applied, trees up
to about 160 years were underrepresented in the age class distribution,
which makes the interpretation of the distribution shape difficult. The DBH
distribution of the trees used for the age analysis shows, that we missed with
the threshold of 16 cm the first decreasing part of the rotated sigmoid
distribution. Thus, the slight peak in the age distribution might relate to the
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peak in the middle of the diameter range. Since the cored trees were
randomly selected all over the study area, the age distribution found gives a
good insight in the age structure of the canopy trees, although it is based on
only 79 reliably dated trees. In contrast to this large-scale study, Trotsiuk et
al. (2012) analysed the age distribution on small areas of 0.1 ha each in the
southern part of Uholka. On all four of their plots, the trees ≥6 cm DBH
(n=164) covered an age span of at least 300 years and the forest was
characterised as uneven-aged with continuous recruitment. The oldest tree
for which we could reliably determine the age was 406 years old, which is
younger than the maximum age of 451 years found by Trotsiuk et al. (2012).
This may indicate that such old trees are rare. It has to be considered,
however, that many of the cores of the large trees could not be analysed for
age due to stem rot or missing pith. Beech trees with ages up to 500 years
have been reported only from high-altitude sites in Bosnia and Italy (Mlinsek
1967; Piovesan et al. 2003) and from a natural mountain spruce beech forest
in the Czech Republic (Šebková et al. 2012). In any case, the maximum
lifespan of beech in the Carpathian mountains is much longer than the 200300 years (Korpel' 1995) previously reported from this area.
Microhabitats – The density of snags and standing dead trees (29.6 ± 2.2
individuals per ha) is comparable to the 23 snags per ha found in a study in
Romania (Petritan et al. 2012), and it suggests that the forest has a high
turnover, i.e. dead trees do not remain standing for a long time. The most
frequent microhabitats found, such as broken crowns and stems or crowns
with deadwood, occurred not only in old trees, but as a result of natural
disturbances also in younger ones. The high percentage of trees with a
rotten centre (21%) promotes the formation of microhabitats and might be
the reason why 62.1% of the dead trees were broken. Trotsiuk et al. (2012)
found a similar amount of trees showing stem rot (22% of all the cored trees
with a DBH ≥6 cm), which increased to 47% when only including trees of the
upper storey. Rot was found to be a predisposing factor (Manion 1981) for
the mortality of beech in a study of a near-natural mixed deciduous forest in
Germany, too (Holzwarth et al. 2013). It is surprising that trees occasionally
reach an age of 400+ years even though most beech trees start rotting after
the first third of their maximum life span.
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DBH distribution – The forest is characterised by a DBH distribution that
shows a slightly rotated sigmoid shape on a semi-logarithmic scale (Goff &
West 1975). It seems that such a diameter distribution also found on the 10
ha plot in Uholka (Commarmot et al. 2005) is characteristic of forests with
shade-tolerant fir and beech, where a U-shaped mortality function can be
anticipated (Diaci et al. 2011). Differences between Uholka and Shyrokyi Luh
could not be found, which indicates that these two parts are similar in their
overall structure. On small spatial scales, however, primeval beech forests
can display a great variety of DBH distributions often very different from a
negative exponential distribution (Westphal et al. 2006). Alessandrini et al.
(2011) found, that an old-growth beech forest structure can be recognised
even on quite small areas, as long as they are not dominated by intermediate to large diameter classes. The stratification of data according to
slope, aspect or altitude did not reveal any significant differences in the DBH
distributions of the different strata (see Appendix C1-C3). This implies that
the forest structure within the study area is homogeneous on the broader
scale and does not vary considerably with site characteristics.
Structural patterns – In accordance with the findings of Kral et al. (2010), we
found most forest characteristics to vary on small scales (clusters of two
plots), but on the larger scale (several plots combined) the forest is
becoming rather homogeneous. This is reflected in the high variation of
forest characteristics between the individual clusters analysed, which apart
from the deadwood characteristics did not show clustering according to
Moran’s I. Deadwood is formed by discrete disturbance and natural mortality
events and thus can be spatially clustered by chance. The inventory provided a snap-shot of the deadwood distribution and amount, which also
highly depends on the velocity of the decay process. The fact that the
deadwood volume is clustered while this is not the case for the volume of
living trees shows that these two values do not have to be correlated (i.e. a
lower living volume does not indicate more deadwood volume). The spatial
heterogeneity depends largely on the scale of the dominant disturbances
(Greig-Smith 1979). This suggests that the observed homogeneity of most
structural features at larger scales in this forest is the result of a dominating
small-scale disturbance regime.
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Inferences on the disturbance regime
Dominance of beech – The primeval forest of Uholka-Shyrokyi Luh is an
almost pure beech forest. It is surprising to find such a high dominance of
beech on an area of more than 10 000 ha, extending from 400 to 1300 m
a.s.l. The dominance of beech limits tree diversity to a small number of
species, such as Acer pseudoplatanus, Acer platanoides, Carpinus betulus,
Fraxinus excelsior and Ulmus glabra, which are moderately shade-tolerant , at
least when they are young (Ellenberg & Strutt 2009). Light-demanding
species are largely absent in both the population ≥6 cm DBH and the regeneration; they could only be found along the forest edge and close to creeks,
where the light availability is higher. Most admixed species, however, were
encountered too rarely to allow for a more detailed analysis and we lack of
information on microsites to explain their spatial distribution. Regeneration
in our study is largely dominated by beech saplings, which confirms the
findings of Petritan et al. (2012) on beech-dominated sample plots in the
Runcu-Grosi reserve of Western Romania. The decreasing percentage of
admixed species with increasing height classes shows their decreasing
shade-tolerance with height but also the high competitiveness of beech.
Due to the high shade-tolerance of beech, which allows it to establish and
grow under closed canopy, advance regeneration of beech is present on the
whole area, leading to a situation where it is not possible for pioneer species
to get established even in larger gaps.
As only few trees other than beech reach the age of reproduction, their
propagation is limited, even if their annually produced seeds are distributed
by wind and thus spread further than the ones of the heavy seeded beech.
Beech saplings often undergo multiple suppression-and-release episodes
before they reach the upper canopy (Nagel et al. 2006; Wagner et al. 2010).
Trotsiuk et al. (2012) found them to survive suppression periods of >100
years until there is enough light to grow into the upper canopy once a gap is
produced. An analysis of tree growth histories in an old-growth fir-beech
forest in the Dinaric Mountains revealed that maple, in contrast to beech,
rarely was suppressed but accessed the canopy primarily through rapid early
growth in canopy gaps (Nagel et al. 2013). The crown architecture of beech
allows the species to spread their branches and leaves horizontally as soon
as light becomes available and to shade out other species. Small gaps, like

Chapter II

73

the majority of gaps encountered in the study area, will therefore only
persist for three to four years (Madsen & Hahn 2008). Thus, these characteristics provide strong evidence for the self-promotion of beech in the primeval
beech forest of Uholka-Shyrokyi Luh.
Browsing damage was found very rarely also to the species other than
beech; therefore the current populations of red and roe deer do not seem to
affect tree regeneration and are not a reason to explain the dominance of
beech. Fröhlich (1954) claimed that wild animals have no discernible effect
on the regeneration of primeval forests because they occur naturally in very
low numbers, and red deer has been decimated due to a long hunting
tradition. In addition, large predators, such as bear, wolf and lynx are still
present in the area, although in few numbers. Remmert (1985) postulated
that the distribution of ungulates is unbalanced, with a concentration to
pasture and softwood areas outside the dense forest. This could explain the
low browsing damages found on the sample plots, all of which were in
closed forest.
Canopy structure and gaps – The forest of Uholka-Shyrokyi Luh is characterised by a multi-layered canopy structure, with only <10% of the area being
classified as one-layered. The horizontal structure is similar to Albanian
primeval beech forests, where two- to three-layered areas were dominating
and a one-layered canopy was found only rarely (Tabaku 2000). Most of the
plots in our study showed a closed canopy structure or were characterised
by a few temporary gaps with an area ≤200 m2; only 12 were located in a
windthrow gap >1000 m2. The existence of gaps >1000 m2 shows that
moderate to severe disturbances locally occur from time to time, although
they seem to be rare. According to our definition, that a gap remains a gap
till the regeneration is higher than one third of the top height, such large
gaps will persist for 20 to 30 years, depending on the density and size of
advance regeneration. Considering this, the percentage of gaps >1000 m2 is
quite low. Drössler and von Lüpke (2005) investigated canopy gaps in two
primeval beech forest reserves in Slovakia and found half of them to be
caused by the death of one tree, and 80% to be created by the death of up
to three trees. In an old-growth fir-beech forest remnant of Central Slovakia,
Kucbel et al. (2010) also observed that gaps were mainly created by a few
single trees, where half of the recorded gaps were formed by one or two
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gap-makers and <10% of the gaps were formed by more than eight gapmakers. Kenderes et al. (2008) came up with similar results on a 25 ha study
plot in a beech forest reserve, recording a mean gap size ranging from 40 to
93 m2 over the evaluated time steps. Zeibig et al. (2005) reported an average
gap size of 137 m2 in the Krokar beech primeval forest in Slovenia and
Rugani et al. (2013) a similar average gap size of 141 m2 in the beech
dominated old-growth forest reserve Kopa in Slovenia. Although we did not
map the effective size of gaps in our study, these results correspond well
with our findings of only 40% of the gaps estimated to be >200 m2. Thus, we
can conclude that small to middle-sized gaps (≤200 m2) caused by the
mortality of only a few single trees dominate in the canopy structure of
primeval and old-growth Fagus silvatica forests in Eastern Europe.
Inferences about dynamics based on the assessment of the state of a forest
are always subject to uncertainties. Long-term canopy dynamics studies
have been carried out in an old-growth forest dominated by Fagus
grandifolia in eastern North-America over 32 years (Runkle 2013) and in a
Fagus crenata forest in south-western Japan over 43 years (Henbo et al.
2004). Runkle (2013) found that such Fagus grandifolia forests can approach
a steady-state in stand properties for a meaningful time period, since they
found little changes in canopy densities over the time of investigation. The
example of an old-growth Fagus crenata forest in Japan, however, shows
that canopy gaps can expand over time and even get connected to each
other, indicating a forest far from equilibrium (Henbo et al. 2004). Mainly
older beeches of this forest reserve were found to be sensitive to typhoons,
which passed frequently through the forest reserve and contributed to the
increase in gap area over time. Therefore it is crucial to consider the disturbance history as well as the local climatic and site conditions of a forest for
the understanding of its canopy dynamics.
Disturbance history – The reconstruction of disturbance events in the last
three centuries based on the analysis of tree-ring series showed, that disturbances occurred more often in the 20th century than in the preceding time.
There may be a bias, however, due to the applied callipering threshold of 16
cm DBH and the decreasing sampling depth the further back we look. The
results do not provide any evidence for the occurrence of severe disturbances affecting the forest over large areas, but suggest that this forest is
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shaped by a small-scale mosaic of frequent low- to moderate-severity
disturbances. We are aware, that the sampling design does not allow us to
detect locally confined high-severity disturbances on stand level.
The dendroecological findings are, however, in line with the uneven-aged
structure, the strong dominance of beech and the almost complete absence
of light-demanding species, which would have a chance to outgrow the
shade-tolerant species in larger gaps only. They are also conform with the
disturbance history on small plots described by Trotsiuk et al. (2012) in the
same area. Dendroecological analyses of old-growth beech forests in the
Apennines with their montane Mediterranean climate showed that these
forests do not undergo stand-replacing disturbance events and are dominated by small canopy openings, which also suggests a disturbance regime
characterised by small to intermediate gap-phase processes (Piovesan et al.
2005). They found that in a trees life span several periods of suppression and
release occurred. Such small-scale gap-phase dynamics have been proposed
as a characteristic feature of natural beech-dominated forests in the
northern temperate region (Peterken 1996; Splechtna et al. 2005).
Still, the generality of our findings for whole Europe may be questioned, as
in beech forests influenced by an oceanic climate, such as in the La Tillaie
reserve in northwestern France, storms were found to play a major role in
cyclic forest dynamics influencing forest structural patterns (Pontailler et al.
1997). Furthermore, European forests in the lowlands and in less remote
areas have been influenced to a higher amount by humans than the sparsely
settled areas in the mountains of the Western Ukraine. In recent decades,
factors such as air pollution have induced enhanced nitrogen and sulphur
deposition in many areas of Europe, and global warming is affecting forests
all over Europe. These multiple and interacting factors are leaving an imprint
on the dynamics of primeval forests, such that even the virgin forest of
Uholka-Shyrokyi Luh is likely to reflect them in the future. As the inventory
was carried out and documented in a way that it can be repeated in future,
the initial state for monitoring of these changes in the forest structure and
dynamics is provided.

76

Pattern and process in European beech forests

Conclusion
The large-scale terrestrial sampling inventory allowed us to obtain a
comprehensive picture of the natural dynamics and to gain valuable
representative estimates for the main forest attributes of the largest
European primeval beech forest, Uholka-Shyrokyi Luh. As the processes
shaping this forest are occurring on a relatively small spatial scale, our results
lend general support to the results from scattered research on small
monitoring plots; yet, the latter show a tendency to overestimate forest
attributes like basal area or volume. Key forest characteristics such as the
strong dominance of the shade-tolerant beech, the uneven-aged stand
structure at small spatial scales, the high abundance of old trees and the
homogeneity of the attributes of living trees at larger spatial scales support
the hypothesis that this forest is shaped by fine-scale processes.
The disturbance regime is characterised by low-severity disturbance events
such as the death of single trees caused by stem breakage due to stem rot,
and windthrow of single trees or small groups, thus forming a mosaic of
canopy gaps that are typically ≤200 m2 in size. More severe disturbance
events happen rarely and affect only small parts of the forest, leading to
windthrow areas of >0.5 ha. Nevertheless, these larger disturbances do not
induce changes in tree species composition, as the presence of advance
regeneration of beech and other shade-tolerant species hinders the establishment of light-demanding species. Only in larger gaps admixed species
like sycamore, Norway maple, elm or ash might get a temporary competitive
advantage over beech and a chance to maintain a small share in the species
composition in the long run. However, due to the rarity of these species,
their seeds might not even reach such larger gaps. We conclude that the
largest primeval beech forest of Europe is in a dynamic equilibrium with a
small-scale mosaic of patches in different developmental stages, even if
medium- to high-severity disturbances do occur locally.
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Appendix
A: Volume calculations
Living and dead intact trees
To get an estimation of the bole volume including bark, additionally to DBH
tree height (H) was measured in the field for a sample of 1,574 trees (16%),
and diameter at a height of 7 m (D7) for a subsample of 520 trees (8%). Two
volume equations V1 (1) based on DBH and height (Kaufmann, unpublished)
and V2 (2) based on DBH, height and d7 (Kaufmann 2001) were used to
calculate the volume of these 1,574 randomly selected trees.
1 V

0.03427

2 V

0.002542

0.35690 ∗ DBH ∗ H – 0.02497 ∗ DBH ∗ H
2.56612 ∗ DBH
3.67034 ∗ D
0.03567 ∗ DBH ∗ H

3.9446 ∗ D

∗H

These volume estimations were used to calibrate two functions that predict
stem volume (over bark) of all the beech trees V
(3) and the volume of
(4). The two functions were calculated by E.
all other species V
Kaufmann, WSL, according to the methods used in the Swiss National Forest
Inventory (Kaufmann 2001) using the data of the inventory in Ukraine:
3 V

exp

9.88133 3.03787 ∗ ln DBH
0.002725617 ∗ ln DBH
0.000387604 ∗ elv 0.11263 ∗ bf 0.044796 ∗ cl

4 V

exp

7.52021

2.20031 ∗ ln DBH

where
= elevation of the plot,
= the bifurcation of the stem (indicator
variable) and
= the crown length class (categorical variable with three
classes). These parameters were estimated using nonlinear regression
analysis. The volume tariff was applied to all trees (living and dead) with an
intact, i.e. unbroken stem. Based on empirical values from the third Swiss
National Forest Inventory, the branches of beech trees are estimated to
account for 17% of the stem volume, and 7% for other deciduous species
(Brändli 2010, p.166). This factor was added to estimate the volume of all
living trees and of dead trees with a complete crown.
Snags (standing broken stems) and stumps
If the stem of a tree was broken, the volume (m3) was calculated according
to Commarmot et al. (2005) as a cylinder, using the height of the broken tree
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( ) in m and the expected diameter at half of the height ( ). The diameter
. A linear model was used to estimate
decrease per m is indicated by
diameter at 7 m (
) based on the 520 trees with both measurements of
DBH and d7. The unit of all diameter variables is m.
π

5 V
6 D

D .
2

DBH

.

H
H
2

D

D
5.7
0.8834 ∗ DBH

1.3

DBH

7 D
8 D

0.019122

For stumps with a height ≤1.3 m, a cylinder with the mid-diameter (diameter
at 0.5 stump height) and the height of the stump was calculated for volume
estimation.
Lying deadwood
The volume of the lying deadwood of the sampled transects was calculated
based on the formula published by Böhl and Brändli (2007):
9 x

1
h

π
8L

d1

d2
2

1
cos ∝

where x = the estimated lying deadwood in m3·ha-1 at sample plot j, h = the
number of transects at sample plot j, L = the horizontal length of the k-th
transect in m, d1 and d2 = the crosswise measured diameter of the
deadwood pieces in cm, ∝ = the inclination of the deadwood piece, and
Sk = the number of deadwood pieces on the k-th transect line.

B: Reconstruction of disturbance history
Prior growth (PG) and percentage change in growth rate (PGC) were
calculated for each tree ring of the 249 tree-ring series. PG represents the
absolute mean annual increment of the 10 years preceding the annual ring
concerned, and PGC represents the change of mean annual increment in
percent between two 10-year intervals. PGC was calculated according to the
formula given by Nowacki and Abrams (1997):
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2

10

1
1

∗ 100

2000

where M1 is average tree growth for the 10 years prior to the target year
(including the year for which it is calculated), and M2 is the average tree
growth for the 10 years following the target year. With these values a
boundary line was fitted (Figure B1) and all release pulses were then scaled
with respect to the fitted boundary line. Two classes were distinguished: PGC
values >50% were regarded as “major” releases and values of PGC between
20% and 49.9% as “moderate” releases. Due to the decrease in sample depth
we limited the analysed period to 1701-2000 AD.
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Fitted curve: PGC~2224.30*exp(-2.87*PG)+202.27*exp(-0.43*PG)
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Figure B1: Fitted boundary line described by a negative exponential function to identify
growth releases based on increment values, n=47,963.
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C: DBH-distributions according to site conditions

8

Differences in DBH-distributions were tested with the Kolmogorov-Smirnov
test for different altitudinal (Figure C1), aspect (Figure C2) and slope (Figure
C3) levels. There were no statistical differences between the DBHdistributions of the different levels.
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Figure C1: Natural logarithmic density of the living standing trees [N·ha-1] per 4 cm DBH
classes distinguishing four altitudinal levels. The dashed lines show the standard errors of
the four levels.
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Figure C2: Natural logarithmic density of the living standing trees [N·ha-1] per 4 cm DBH
classes distinguishing eight aspect levels. The dashed lines show the standard errors of the
eight levels.
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Figure C3: Natural logarithmic density of the living standing trees [N·ha-1] per 4 cm DBH
classes distinguishing five slope levels. The dashed lines show the standard errors of the
five levels.
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Abstract
Digital surface models (DSMs) are widely used in forest science to model the
forest canopy. Stereo pairs of very high resolution satellite and digital aerial
images are relatively new and their absolute accuracy for DSM generation is
largely unknown. For an assessment of these input data two DSMs based on
a WorldView-2 stereo pair and a ADS80 DSM were generated with photogrammetric instruments. Rational polynomial coefficients (RPCs) are defining
the orientation of the WorldView-2 satellite images, which can be enhanced
with ground control points (GCPs). Thus two WorldView-2 DSM were
distinguished: a WorldView-2 RPCs-only DSM and a WorldView-2 GCPenhanced RPCs DSM. The accuracy of the three DSMs was estimated with
GPS measurements, manual stereo-measurements, and airborne laser
scanning data (ALS). With GCP-enhanced RPCs the WorldView-2 image
orientation could be optimised to a root mean square error (RMSE) of 0.56 m
in planimetry and 0.32 m in height. This improvement in orientation allowed
for a vertical median error of -0.24 m for the WorldView-2 GCP-enhanced
RPCs DSM in flat terrain. Overall, the DSM based on ADS80 images showed
the highest accuracy of the three models with a median error of 0.08 m over
bare ground. As the accuracy of a DSM varies with land cover three classes
were distinguished: herb and grass, forests, and artificial areas. The study
suggested the ADS80 DSM to best model actual surface height in all three
land cover classes, with median errors <1.1 m. The WorldView-2 GCPenhanced RPCs model achieved good accuracy, too, with median errors of
-0.43 m for the herb and grass vegetation and -0.26 m for artificial areas.
Forested areas emerged as the most difficult land cover type for height
modelling; still, with median errors of -1.85 m for the WorldView-2 GCPenhanced RPCs model and -1.12 m for the ADS80 model, the input data sets
evaluated here are quite promising for forest canopy modelling.

Keywords
DSM, DEM, WV2, satellite, aerial images, sensor, CHM, photogrammetry,
forest
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Introduction
Digital surface models (DSMs) depict the elevation of surfaces visible from
the sensor, such as building tops, tree tops, or unoccluded bare ground
(Maune 2007). Today, specialists from a large range of disciplines are making
use of such models. For example, in forest science DSMs are used to model
the canopy surface of forests and analyse its vertical structure (Hirschmugl et
al. 2007, Véga and St-Onge 2008). Thus, DSMs enable the 3D modelling of
the forest canopy, which allows assessments of tree cover (Waser et al.
2008b), estimation of crown structure (Feng et al. 2010), measurements of
canopy heights (Itaya et al. 2004, Baltsavias et al. 2008) and the detection of
canopy gaps (Vepakomma et al. 2008), including the monitoring of these
properties over time. For all the mentioned applications it is crucial to know
the accuracy of the input data for the DSM generation as they influence the
usability and reliability of the generated results.
In general the preferred data source option for digital surface modelling is a
balance between the desired accuracy of the DSM, the costs involved in its
creation and the availability of the input data (El-Sheimy et al. 2005).
Remotely sensed data are suitable for DSM generation (Altmaier and Kany
2002, Toutin 2002, Zhang and Gruen 2006) and can be acquired on different
platforms (e.g., satellite, airplane) (Wilson 2012). There are two main types of
remote sensing: active systems such as laser or radar, and passive systems
such as optical images. In the last two decades airborne laser scanning (ALS)
has taken an upturn due to its operability (Baltsavias 1999). In forest research
airborne laser scanning is often the method of choice, because in forested
areas the laser can penetrate to the ground (Haala et al. 2010). Airborne laser
scanning is costly, however, which limits repeated measurements for the
monitoring of changes in the forest. In contrast, passive systems as aerial
and satellite images are routinely acquired by national mapping agencies in
a continuous cycle, which makes them highly suitable for monitoring over
time. Aerial images have to be captured by an airplane, which involves
planning the flight and acquiring the permits for data acquisition. A DSM
based on RC 30 frame camera images has already been used for an
assessment of the increase and decrease of forest area in a mire biotope
(Waser et al. 2008a). Space-borne images provide a cost-efficient alternative
to aerial images and can be obtained regardless of various national over-
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flight restrictions. The launch of IKONOS in 1999 as the world’s first
commercial sub-meter satellite opened up new possibilities in 3D data
capturing. IKONOS can acquire two images of the same region with a
ground resolution of approximately 1 m, which allows for the precise extraction of 3D features. The performance of IKONOS for DSM generation was for
example evaluated by Baltsavias et al. (2001) and Eisenbeiss et al. (2004).
Accuracy studies for DSM generations based on other commercial stereo
satellites such as QuickBird in 2001 with a ground resolution of 0.65 m (e.g.
Jacobsen 2003, Oki et al. 2003), WorldView-1 in 2007 with a ground
resolution of 0.5 m (e.g. Poli et al. 2009, Kim and Rhee 2011), GeoEye-1 in
2008 with a ground resolution of 0.5 m (e.g. Zhang and Fraser 2008,
Kliparchuk and Collins 2010) and WorldView-2 in 2009 with a ground
resolution of 0.5 m (e.g. Poli et al. 2010) followed these developments. So far
most of these studies have been presented at conferences, thus accuracy
evaluations of DSM derived from the stereo satellite images mentioned
above are still ongoing.
Because these very high resolution satellites (VHRS) have a submetric
ground resolution, they potentially offer an efficient alternative to airborne
surveys for DSM generation. Thus, the question of the input data source to
be used now depends on factors other than ground resolution alone.
Therefore, the accuracy assessment of the DSM is crucial in the generation
process of a DSM (Höhle and Höhle 2009), as any elevation errors propagate
to the final product and can lead to false conclusions, e.g. about forest
canopy properties. The accuracy of a DSM depends on a number of variables
such as the roughness of the terrain surface, the interpolation function,
interpolation methods and three key attributes (accuracy, density, and
distribution) of the source data (Li , Li and Gold 2005). Thus the target land
cover type is expected to influence the error budget of the derived DSM
(Zandbergen 2011). In order to take into account the influence of
topographic variations, land cover classes should be distinguished in the
accuracy assessment (Poon et al. 2005, Poon et al. 2006). Prior studies
showed that the accuracy of a DSM over forested areas is lower than over
bare land (e.g. Poon et al. 2005).
For space-based DSM accuracy assessment to be reliable, it is important to
know how accurately the satellite image material is georeferenced with the
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delivered rational polynomial coefficients (RPCs). These coefficients describe
the image position by means of two third-order polynomials as a function of
the ground coordinates (Fraser et al. 2006). However, the geopositioning
accuracy achieved solely from the RPCs delivered with high resolution
satellite imagery is limited (Tong et al. 2010). By adding ground control
points, the scene orientation can be optimised, but it is of interest for the
user to know the accuracy of a DSM without ground control points, because
measuring GCPs is time-consuming and in some remote areas not feasible.
In this study, we focus on the evaluation of DSMs generated with photogrammetric methods by using stereo pairs of airborne ADS80 and spaceborne WorldView-2 images. The data sets are one of the best commercially
available images at present and provide potentially valuable high-resolution
input data for DSM generation. The Leica Geosystem Airborne Digital Sensor
ADS80 was released in 2008 and can deliver stereo co-registered, equal
resolution imagery in panchromatic, visible and infrared-bands. The Digital
Globe’s WorldView-2 satellite is operational since 2010 and provides stereo
imagery with a panchromatic ground resolution of 0.5 m. As reference for
the evaluation of the DSMs ground check point data, stereo-measurements
and airborne laser scanning data were used.
Hence, the specific aims of this study are:
(1) to assess the accuracy of photogrammetric digital surface models
based on airborne ADS80 and spaceborne WorldView-2 stereo
images
(2) to test the influence of bias-corrected rational polynomial coefficients (RPCs) on the accuracy of the WorldView-2 DSMs
(3) to evaluate differences in the accuracy of the derived models based
on different land cover types (grass and herb vegetation, forested
areas and artificial areas)
(4) to discuss the potential of the DSMs for forest applications.
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Material and methods
Study area
The study area is situated in the eastern part of Switzerland between the two
cities of Zurich and Baden (centre image coordinates: 47°25’N and 8°23’E)
(Figure 1). The site covers an area of almost 300 km2 with a ground elevation
ranging from 339 m to 866 m and is characterised by a hilly topography. A
small-scale mixture of different land cover classes (urban, rural and forest)
characterises this area, which is typical for the Swiss plateau.

Data for DSM generation
Two optical stereo data sets captured in 2010 were used, one acquired by a
spaceborne and one by an airborne digital sensor. These data sets formed
the basis for the calculation of three different digital surface models (DSMs).
WorldView-2 stereo satellite images
WorldView-2, operational since January 2010, is the first very high-resolution
8-band multispectral commercial satellite providing a ground resolution of
0.5 m panchromatic and 1.84 m multispectral. The sensor is able to collect
stereo images by looking forward and backward from its actual position
(DigitalGlobe Incorporation 2009). The simultaneous acquisition of alongtrack stereo data has an advantage in terms of reducing radiometric
variation because the two images are taken on the same pass. The two
images were acquired on 14th July 2010 and show almost no cloud cover.
Detailed specifications of WorldView-2 are presented in Table 1.
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Figure 1: Location of the study area in Switzerland between the cities of Zurich and Baden
(top, black rectangle). ADS80 CIR image with 11 centrelines of the stripes with 50% overlap
in yellow (bottom left) and WorldView-2 scene with the 10 ground control points (GCPs) for
orientation enhancing in yellow (bottom right).

To describe the object-to-image space transformation of the satellite
images, rational polynomial coefficients (RPCs) originating from satellite
ephemeris and star tracker observation are delivered with the images. This
geometric relation is expressed by 80 coefficients (Grodecki and Dial 2003).
As these RPCs are generated without ground data, their accuracy is limited
(Zhang and Fraser 2008, Tong et al. 2010). To improve image orientation,
ground control points (GCPs) measured with the Control Point Editor of
SocetSet 5.6 (BAE Systems) were used. Ten well-defined positions visible in
the image and the terrain were measured by a GPS (Trimble Geoexplorer XH
2005) with an accuracy of ±10 cm (standard deviation) after differential
correction.
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ADS80 stereo aerial images
In June and July 2010 stripes of stereo images were recorded with the line
scanning camera system Leica Geosystems ADS80. This airborne digital
sensor allows the acquisition of panchromatic, colour and near-infrared
images at the same time. For our analysis 11 stripes of the CIR (coloured
near-infrared) image data were used to cover the area with a ground
resolution of 25 cm. The image acquisition and the aerial triangulation were
carried out by the Swiss Federal Office of Topography (swisstopo), and the
residuals of the orientation were reported with ±1 pixel. Details on the
ADS80 digital sensor can be found in Table 1.
Table 1. Characteristics of the sensors used (WorldView-2 and ADS80).

WorldView-2

ADS80

Acquisition date

14 July 2010

24th June, 7th and 16th July
2010

Sensor type

commercial stereo
satellite

CCD-line digital aerial
camera

Ground sample
distance (GSD)

PAN: 0.5 m GSD at nadir
MS: 1.84 m GSD at nadir

0.25 m GSD

Altitude

770 km

3 km

Spectral range
(used bands in bold)

Pan: 450-800 nm
Coastal: 400-450 nm
Blue: 450-510 nm
Green: 510-580 nm
Yellow: 585-625 nm
Red: 630-690 nm
Red Edge: 705-745 nm
Near-IR1: 770-895 nm
Near-IR2: 860-1040 nm

Pan: 465-676 nm
Red: 604-664 nm
Green: 533-587 n
Blue: 420-492 nm
Near-infrared: 833-920 nm

Number of scenes

1

11

th

Swath width

16.4 km at nadir

3 km

Orientation accuracy

6.5 m circular error at 90%
confidence (CE90)

± 0.25 cm

Reference data
To evaluate the accuracy of the calculated DSMs, ground check point data,
stereo-measurements and airborne laser scanning data were used. As the
accuracy of a DSM also depends on the land cover type (Zandbergen 2011),
for the stereo-measurements and the laser scanning data three land cover

Chapter III

97

classes were distinguished: herb and grass vegetation, forested areas and
artificial areas.
Ground check points
36 check points distributed over the study area were measured in a ground
survey in the summer of 2011. Three-dimensional positions of these points
were determined with a sub-decimetre GPS with differential correction
(Leica GPS1200) to get superior accuracy. The height accuracy of the 36
ground check points was ±0.02 m (standard deviation). Each of these points
was situated on flat terrain and was used as reference for the generated
surface models. The z-coordinate of the check points could be compared
directly to elevation above sea level in the three DSMs at the x- and ycoordinates of the check points, as they were situated on sport fields or park
grass where only minor vegetation changes could be expected.
Stereo-measurements
In the Swiss National Forest Inventory (NFI) continuous landscape variables
are interpreted on the same ADS80 stereo images as those used in our study.
In the NFI, landscape variables are measured on a sampling grid (0.5 km x
0.5 km) using interpretation plots of 50 m x 50 m (for details see Keller 2001,
Mathys et al. 2006). Within each interpretation plot, the variables are
measured on 25 equally spaced (10 m) lattice points arranged in a point
design. A photo interpreter assigns each lattice point to a thematic surface
cover class using a 3D softcopy station (Stereoanalyst Leica) (Ginzler et al.
2005). In addition to the surface cover, each lattice point is assigned the
photogrammetrically measured elevation information (m a.s.l.). For our
study, the thematic surface cover classes were aggregated to three land
cover classes, i.e. herb and grass vegetation (NFI class 11), forested areas (NFI
classes 1-4) and artificial areas (NFI classes 21-22). Repeated measurements
in the framework of the Swiss NFI (n=25,250) showed a median difference of
0.08 m with a normalised median absolute deviation of 1.21 m. In the
context of the stereo-measurements we thus talk about agreement and not
about accuracy.
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Airborne laser scanning (ALS)
Airborne laser data from swisstopo were acquired using a TerraPoints ALTMS
2536 (Luethy and Stengele 2005). The ALS data in the study area have a
mean density of 1.5 points per m2. The height accuracy all over Switzerland is
reported with ±0.50 cm (standard deviation) (Artuso et al. 2003), but an
accuracy analysis in comparison with the ground check points in the target
area showed a height accuracy better than ±0.10 cm (standard deviation).
The data were acquired in the years 2001 (April), 2002 (February-May) and
2003 (March-June). For the accuracy assessment the ALS data were assigned
to three land cover types derived from the Swiss land use statistics from the
period 2004-2009 (BFS 2010). This survey is based on a network of sample
points at a distance of 100 m x 100 m and distinguishes six principal land
cover domains: artificial areas, grass and herb vegetation, shrubby
vegetation, tree vegetation, bare land and water bodies. For our study, the
two classes of shrubby vegetation and tree vegetation were aggregated into
the single category of forested areas. A total of 28,611 windows of 10 m x
10 m were drawn around each sample point of the grid. Within these
windows maximum values of the different DSMs were derived, which
allowed for a robust comparison of the values. To avoid a bias the sample
was limited to windows where all the pixels could be matched successfully.
This resulted in at least 1,300 evaluated windows per land cover type. To
calculate the differences between the DSMs, the maximum of the ALS data
point was subtracted from the maximum values of the target DSMs.

DSM generation
A 3D softcopy station (SocetSet 5.6, BAE Systems) and a commercial GIS
software (ESRI, Arc Map 10) were used for the processing of the image data
and the generation of three different DSMs (WorldView-2 RPCs-only DSM,
WorldView-2 GCP-enhanced RPCs DSM and ADS80 DSM). The DSMs were
created based on the stereo image data with the Next-Generation Automatic
Terrain Extraction (NGATE) of SocetSet 5.6 (BAE Systems 2007, DeVenencia et
al. 2007). The NGATE uses both image correlation and edge matching to
generate a DSM whereby every pixel is matched many times (Zhang et al.
2007). The strategy is based on an image correlation window size of 13 x 13
pixels. During seven iterations it goes through different minification levels
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starting with 64 and ending at level 1. The DSMs were calculated with a grid
size of 1 m; for visual analysis hillshades were created.
Based on the satellite data two different DSMs were generated, one using
the orientation with the delivered RPCs and tie points only, and one where
ground control points were used to enhance image orientation. Tie points
were collected for both models during the triangulation to refine the
mathematical relationship between ground and image space. To check the
image orientation with the RPCs supplied and the GCPs used, the root mean
square errors (RMSE) of the x-, y- and z-coordinates of triangulation were
calculated.
The orientation of the aerial images was computed by swisstopo using
GPS/IMU and aerial triangulation with GCPs. As the ADS80 aerial image data
consists of 11 overlapping (50%) stripes, the DSMs were calculated separately for each stripe. For the mosaicing the most nadir part (close to the
centreline of the stripe) of the DSM of each stripe was used.
A numerical value called the figure of merit (FOM) was assigned (BAE
Systems) by the terrain extraction process in SocetSet. FOM is ranging from 0
to 100 which shows for each pixel how successful the image matching
process was. Only raster cells with FOM ≥32 were used for the subsequent
analysis, as all cells with FOM <32 were interpolated during the matching
process (Figure 2). This ensured that featureless areas such as lakes, rivers,
clouds and cloud shadows were masked out, as image matching is highly
limited in these areas.
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Figure 2: WorldView-2 Pan scene (top left) and figure of merit (FOM) maps of the three
DSMs (WorldView-2 RPCs-only DSM, WorldView-2 GCP-enhanced RPCs DSM and ADS80
DSM). Pixels displayed in green were matched successfully and incorporated in the
subsequent analysis. Pixels displayed in black are interpolated only and were masked out.
FOM map of ADS80 DSM (top right; 87.45% matched cells and 12.55% interpolated cells),
FOM map of WorldView-2 RPCs-only DSM (bottom left; 71.16% matched cells and 28.84%
interpolated cells) and FOM map of WorldView-2 GCP-enhanced RPCs DSM (bottom right;
71.43% matched cells and 28.57% interpolated cells).

Accuracy assessment
The assessment of the accuracy of the digital surface models is crucial for all
further calculations and collection of 3D feature data. The three reference
data sets (GPS measurements, stereo-measurements, and airborne laser
scanning) were used for this evaluation.
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Figure 3: Non-normal error distribution from the comparison of the three DSMs with
stereo-measurements in the forested areas. Histograms with superimposed normal
distribution and normal Q-Q plots.

Error distribution
DSM errors are usually not normally distributed (Zandbergen 2011), major
and minor outliers being very common. Thus it is important to visualise the
error distribution using a histogram with a superimposed curve indicating
the normal distribution (Höhle and Höhle 2009). As a second step, the socalled quantile-quantile plot can help to check for deviations from the
normal distribution (Figure 3). Clearly, the errors are not normally distributed, and thus robust accuracy measures had to be used. Regarding the
histogram with the red line indicating the normal distribution, the deviations
are evident from the sharper peak around the mean and the longer tails due
to a larger number of negative outliers. In the quantile-quantile (Q-Q) plot,
the deviations are visible due to the sigmoid shape of the error distributions
compared to the straight line of the normal distribution.
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Accuracy and measures
The accuracy of the DSMs was characterised by four robust statistical
measures that were tested for their suitability for non-normal error
distributions by Höhle and Höhle (2009). The median, the normalized
median absolute deviation (NMAD) and the 68.3% and 95% sample
quantiles were calculated with the open source statistical software R (R
Development Core Team 2008). Being more resilient to outliers in the
dataset, NMAD was used as a measure of the standard deviation:
1

1.4826 ∗

where ∆ denotes the individual errors

∆
= 1,...,n and

∆
∆

is the median of

the errors. For comparison with other studies, root mean square errors
(RMSE) were also calculated. When calculating RMSE, a threshold for
eliminating outliers was applied (Höhle and Potuckova 2006): an error was
classified as an outlier if ∆

3∗

.

Results
Digital surface models
Examples of the WorldView-2 DSM with GCP-enhanced RPCs and the ADS80
DSM are given in Figure 4. The ADS80 DSM looks somewhat smoother and is
visually more precise as small objects such as single trees, hedges and
houses can be resolved. In general the differences between both surface
models are rather small, however it seems that there are more artefacts
caused by matching uncertainty on the WorldView-2 GCP-enhanced RPCs
DSM.
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1 km

°

Figure 4: Hillshades of the ADS80 DSM (top) and the WorldView-2 GCP-enhanced RPCs
DSM (centre) as well as the ADS80 CIR image of the chosen extent (bottom). Profile of
Figure 5 in yellow.

An example of the differences between the DSMs based on airborne (ADS80)
vs. spaceborne (WorldView-2) stereo images is given in Figure 5, using a
profile through a forest stand of the study area (cf. Figure 4). It shows that
the WorldView-2 GCP-enhanced RPCs DSM represents the whole picture in
good quality but the ADS80 DSM is able to retrieve more details and finerscale variations of the forest canopy. The profile curve of the WorldView-2
RPCs-only DSM generally lies below the profile of the two other DSMs.
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Larger gaps in the canopy are mapped by all three DSMs, however the
ADS80 DSM is also able to model smaller gaps in the canopy.
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Figure 5: Profile through an exemplary forest stand of the study area to show the
difference between the DSM based on airborne (ADS80) and spaceborne (WorldView-2
RPCs-only DSM and WorldView-2 GCP-enhanced RPCs DSM) stereo image data.

WorldView-2 image orientation with RPCs
The root mean square errors (RMSE) derived from the triangulation report
showed a good accuracy of the 10 GCPs used (Table 2). With the biascorrected RPCs the satellite images showed an orientation with a mean
horizontal accuracy of 0.56 m and a vertical accuracy of 0.32 m.
Table 2: Root mean square errors (RMSE) of the 10 ground control points (GCPs) used for
the bias correction of the rational polynomial coefficients (RPCs) of the WorldView-2
satellite images.

GCP

RMSE X [m]
0.45

RMSE Y [m]
0.66

RMSE Z [m]
0.32

RMSE total [m]
0.86
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DSM accuracies
Ground check points
A comparison of the 36 ground check points in flat terrain with the three
different DSMs showed a median error <3.7 m and a NMAD <0.5 m for all
three models (Table 3). The ADS80 DSM showed the highest accuracy with a
median error of 8 cm and a NMAD of 21 cm. The WorldView-2 GCP-enhanced
RPCs DSM showed good accuracy with a median error of -24 cm and a
NMAD of 22 cm. When comparing the vertical accuracy measures of the two
WorldView-2 DSMs, a clear improvement can be recognised when in
addition to the tie points GCPs are used. The two World-View-2 DSMs
however had a tendency to underestimate the actual surface height on
average. Note that the sample size for these comparisons varies due to the
fact that interpolated pixels were masked out.
Table 3: Robust vertical accuracy measures of the digital surface models based on ground
check points in flat terrain.

Flat terrain

Sample size

WorldView-2
RPCs-only
- Ground truth

WorldView-2
GCP-enhanced RPCs
- Ground truth

ADS 80
- Ground truth

24

26

35

50% quantile (median) [m]

-3.63

-0.24

0.08

NMAD [m]

0.48

0.22

0.21

68.3% quantile [m]

-3.34

-0.02

0.14

95% quantile [m]

-2.88

0.47

0.39

(n = 24) 3.58

(n = 25) 0.33

(n = 35) 0.23

RMSE (without outliers) [m]

Stereo-measurements
The descriptive statistics of the error distribution of the DSMs compared to
stereo-measurements is shown in Tables 4-6. The ADS80 DSM best represented the reference surface heights in all the three land cover classes. The
refinement of the WorldView-2 model with the GCP-enhanced RPCs was
reflected in the vertical agreement measures. The three DSMs were on
average suggesting a bias towards an underestimation of actual height. In
general the modelling of the forested areas showed the greatest errors.
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Table 4: Herb and grass vegetation. Vertical agreement measures of the three digital
surface models in comparison with the stereo-measurements.

WorldView-2
RPCs-only
- stereo data

WorldView-2
GCP-enhanced RPCs
- stereo data

ADS 80
- stereo data

Sample size

2,384

2,371

2,923

50% quantile (median) [m]

-3.85

-0.43

-0.04
0.29

Herb and grass

NMAD [m]

0.67

0.57

68.3% quantile [m]

-3.55

-0.16

0.09

95% quantile [m]

-1.70

1.27

0.91

(n = 2,380) 3.92

(n = 2,342) 0.91

(n = 2,889) 0.53

RMSE (without outliers) [m]

Table 5: Forested areas. Vertical agreement measures of the three digital surface models in
comparison with the stereo-measurements.

WorldView-2
RPCs-only
- stereo data

WorldView-2
GCP-enhanced RPCs
- stereo data

ADS 80
- stereo data

Sample size

2,007

1,974

2,355

50% quantile (median) [m]

-5.53

-1.85

-1.12

NMAD [m]

2.69

2.34

1.32

68.3% quantile [m]

-4.38

-0.90

-0.58

0.37

3.54

1.95

(n = 1,985) 7.19

(n = 1,939) 3.98

(n = 2,306) 2.63

Forested areas

95% quantile [m]
RMSE (without outliers) [m]

Table 6: Artificial areas. Vertical agreement measures of the three digital surface models in
comparison with the stereo-measurements.

Artificial areas

Sample size

WorldView-2
RPCs-only
- stereo data

WorldView-2
GCP-enhanced RPCs
- stereo data

ADS 80
- stereo data

987

971

1,272

-3.74

-0.26

0.01

NMAD [m]

1.06

0.86

0.46

68.3% quantile [m]

-3.27

0.18

0.23

95% quantile [m]

0.58

3.69

2.99

(n = 973) 4.74

(n = 947) 2.06

(n = 1,252) 1.28

50% quantile (median) [m]

RMSE (without outliers) [m]
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Airborne laser data
A summary of the statistics for the error distribution of the three DSMs
compared to airborne laser data by land cover type is provided in Tables 7-9.
For artificial areas, the ADS80 DSM best represents the reference surface
heights. The WorldView-2 GCP-enhanced RPCs DSM, however, shows on the
one hand the smallest median error for the herb and grass vegetation, but
has on the other hand a bigger NMAD than the ADS80 model. For forested
areas the WorldView-2 GCP-enhanced RPCs DSM and the ADS80 DSM both
show similar median errors but with different algebraic signs. The NMAD of
the two models is for forested areas of the same order. The improvement of
the WorldView-2 DSM with the bias-corrected RPCs is reflected in the vertical
accuracy measures. Both WorldView-2 models have a tendency to underestimate actual surface height on average, whereas the ADS80 DSM is in two
cases slightly overestimating the reference heights.

108

Accuracy of digital surface models

Table 7: Herb and grass vegetation. Vertical accuracy measures of the three digital surface
models in comparison with the airborne laser data.

WorldView-2
RPCs-only
- ALS data

WorldView-2
GCP-enhanced RPCs
- ALS data

ADS80
- ALS data

Sample size

4,295

4,332

7,172

50% quantile (median) [m]

-3.49

-0.07

0.24

NMAD [m]

0.72

0.63

0.48

68.3% quantile [m]

-3.15

0.24

0.51

Herb and grass

95% quantile [m]
RMSE (without outliers) [m]

-2.11

1.20

1.45

(n = 4,230) 3.98

(n = 4,244) 1.20

(n = 7,072) 0.85

Table 8: Forested areas. Vertical accuracy measures of the three digital surface models in
comparison with the airborne laser data.

WorldView-2
RPCs-only
- ALS data

WorldView-2
GCP-enhanced RPCs
- ALS data

ADS 80
- ALS data

Sample size

1,379

1,323

1,342

50% quantile (median) [m]

-4.36

-0.52

0.87

NMAD [m]

3.12

2.88

2.45

68.3% quantile [m]

-3.09

0.52

2.20

Forested areas

95% quantile [m]
RMSE (without outliers) [m]

0.92

4.68

6.04

(n = 1,326) 8.02

(n = 1,256) 5.06

(n = 1,281) 7.06

Table 9: Artificial areas. Vertical accuracy measures of the three digital surface models in
comparison with the airborne laser data.

WorldView-2
RPCs-only
- ALS data

WorldView-2
GCP-enhanced RPCs
- ALS data

ADS 80
- ALS data

Sample size

1,768

1,723

2,248

50% quantile (median) [m]

-4.91

-1.23

-0.07

NMAD [m]

2.47

2.27

1.15

68.3% quantile [m]

-3.81

-0.35

0.29

95% quantile [m]

-1.91

1.38

2.10

(n = 1,756) 7.46

(n = 1,692) 4.18

(n = 2,188) 2.82

Artificial areas

RMSE (without outliers) [m]
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Discussion
WorldView-2 image orientation based on RPCs
The orientation of the satellite imagery produced by the delivered RPCs
could be refined with 10 ground control points (Table 3). In a study by
Gianinetto (2009) based on Cartosat-1 images, the best results of the
refinement of image orientation was achieved using at least nine regularly
distributed GCPs. The fact that there are discrepancies between the RPCs
derived coordinates and the true ones has already been pointed out in other
studies, for example by Baltsavias et al. (2001) using stereo IKONOS data, and
by Noguchi et al. (2004) based on stereo QuickBird images. The orientation
of satellite images will only be as accurate as the RPCs, and there is no
practical way to improve upon the sensor orientation via purely analytical
means. However, with a modest requirement for ground control, biascorrected RPCs can be obtained, which in the case of IKONOS and QuickBird
imagery imply a sub-metre geopositioning skill (Fraser et al. 2006). Thus, an
important question to answer before the calculation of a digital surface
model is how accurate the data have to be given certain scientific objectives.
The results of our study indicate that without any ground truth data, DSMs
based on WorldView-2 stereo images can achieve vertical accuracies with a
median error lower than 5.5 m independent of the target land cover type.
This accuracy may be good enough for small-scale applications over large
areas or where limitations in the accessibility of remote areas make the
collection of ground truth data impossible.

Improvement of WorldView-2 DSM with GCP-enhanced RPCs
Of the three reference data sets, the WorldView-2 DSM with GCP-enhanced
RPCs achieved much better vertical accuracies than the WorldView-2 DSM
where solely the RPCs were used for image orientation. This resulted in an
improvement of the median vertical accuracy of 3.5 m for different land
cover types based on the stereo-measurement data set. The importance of
bias correction of the RPCs defining the image orientation before DSM
calculations was already mentioned by Baltsavias et al. (2001). Our study
showed that without a correction of the image orientation, the bias in
orientation will propagate to a bias in modelled surface height.
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Vertical accuracies in flat terrain
The ADS80 DSM emerged in this study as the most accurate model for
surface heights in flat terrain. It showed a median error of 8 cm and an
NMAD of 21 cm, which can be regarded as very low (Table 3). There are no
studies based on ADS80 stereo images with which these values could be
compared. Haala et al. (2010) worked with ADS40 SH52 stereo images, which
are comparable with the ADS80 images used in this study. Their generated
DSM was compared with ground reference points situated on paved areas
such as small roads or parking lots. They used NGATE of SocetSet for their
DSM generation, as we did in this study. After gross error elimination
(±3*RMS), they achieved very high accuracies with mean errors of -1.1 cm
based on images with a GSD of 8 cm, and of 1.9 cm based on images with a
GSD of 20 cm. The ADS80 images used in our study have a GSD of 25 cm, and
the resulting vertical errors are only slightly larger than those reported by
Haala et al. (2010). Waser et al. (2008a) generated a DSM based on CIR aerial
images RC 30 and compared it to ALS data. The observed z-differences were
80 cm, but it has to be taken into account that their ALS data were acquired
under leafless conditions, in contrast to our images taken in summer. It is not
clear in the study of Waser et al. whether the ALS data or the RC 30 data are
more accurate.
The WorldView-2 DSM with GCP-enhanced RPCs performed also well in the
accuracy assessment. Vertical accuracies of this DSM on the bare ground of
24 cm (NMAD 22 cm) can be considered as very good for a DSM derived
from stereo satellite images (Table 3). Both WorldView-2 DSMs have a
tendency to underestimate the reference height of the ground check points.
This tendency is also visible in the comparison of these two DSMs with the
ALS data and the stereo-measurements. We believe that there still exist
some amount of orientation bias for the WorldView-2 GCP-enhanced RPCs
DSM which could not have been eliminated within the triangulation process
under the usage of the GCPs. This can explain the still remaining discrepancy
between the WorldView-2 GCP-enhanced RPCs DSM and the ADS80 DSM.
Accuracy assessment studies based on comparable images like IKONOS data
with a ground resolution of 0.82 m achieved vertical accuracies of 60-80 cm
(Baltsavias et al. 2001). Eisenbeiss et al. (2004) also achieved a height
accuracy of 0.5-1.0 m in open areas for IKONOS with sophisticated matching
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algorithms. It is known that for QuickBird stereo images with a ground
resolution of 0.78 m, a measured average vertical error of 1.38 m can be
reduced by linear regression to 0.29 m (Oki et al. 2003). This finding
coincides with another study of QuickBird images where a linear error with a
68% level of confidence of 1.2 m was reported (Toutin 2004). Studies with
GeoEye-1 stereo images with the same ground resolution of 0.5 m as
WorldView-2 reported mean errors of 0.2 m on sporting fields and 0.5 m on
bare ground (Zhang and Fraser 2008). These studies show that the
WorldView-2 sensor evaluated here acquires stereo images that are a solid
basis for state-of-the-art digital surface models holding great potential for
the modelling of environmental variables not only over large extents but
also with high spatial resolution.

Accuracy as a function of land cover type
The differentiation of three land cover types showed that the accuracy of a
digital surface model varies strongly with land cover. In the comparison of
the three DSMs with the two reference data sets (stereo-measurements and
airborne laser data) herb and grass vegetation emerged as the easiest land
cover type to model, whereas forested areas were the most difficult. The
ADS80 DSM performed best in these comparisons with the two reference
data sets, followed by the WorldView-2 GCP-enhanced RPCs DSM in second
place and the WorldView-2 RPCs-only DSM coming in third.
Regarding the agreement assessment based on stereo-measurements, the
ADS80 DSM achieved median vertical errors of less than 1.1 m and the
WorldView-2 GCP-enhanced RPCs DSM errors of less than 1.9 m in all land
cover classes. The modelling of herb and grass vegetation and artificial areas
showed similar accuracies with errors even dropping to less than 50 cm for
the WorldView-2 GCP-enhanced RPCs DSM and less than 5 cm for the ADS80
DSM. Forested areas produced median errors of less than 1.9 m for the
WorldView-2 GCP-enhanced RPCs DSM and even less than 1.1 m for the
ADS80 DSM.
In the comparison with the airborne laser data set, the errors per land cover
type were somewhat smaller in the herb and grass vegetation as well as in
forested areas than in the evaluation with the stereo-measurement data. The
WorldView-2 GCP-enhanced RPCs DSM even performed better than the
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ADS80 DSM for the herb and grass vegetation. Regarding the forested areas
the WorldView-2 GCP-enhanced RPCs DSM showed slightly smaller errors
than the ADS80 DSM but the deviation of the two models was similar. This
however can result from a bias in data acquisition. The airborne laser data
underestimate actual surface heights in the herb and grass land cover type
due to the fact that vegetation was lower during spring, when the ALS data
was acquired, than in summer, when the images were captured. The herb
and grass land cover type includes crop and corn which can have a
considerable influence. For forested areas the leaf-off acquisition of the ALS
data in spring time and the seven to nine years difference in acquisition have
to be taken into account. With the methodological approach by only
comparing the maximum values of a cluster we attempted to filter the time
differences out, but the influence of the fact that the ALS data was acquired
in spring time still remains. Most likely these circumstances explain why the
ADS80 DSM seems to overestimate the reference surface heights and the
WorldView-2 GCP-enhanced RPCs DSM shows smaller errors than the ADS80
DSM. Regarding artificial areas, the ADS80 DSM is again most accurate
because there is no bias in vegetation height. In general the matching
success is dependent on the similarity of the left and right images used for
DSM generation. In forested and urban areas the degree of similarity can be
degraded due to small-scale variations in microtopography. These areas
show a high complexity in their structure which can lead to situations, where
objects visible in one image cannot be detected in the homologous images.
The image matching success in these situations is reduced, which influences
the accuracy of the digital surface model.
This differentiation of land cover type is crucial for a better understanding of
the accuracy of a DSM in general and especially as the focus of application of
these study results lies in forest areas. Image matching in forested areas is
more susceptible to difficulties associated with low image contrast and
shadowing, as shown by an assessment of IKONOS DSMs in comparison with
LiDAR data for differing land cover classes (Poon et al. 2005). These
difficulties resulted in a lower accuracy for forested areas (RMSE 5.3 m)
compared to bare ground (RMSE 2.4 m) and various urban areas (RMSE 2.34.7 m). Another study using five classes (bare ground, urban, rural, forest,
water) to test a DSM from IKONOS with interferometric synthetic aperture
radar (InSAR) reference data came to the conclusion that forest is the land
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cover type with the biggest differences between the models (Poon et al.
2006). Nevertheless, with vertical accuracies lower than 5.6 m on average in
all land cover classes including forests the evaluated digital surface models
are suitable for modelling various vegetation structures.

DSMs for forest applications
Accurate information on surface height and 3D structure of a forest
landscape is valuable for many applications in forest science. If a digital
terrain model is available for the selected area, a canopy height model can
be calculated by subtracting the digital terrain model from the digital
surface model (St-Onge and Achaichia 2001, Hirschmugl et al. 2007,
Vepakomma et al. 2008). This allows for investigating forest structure over
large areas, and it is a method that can be applied in remote areas with
limited access and difficulties for field sampling.
Mapping forest canopy height is a valuable tool for estimating stand-level
structures such as top height (St-Onge et al. 2008) or stem volume (Hollaus
et al. 2007) and the characterisation of canopy structure (Vepakomma et al.
2008). Canopy gap dynamics can be observed and measured extensively in
time and space when canopy height models of different time steps are
available. Specifically, these canopy height models can be used to map gap
size, shape complexity, vegetation height diversity and gap connectivity
(Koukoulas and Blackburn 2004). In the context of disturbance dynamics, the
method is efficient for monitoring insect outbreaks, forest fires or
windthrow, and it allows for a fast estimation of the extent of damage to
forest stands. Based on airborne laser scanning data, Mathys (2005)
presented an approach for mapping and quantifying canopy gaps after
disturbances. Canopy gaps defined by their extent (area) and their spatial
characteristics (outline/area) were plotted on a “gap map” for each forest
stand, and were used for a consistent monitoring of the forest for resource
management.
In the absence of such disturbances, local, small-scale gap dynamics
dominate forest structure. In a canopy height model, small tree groups and
medium-sized gaps can be detected easily. Automatic gap recognition was
evaluated e.g. by Vepakomma et al. (2008) based on a airborne laser
scanning canopy height model. The algorithm used in their study was able
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to estimate canopy gaps smaller than 5 m2 in boreal forests. In our study, the
visual analysis of the ADS80 DSM demonstrated the potential for mapping
smaller gaps, whereas the WorldView-2 DSMs showed a limitation to larger
gaps. This means that it will not be possible to map individual tree heights,
but it has to be evaluated to what extent canopy gaps can still be determined from the canopy height model.

Conclusion
We were able to show that (1) using GCPs the RPCs defining the orientation
of the WorldView-2 images can be improved, (2) the WorldView-2 DSM with
GCP-enhanced RPCs achieves much higher accuracy measures than the
WorldView-2 DSM where solely the RPCs are used, (3) the accuracy of the
WorldView-2 GCP-enhanced RPCs DSM is similar to the ADS80 DSM (2*GSD)
(4) the accuracy of a DSM varies with land cover type, and (5) forested areas
are the most challenging areas for surface height modelling among the land
cover types evaluated here. The image matching algorithm NGATE (BAE
system) is state of the art and was applied to one of the best commercially
available aerial (ADS80) and satellite (WorldView-2) images. Thus, the results
of our study provide a good basis for answering the question of which
sensors are suitable for generating accurate digital surface models and
provide an update on the current capacity of DSM generation.
The accuracy comparison of the three surface models showed that very
high-resolution satellite stereo data are a valuable alternative to aerial stereo
data for surface modelling if the delivered RPCs are bias-corrected with
GCPs. A digital surface model based on WorldView-2 images can achieve a
vertical accuracy lower than 5.6 m (equals 11.2*GSD) on average in all land
cover classes, even in remote areas where field measurements are not
possible. When using bias-corrected RPCs, this accuracy can be improved to
vertical median errors of less than 1.9 m (equals 3.8*GSD) in all land cover
classes. DSMs based on ADS80 can achieve vertical median errors to an
accuracy lower than 1.2 m (equals 4.8*GSD) on average in all land cover
classes.

Chapter III

115

These accuracies of the WorldView-2 and ADS80 DSMs show the potential
for accurate modelling of forest canopy height. Using the presented
techniques, it becomes possible to assess the overall structure of the forest
canopy. Vertical canopy structure of a forest can be evaluated based on the
different developmental stages of forest patches visible in the digital surface
model and the detection of canopy gaps. Assessing the forest canopy height
however is only feasible, if a terrain model of the same accuracy of the target
area is available. Such terrain models representing the bare ground surface
are mostly acquired by means of airborne laser scanning, because accurate
global terrain models are still lacking. If a terrain model for a target area is
once calculated, with photogrammetric methods it becomes economic to
produce series of canopy height models of different dates to monitor
changes. Updating the third dimension becomes efficient and costly laser
flights do not have to be repeated. Up to now the presented method shows
its limits when it comes to single-tree analyses. Questions such as which
minimum gap size can be detected in the canopy height model and to what
degree such gap recognition can be automated still remain the subject of
future research.
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Abstract
Analyses of forest structural patterns at high resolution have benefitted from
advances in remote sensing, especially with the launch of satellites
providing data of submetric ground resolution. These developments can
strongly advance our knowledge on natural forest dynamics and the
disturbance regime. The forest of Uholka-Shyrokyi Luh in the Ukrainian
Carpathians, the largest remnant of European beech (Fagus sylvatica L.)
covering 102.8 km2, is an outstanding study object to analyze the frequency
distribution of gap sizes and to infer patterns and processes of forest
dynamics.
A stereo pair of very high-resolution WorldView-2 satellite images was used
to characterize the forest’s gap pattern. In a training data set, canopy gaps
were digitized manually based on their spectral information using a 3D
software. Spectral properties in the red and yellow band were used to distinguish gap from non-gap areas, which enabled a supervised image classification over the entire study area. We validated the classification with 338
randomly distributed samples that were assigned manually to gap and nongap areas based on the ortho-images, and found excellent agreement
except for an overestimation of gaps close to clouds due to diffuse image
areas. Based on the classification, maps of canopy gap density were
generated.
The frequency distribution of gap size revealed the forest to be structured by
a small-scale mosaic of canopy gaps mainly <200 m2; only a few large, standreplacing events were detected, most probably caused by a wind storm in
March 2007 and a heavy wet snow fall in October 2009. The small canopy
gaps reflect fine-scale processes shaping forest structure, i.e. the death of a
single tree or groups of a few trees. This low disturbance extent promotes a
fine-grained mosaic of forest patches at different development stages.
We conclude that remote sensing approaches based on very high-resolution
satellite images are highly useful to characterize even small-scale forest
disturbance regimes. Stereo satellite images provide two viewing angles of
the study area, thus allowing for a more accurate classification of canopy
gaps. The approach may even replace laborious field measurements in
remote, not easily accessible forests.
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Introduction
Natural disturbances are key drivers of forest dynamics, largely shaping
vertical structure as well as horizontal patterns (White 1979). The
disturbance regime can be defined as the characteristics (frequency, extent,
and severity) of the dominant disturbance types as well as their interactions
(Frelich 2002). In temperate forests the major natural disturbances are fire,
windstorms, ice storms, droughts and insect outbreaks (Pickett and White
1985). Central European forests are mainly affected by wind and, to a smaller
extent, by snow and ice, while forest fire and drought are typically limited to
drier areas, e.g. the Mediterranean (Schelhaas et al. 2003). European beech
forests in particular are thought to be dominated by small-scale disturbance
events, with wind as the main disturbance agent (Splechtna and Gratzer
2005, Firm et al. 2009), whereas severe stand-replacing events appear to be
rare (Tabaku 2000, Drössler and von Lüpke 2005), such that forest dynamics
is shaped by fine-scale processes (Trotsiuk et al. 2012, Hobi et al. 2013).
Disturbances in natural beech-dominated forests have been studied using a
wide range of methods. Based on field mapping of tree crowns or canopy
gaps, detailed information on gap sizes and vertical forest structure was
obtained (e.g., Koop and Hilgen 1987, Tabaku 2000, Drössler and von Lüpke
2005, Butler Manning 2007, Nagel and Svoboda 2008, Kucbel et al. 2010,
Bottero et al. 2011). Dendroecological analysis proved to be a valuable
method for reconstructing past disturbance events and their frequency (e.g.,
Szwagrzyk and Szewczyk 2001, Piovesan et al. 2005, Šamonil et al. 2009,
Šamonil et al. 2012, Trotsiuk et al. 2012). These terrestrial approaches are,
however, associated with a great effort for field measurements and are
therefore only feasible for small areas, i.e. a few hectares at most. To study
the dynamics and patterns of natural beech forests, surveys at the landscape
level are required. Terrestrial inventories (e.g. Commarmot et al. 2013)
provide a rich picture of forest properties, but by definition they lack continuous spatial coverage, and drawing inferences on spatial patterns and the
underlying ecological processes is exceedingly difficult (Hobi et al. 2013).
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Remote sensing methods may fill this gap. Previous studies using remotely
sensed image data (e.g., Zeibig et al. 2005, Kenderes et al. 2008, Garbarino et
al. 2012, Rugani et al. 2013) have shown that these techniques are highly
promising for the continuous mapping of disturbances at the landscape
level.
Recent advances in disturbance dynamics research based on optical imagery
made use of yearly time-series of Landsat imagery, covering decades of
change of the Earth’s surface (Cohen et al. 2010, Kennedy et al. 2010). These
approaches for multi-temporal change detection can be applied, for
example, for monitoring forest fires, insect-related mortality, or post-disturbance regrowth at an annual time scale (e.g., Coops et al. 2010, Schroeder et
al. 2011, Kennedy et al. 2012). However, the spatial resolution of Landsat is
limited (28.5 m pixels), and thus these data fail to reconstruct small-scale
disturbance processes, which are thought to be dominating natural beech
forest ecosystems (e.g., Tabaku and Meyer 1999, Drössler and von Lüpke
2005, Zeibig et al. 2005).
With the launch of very high-resolution satellites, started by IKONOS in 1999,
the mapping of small-scale forest disturbance events over large spatial
scales has become feasible. IKONOS images with their submetric spatial
resolution were used in previous studies to analyze forest structure
(Kayitakire et al. 2006), estimate the size of tree crowns (Song et al. 2010) and
detect the severity of wind disturbance (Rich et al. 2010). This breakthrough
for small-scale mapping with satellite images was followed by the launch of
other satellites such as QuickBird, GeoEye-1, WorldView-1, and WorldView-2
(Jacobsen 2012). The Digital Globe’s World-View-2 satellite is operational
since 2010 and provides stereo imagery with a panchromatic ground
sampling distance of 0.5 m. Some of the first studies based on WorldView-2
used the images for mapping urban tree species in Tampa (Florida, US) (Pu
and Landry 2012) or for quantifying tree mortality in mixed-species woodlands (Garrity et al. 2013). An accuracy study conducted in the lowlands of
Switzerland revealed the benefit of stereo WorldView-2 images for the 3D
modeling of forest canopies (Hobi and Ginzler 2012), which allows for the
analysis of vertical forest structure and holds potential for canopy gap
detection.
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We thus used stereo WorldView-2 images to characterize the disturbance
regime of a unique natural beech forest, i.e. the primeval beech forest
Uholka-Shyrokyi Luh in the Ukrainian Carpathians, the largest such forest in
Europe (cf. Commarmot et al. 2013). Due to its remoteness and large area
(102.8 km2), it can be expected that its present structure is the result of
natural processes and the forest is not influenced by former or recent
anthropogenic use. Earlier studies on this forest focused on a small-scale
dendroecological assessment of tree age structure (Trotsiuk et al. 2012) and
a systematic terrestrial survey of forest characteristics including tree species
composition, canopy structure and gap size distribution using 500 m2 plots
on a regular grid (Commarmot et al. 2013). The combination of these data
sets with a remote sensing approach provides the potential to derive a
comprehensive view of the disturbance regime at the landscape scale.
Specifically, we address the following questions:
(1) What is the potential of high-resolution WorldView-2 stereo satellite images for the detection of fine-scale forest canopy gaps?
(2) What are the key characteristics of the canopy of the largest
European primeval beech forest, particularly with regard to the
density of canopy gaps and their size distribution?
(3) What inferences can be drawn regarding the disturbance regime of
this forest based on the combination of the canopy gap map with
ancillary information from dendrochronology and the terrestrial
inventory?

Material and methods
Study area
The study was conducted in the primeval European beech (Fagus sylvatica L.)
forest Uholka-Shyrokyi Luh in the southwestern Ukrainian Carpathians (48°
18’ N and 23° 42’ E, centre coordinates). The forest is an almost pure beech
forest (97.3%, by basal area) characterized by a multilayered uneven-aged
canopy structure and a high abundance of old trees (Commarmot et al.
2013). A high volume of living trees of 582.1 ± 13.5 m3·ha-1 and a total deadwood volume of 162.5 ± 8.4m3·ha-1 of all decay classes suggest an old-
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growth character of this forest. The study perimeter covers an area of
10 282 ha of forest within the Carpathian Biosphere Reserve (CBR) belonging
to the transnational UNESCO World Heritage site “Primeval Beech Forests of
the Carpathians and the Ancient Beech Forests of Germany”.
The Uholka-Shyrokyi Luh massif consists of flysch layers with marls and sandstone, and of Jurassic limestone and cretaceous conglomerates. The climate
is temperate, with a mean annual temperature of 7.7 °C (-2.7 °C in January
and 17.9 °C in July), measured at the meteorological station of the CBR in
Uholka at 430 m a.s.l. (average for 1990-2010 AD). Mean annual precipitation
is 1134 mm (1980-2010 AD). The forest reserve is divided into two parts of
similar size: Uholka in the south and Shyrokyi Luh in the north. Together,
they cover an altitude of 400 to 1300 m a.s.l. and are characterized by a
strongly fissured terrain with valleys of streams and hill ranges. Human
impact is thought to be low, as only a small amount of anthropogenic traces
such as waste, traces of livestock grazing, research markings and small foothpaths were found in the inventory (Commarmot et al. 2013). Therefore we
consider this beech forest as primeval (a synonym to virgin) based on the
argument that it has never been influenced significantly by humans
(Peterken 1996).

Image source, characteristics and orientation
An optical stereo data set acquired on July 22, 2010 by the WorldView-2
satellite was used. WorldView-2, operational since January 2010, is the first
very high-resolution 8-band multispectral commercial satellite providing a
ground sampling distance of 0.5 m in the panchromatic and 1.84 m in the
multispectral data (Table 1). The images have a dynamic range of 11 bits per
pixel. The sensor is able to collect stereo images by looking forward and
backward from its actual position (DigitalGlobe Incorporation 2009), which
involves viewing angles of up to 45° off-nadir (Table 2). This is called the
“along-track” configuration, as the stereo images are taken from the same
orbit at different angles along the flight direction by rotating the camera
around its axes (Poli and Toutin 2012). This has the advantages that (1) the
time difference between the two stereo images is very small (about a
minute), and (2) the images are acquired under the same atmospheric
conditions.
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Table 1: Wavelength of the 8 spectral bands provided by the high-resolution stereo
satellite WorldView-2.

Spectral bands of WV2
Coastal
Blue
Green
Yellow
Red
Red edge
Near-IR1
Near-IR2

Wavelength [nm]
400-450
450-510
510-580
585-625
630-690
705-745
770-895
860-1040

Table 2: Viewing angles of WorldView-2 for the acquisition of the forward and the backward image.

Image acquisition
Mean InTrack view angle
Mean CrossTrack view angle
Mean OffNadir view angle

Image 1 (forward)
22 July 2012, 12:52:01 GMT
13.9
-23.4
27.0

Image 2 (backward)
22 July 20120, 12:51:10 GMT
-19.2
-24.6
30.8

Image orientation was provided by the rational polynomial coefficients
(RPCs) originating from star tracker observation and satellite ephemeris
(Fraser et al. 2006). This geometric relation is expressed by 80 coefficients
(Grodecki and Dial 2003). To improve image orientation, ground control
points (GCPs) were measured by GPS (Trimble Geoexplorer XH 2005) with an
accuracy of ±10 cm (standard deviation) after differential correction. Using 9
GCPs, the image orientation could be refined to a total root mean square
error (RMSE) of 0.59 m. Panchromatic and multispectral ortho-images from
WorldView-2 were then calculated using a digital terrain model digitized
from the contour lines of a topographic map with unknown spatial resolution. No further corrections for topography and atmospheric distortion
were made, as no software had implemented the WorldView-2 sensor model
at the time of analysis. For all further analyses, clouds and open areas such as
pastures and flood plains were masked out; this reduced the study perimeter
to a forested area of 9276 ha.
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Canopy gap assessment
Canopy surface model approach
A 3D softcopy station (SocetSet 5.6, BAE Systems) and commercial GIS
software (ArcMap10, ESRI) were used to generate digital surface models
(DSMs) of the forest canopy based on the stereo pair of panchromatic
images. The Next-Generation Automatic Terrain Extraction (NGATE) of
SocetSet 5.6 (BAE Systems 2007, DeVenecia et al. 2007) was used for image
matching, which is based on image correlation and edge matching (Zhang
et al. 2007). The available digital terrain model turned out to be not accurate
enough: in some areas tree heights were unrealistically high (>60 m) and in
others far too low or even negative. Thus the calculation of a canopy height
model was not possible, and local statistics with moving window techniques
were calculated from the digital surface model only. Although the accuracy
of WorldView-2 DSMs over different land cover types was found to be high
(Hobi and Ginzler 2012), this approach failed to map the small-scale mosaic
of canopy gaps in the primeval beech forest of Uholka-Shyrokyi Luh; only
larger gaps (> 500 m2) could be identified.
This failure is attributable mainly to the low image matching success (76%),
which resulted from two factors, i.e. the complex topography of the area and
the large viewing angles of the satellite. The differences in InTrack viewing
angles (within the flying direction) of more than 30° led to considerable
differences in the two images, as the screened trees were viewed from
strongly different angles. With a CrossTrack viewing angle of -24° (across the
flying direction) the satellite was scanning the area from the western
direction, which led to an additional tilt of the screened objects. In combination with the rugged topography, east-facing areas were thus in the
shadow of the satellite and exceedingly difficult to match. The canopy
surface approach could therefore be used for the mapping of large open
areas in the canopy only, and a supervised image classification method had
to be developed for the extraction of canopy gap information.
Supervised image classification approach
In a training set, forest canopy gaps were digitized separately in both multispectral images (referred to as “image 1” for the forward image and
“image 2” for the backward image) based on their spectral information and
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shape using a 3D software. Minimum gap size was not defined, as only gaps
visible on either the ortho-images or the 3D visualization of the forest by the
3D software were mapped. The mean and standard deviation of the digital
numbers of all gap pixels within each spectral band were calculated. For all
eight spectral bands as well as for the normalized difference vegetation
index (NDVI) and the modified red-edge NDVIedge based on the red edge
instead of the red band, the range of the mean ± standard deviation of the
digital numbers was used to test the differentiation of gap vs. non-gap areas.
To validate the classification, 338 randomly distributed samples of 2500 m2
each were used. Based on the spectral properties within each cluster it was
manually decided whether the sample was situated in a gap or a non-gap
area. This manual interpretation data set was then compared to the classification result. Correct classification rate (CCR) and kappa coefficient (K) were
used as statistical measures for the validation of the canopy gap maps.
Additionally, producer's accuracy (referring to the probability that a gap or
non-gap area existing in the manual interpretation data was classified as
such) and user's accuracy (referring to the probability that a pixel classified
as gap or non-gap area in the map existed in the manual interpretation data)
were calculated.

Maps of gap density
Gap areas were classified with a value 1 and non-gap-areas with a value 0.
For better visibility, maps of classified gap density were calculated with a
raster size of 50 by 50 m, denoting gap percentage by a value between 0
and 1. Three maps of canopy gap distribution were generated: one based on
the classification of image 1, one based on the classification of image 2, and
one in which the information from both images was combined. For the
latter, areas where both maps showed canopy gaps and areas where only
one map showed a gap were distinguished. This information was used for
the evaluation of the advantages of using a stereo pair of satellite images for
such a classification instead of only one image.
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Gap and disturbance estimation in the terrestrial inventory
Ground data were collected in a terrestrial inventory in summer 2010, where
the size of canopy gaps was estimated on a systematic grid with 353 sample
plots within the forested area (Commarmot et al. 2013). On 314 plots it was
estimated whether the sample plot center was in a canopy gap, distinguishing six size classes, i.e. 20-50 m2, 51-200 m2, 201-500 m2, 501-1000 m2, 10015000 m2, >5000 m2, or under a closed canopy. A gap was defined as an
opening in the canopy where regeneration is shorter than one third of
canopy height. Using cross-validation, the agreement between fieldmeasured and classified gaps was estimated, and producer's and user's
accuracy, correct classification rate (CCR) and the kappa coefficient (K) were
calculated.

Results
Classification of canopy gaps and their validation
The yellow and red band proved most useful to separate gap and non-gap
areas (Figure 1). Therefore their combination was used for the classification.
Only areas that lie in the range of mean ± standard deviation of the digital
numbers of both the yellow (210.89 ± 25.79 for image 1 and 255.32 ± 27.6
for image 2) and the red (143.54 ± 25.24 for image 1 and 179.58 ± 27.29 for
image 2) spectral band were classified as canopy gap areas. NDVI and
NDVIedge were not suitable for separating gap- and non-gap-areas because
their spectral properties were overlapping in a substantial part of their
range.
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Figure 1: Spectral properties of all the eight spectral bands for separating gap- and nongap-areas in image 1 and 2. The yellow and red band proved most suitable to separate gap
and non-gap areas.

Visually, there were some differences between the classification of image 1
and image 2, especially in areas near clouds (Figure 2). Based on the accuracy
statistics of the cross-validation with the training area data, the classification
results of image 2 were found to be more reliable than those of image 1
(Table 3 and 4). Producer’s accuracy was above 65% for both images; this can
be considered as being quite accurate for the mapping of canopy gaps. The
low user’s accuracy of image 1, however, showed that the classification
based on image 1 failed to reliably distinguish gap- and non-gap areas in
some areas. Overall, the kappa values indicated that the classification of
image 1 showed only a weak but the classification of image 2 a strong agreement with the gaps mapped manually in the training areas.
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Figure 2: Gap density maps based on supervised image classification of image 1 (a) and image 2 (b).
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By combining the information of the two classified images, the mapping
success of canopy gaps was generally higher, as these two images allow for
two different viewing angles of the forest canopy structure. Small gaps were
mostly classified on one image only, whereas larger gaps were mapped
more accurately due to the combination of the information of the two
images (Figure 3). Therefore the classification results of the two images were
combined to obtain a gap map of the entire study perimeter.
Table 3: Cross-validation of the supervised image classification based on the training set to
distinguish gap and non-gap areas within image 1 and 2.

Image 1

Classification data

Classification data

Image 2

Training set

Gap

No gap

Row total

Gap

257

47

304

No gap

5

29

34

Column
total

262

76

338

Training set

Gap

No gap

Row total

Gap

299

4

303

No gap

12

23

35

Column
total

311

27

338

Table 4: Statistical measures of the validation of the supervised image classification based
on the training set data using image 1 and 2.

Image 1

Image 2

Producer's accuracy gap [%]:

84.54

98.68

Producer's accuracy no gap [%]:

85.29

65.71

User's accuracy gap [%]:

98.09

96.14

User's accuracy no gap [%]:

38.16

85.19

Kohen's kappa coefficient K:

0.45

0.72

Correct classification rate CCR:

0.85

0.95

Accuracy measures

Table 5: Cross-validation of the supervised image classification based on the terrestrial
inventory data to distinguish gap and non-gap areas within the image 1 and 2.

Image 1
Field data

Classification data
Gap

No gap

Image 2
Row total

Field data

Classification data
Gap

No gap

Row total

Gap

49

71

120

Gap

12

108

120

No gap

48

144

192

No gap

16

176

192

Column
total

97

215

312

Column
total

28

284

312
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Table 6: Statistical measures of the validation of the supervised image classification based
on the terrestrial inventory data using image 1 and 2.

Image 1

Image 2

Producer's accuracy gap [%]:

40.83

10.00

Producer's accuracy no gap [%]:

75.00

91.67

User's accuracy gap [%]:

50.52

42.86

User's accuracy no gap [%]:

66.98

61.97

Kohen's kappa coefficient K:

0.16

0.02

61.86

60.26

Accuracy measures

Correct classification rate CCR:

The validation of the maps of canopy gap density based on the terrestrial
inventory data was difficult, as not all the sample plots could be accurately
geo-referenced during the inventory. As expected, user’s and producer’s
accuracy for non-gap areas were quite high in the cross-validation with the
field data (Table 5 and 6). However, the accuracy measures for gap areas
were low.

Spatial canopy gap distribution
A high gap density was found in the northwestern part of Shyrokyi Luh, in
some distinct regions in the central part of Uholka, and close to the western
border of Uholka (Figure 4a). Besides these areas, gap density was generally
low. The terrestrial data showed a similar pattern with gaps of different sizes
scattered all over the study area (Figure 4b). The higher frequency of canopy
gaps in the northwestern part of Shyrokyi Luh, however, was only partly
evident from the terrestrial inventory.

Figure 3: Combination of the two canopy gap maps, showing the advantages of using a stereo pair of satellite images
for classification.
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Figure 4: Map of the classified canopy gaps based on the combination of image 1 and 2 (a) in comparison to the canopy gaps measured at the
plot centre in the terrestrial inventory (b).
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Canopy gap characteristics

Frequency

0
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The forest was characterized by a low gap fraction of 0.75% of the studied
area. Canopy gap sizes varied between 2.07 m2 and 18 375 m2, as no lower
threshold for the sizes of canopy gaps was applied. The average size of the
classified gaps was 28.12 m2 with a standard deviation of 189.10 m2. The
frequency distribution of the classified gap sizes generally followed a
negative exponential form. Occasionally, larger stand replacing disturbance
events occurred (Figure 5), but the forest was mostly dominated by canopy
gaps with an area of <200 m2 (Figure 6), probably originating from the death
of two to four single trees (Local Forest Service, pers. comm.). This is in line
with the results of the terrestrial inventory, where 60% of the measured
canopy gaps were <200 m2 and a few larger canopy gaps were scattered all
over the study area (Figure 4b).
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Figure 5: Frequency distribution of the classified canopy gap sizes within the perimeter
showing that there were a few stand replacing disturbance events with a size >5000 m2.
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Figure 6: Frequency distribution of the classified canopy gap sizes within the study area,
showing that most of the gaps have an area <200 m2.
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Discussion
Gap assessment using high-resolution stereo satellite images
Supervised spectral image classification based on high-resolution stereo
satellite images proved to be highly suitable for generating maps of canopy
gaps in the primeval beech forest Uholka-Shyrokyi Luh. The different
viewing angles of the stereo satellite images allowed for a comprehensive
classification of canopy gaps within the study perimeter. Small gaps were
detected mostly on one image only, therefore the combination of two
images from different viewing angles is evidently an asset if fine-scale forest
canopy gap extraction is sought, as it strongly enhances classification
accuracy. The identification of larger canopy gaps was also improved, since
their shape could be classified with more detail, thus better matching their
real extent.
Only a few studies on the disturbance regime of primeval beech forests have
been based on satellite remote sensing methods as a landscape approach
covering large areas. Garbarino et al. (2012) studied gap dynamics in an oldgrowth forest in Bosnia over an area of 298 ha by means of Komposat-2
satellite images, which are comparable to the ones used in our study, providing a ground resolution of 1 m in the panchromatic and 4 m in the multispectral bands. Using an unsupervised pixel-based classification and an
artificial neural network, they found a good agreement of classified and
photo-interpreted gaps. Apart from the overestimation of canopy gaps in
diffuse areas close to clouds, the reliability of the classification approach
used in our study was quite high as well. The overestimation of gaps nearby
clouds was stronger on image 1 than on image 2; consequently, the user’s
accuracy for the classification of non-gap areas from image 1 was less than
half of the one of image 2. As these areas are distinct in their extent they can
easily be masked out for an ecological interpretation of the maps of canopy
gaps.
The calculation of digital surface models of the forest canopy failed to map
the fine-scale mosaic of canopy gaps within this forest, even though canopy
surface models have been used widely in forest research for such purposes
(Hirschmugl et al. 2007, Véga and St-Onge 2008). Provided that a digital
terrain model (DTM) exists, canopy height models, which have become
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popular for disturbance analysis by means of canopy gaps or canopy height
profiles (Fujita et al. 2003, Henbo et al. 2004, Vepakomma et al. 2010), could
be calculated by subtracting the terrain model from the surface model (StOnge et al. 2008, Vepakomma et al. 2008). However, for our study area in the
Ukraine as well as for many other countries accurate DTMs are missing.
Hence approaches based on the calculation of local variations in canopy
surface height may have a high potential for disturbance analysis, as tested
by Betts et al. (2005) in a small, flat Nothofagus forest area in New Zealand.
However, in our case the large viewing angles of the satellite and the
complex topography of our study area limited the success of image
matching during the canopy surface generation, which would be the key
prerequisite for such an assessment. It was only possible to map larger
openings in the canopy based on the canopy surface model, and a supervised spectral image classification had to be used to map the dominating
small-scale mosaic of canopy gaps of this primeval beech forest.

Canopy gap pattern
The forest of Uholka-Shyrokyi Luh is characterized by a low gap fraction, with
<1% of the area being classified as gap. Most studies in beech-dominated
primeval forests reported higher gap fractions, varying between 1.7% and
16% (Meyer et al. 2003, Drössler and von Lüpke 2005, Splechtna and Gratzer
2005, Zeibig et al. 2005, Nagel and Svoboda 2008, Kenderes et al. 2009,
Garbarino et al. 2012, Rugani et al. 2013). Differences in the gap fraction can
be due to the different gap definitions (e.g., Runkle 1992) and the methods
of gap sampling (e.g., Yamamoto et al. 2011). Some of the canopy gap
definitions are based on a minimum size of the gaps or a threshold of height
difference compared to the surrounding canopy. Several studies were
carried out using line-transect sampling (Drössler and von Lüpke 2005, Nagel
and Svoboda 2008, Bottero et al. 2011, Motta et al. 2011), whereas others
applied measurements of canopy gaps based on aerial imagery at different
time steps (Splechtna and Gratzer 2005, Kenderes et al. 2009). Notwithstanding the difficulties regarding comparability, all studies reported a low
gap fraction, suggesting that fine-scale processes are dominating canopy
gap dynamics.
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Average gap size in our study (28.12 m2) was smaller than the mean gap size
found in other studies of beech-dominated primeval forests, which ranged
from 61 to 137 m2 (Meyer et al. 2003, Zeibig et al. 2005, Nagel and Svoboda
2008, Kenderes et al. 2009, Bottero et al. 2011). A direct comparison is
difficult, however, since in most other studies a minimum gap size was
defined, as this is inevitable in terrestrial studies. Moreover, gap size distributions derived from terrestrial analyses are difficult to compare to those from
remote sensing approaches, as the definition of a “gap” per se is not
identical. With a remote sensing approach of our kind based on spectral
information, only gaps with no regeneration are mapped, whereas in the
terrestrial approach a gap was defined as an opening in the canopy where
regeneration does not exceed one third of the canopy height. This has to be
taken into account when interpreting the relatively small gap size as well as
the very low gap fraction that we identified using the remote sensing
method.
Meyer at al. (2003) investigated the formation of canopy gaps in three
primeval beech forests of Albania and found average canopy gap size to be
smaller than the crown projection area of one dominant beech tree, thus
suggesting that most canopy gaps are formed by the death of single trees.
This is in line with the findings of Drössler and von Lüpke (2005) in primeval
beech forest reserves in Slovakia, where more than half of the gaps were
found to be caused by the death of one tree, and 80% by the death of up to
three trees. Based on the frequency distribution of the canopy gap sizes
classified in our study, we conclude that also the Uholka-Shyrokyi Luh forest
is shaped by a small-scale disturbance regime, and canopy gaps formed by
single trees are prevailing.

Inferences on the disturbance regime
Our canopy gap assessment confirms the hypothesis that the disturbance
regime of the largest primeval forest of Europe is characterized by small to
moderate disturbance events with canopy gaps rarely exceeding the crown
projection area of a few trees and a very low frequency of stand-replacing
disturbance events. Two major large-scale events are likely to have influenced our results: a wind storm in March 2007 and heavy wet snow fall in
October 2009 (Local Forest Service, pers. comm.). These disturbance events
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are likely to explain the few gaps with an area of up to 18 000 m2 in the study
perimeter. Besides these rare large openings, a small-scale mosaic of canopy
gaps mainly <200 m2 is dominating forest texture. This is in line with two
dendroecological analyses that suggested a small-scale mosaic of disturbance events and an absence of frequent stand-replacing disturbances
(Trotsiuk et al. 2012, Hobi et al. 2013).
With the remote sensing approach used here, an area of several thousand
hectares could be analyzed, which makes this assessment unique in the
context of research in primeval beech forests. As the processes shaping
beech forest are occurring on small spatial scales, the results expand the
findings from studies conducted on much smaller monitoring plots. Openings >1000 m2 in beech-dominated forest of central Europe have been
documented in investigations over large forest areas (Drössler and von
Lüpke 2005, Nagel and Svoboda 2008); they have an important role in
determining successional pathways of the forest, as they may induce
changes in forest structure (inducing homogeneous stand structures) and
tree composition (establishment of light-demanding tree species). This kind
of natural succession was found, for example, in the fir-beech virgin forest of
Badín in the Western Carpathians, where after windthrow a high abundance
of Salix caprea L. was observed (Korpel' 1995). In the primeval beech forest of
Uholka-Shyrokyi Luh, however, the few larger disturbance events seem not
to alter forest structure over large areas. In the terrestrial inventory, no
evidence of changes in tree species composition was observed, i.e. lightdemanding species were unable to establish in the gaps.

Conclusion
High-resolution stereo satellite images were found to be highly valuable
input data for canopy disturbance analysis at the landscape level. Provided
that the images are free of clouds, a complete spatial coverage can be
achieved in a short period of time. These relatively new stereo satellite
images hold promise for canopy gap assessments. They provide two
different viewing angles on the target area and thus allow for a more reliable
classification of gaps in the forest canopy compared to the use of only one
image. The remote sensing approach supported the findings of previous terrestrial analyses that the largest primeval beech forest of Europe is shaped
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by a small-scale disturbance regime and only a small amount of the forest
area (<1%) is covered by gaps. Canopy gaps with a size mainly below 200 m2,
corresponding to the crown projection area of one to a few trees, are the
major drivers of forest dynamics in this primeval beech forest, whereas
stand-replacing events are rare.
In the absence of catastrophic events, we suggest that this forest is in a
dynamic equilibrium, being characterized by a small-scale mosaic of patches
in different developmental phases, and that it will maintain its current
structure in the long run. The multi-layered, uneven-aged canopy structure
with the strong dominance of beech and an exceedingly low abundance of
early successional species found in the terrestrial forest inventory support
this hypothesis (see Hobi et al. 2013). Therefore, gap dynamics can be
characterized as a shifting of gap opening and closing, whereas the gap
fraction and frequency distribution stay roughly constant. To test this hypothesis in more detail, a spatio-temporal approach would be needed. It
would be highly interesting to repeat the canopy gap assessment at
different times, so as to follow the fate of individual gaps as well as to
analyze the gap size distribution over the entire forest.
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Synthesis
Forests are complex biological systems comprising an enormous variety of
interactions and interdependence among the different parts (Kimmins
2004). The challenges of studying forest dynamics in primeval forests are
thus manifold: succession of natural forests operates over several tree
generations covering centuries, long-term monitoring data are scarce and
still cover only a short period of a forest’s development cycle, such that in
most cases researchers are limited to the analysis of forest structure and
texture at a given time when attempting to infer temporal forest dynamics.
This thesis presents a comprehensive picture of the structure and texture of
the largest primeval beech forest of Europe so as to elucidate its disturbance
regime using different data sources and methodological approaches. Particular emphasis was placed on (I) the analysis of the patterns and processes
that are characteristic of this primeval beech forest in the context of a largescale sampling inventory, (II) the reconstruction of past disturbance events
and forest age structure by means of tree-ring measurements, and (III) the
potential of continuous canopy gap mapping based on remote sensing data.
In this concluding part of the thesis, the findings from the different research
approaches are combined to draw inferences on the dynamic processes that
are shaping the primeval beech forest of Uholka-Shyrokyi Luh. As three
different methodological approaches were used, a detailed analysis of their
advantages and disadvantages is provided. As an outlook, priorities for
further research are defined.

Disturbance patterns and processes
The findings of the different chapters of this thesis all revealed a small-scale
disturbance regime to be dominant in the primeval beech forest of UholkaShyrokyi Luh. No evidence for frequent large-scale disturbance events in the
recent past could be found. Rather, minor disturbances such as the death of
single trees or groups of a few trees are mainly influencing this forest’s
composition, structure and dynamics. This confirms findings that were based
on fairly small monitoring plots (Drössler and von Lüpke 2005, Zeibig et al.
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2005, Kenderes et al. 2008), yet in this thesis for the first time the disturbance
regime of a natural beech forest was analysed over several thousand hectares, using different methodological approaches.
The sampling inventory delivered representative estimates of key structural
attributes typical for old-growth forests with a small-scale dynamic (Bauhus
et al. 2009, Wirth 2009). These include a considerable number of large trees
with a diameter of up to 150 cm, a multi-layered canopy structure, a high
volume of living trees (582 m3/ha), a high amount of standing and lying
deadwood (163 m3/ha) and a high density of habitat trees (150/ha; i.e., 35%
of the living trees). Lying deadwood contributed strongly (84%) to total
deadwood volume and was present in all decay stages, indicating that it is
produced rather continuously. The canopy was predominantly closed, and
only a small fraction of the sampled plots (4%) were located in canopy gaps
≥1000 m2. With 97% (by basal area) European beech was the dominating
tree species, allowing only little interspersion from other, mostly deciduous
shade-tolerant species. The abundance of light-demanding species was low
in the population of adult trees as well as in the regeneration layer, and it
was hindered by the lack of large disturbance events, the limited availability
of seed trees and the advance regeneration of beech that was found
throughout the forest. Analyses over different spatial scales revealed that
the heterogeneity of stand features such as density, basal area and volume
of living trees tends to decrease with increasing spatial scale. The observed
homogeneity of most structural features at large scales goes in line with the
slightly rotated sigmoid form of diameter distribution, which can be found
not only over the entire forest area, but also for various strata and smaller
spatial scales.
Dendroecological studies showed that beech can reach ages of up to 550
years, which is much more than the 200-300 years previously reported for
the Carpathian mountains (Korpel' 1982, Jaworski et al. 1994, Parpan et al.
2009). Beech was found to be able to survive long suppression periods of
over 100 years, which enables the species to wait much longer than thought
until there is a chance to grow into the upper canopy. Taking cores from
many trees across the entire forest revealed that a high percentage of the
living trees have a rotten centre, particularly old upper-story trees, which
predisposes them for stem breakage. Hence, even low-intensity disturbance
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events (mainly wind and snow loading) tend to create small gaps in the
forest canopy. They lead to a small-scale mosaic of patches in different
developmental stages, but even on an area as small as 0.1 ha an unevenaged forest structure was found. This is truly remarkable. Growth release
analyses at both the small (0.1 ha) and the large scale (10,000 ha) were used
to reconstruct the disturbance history, and both analyses showed that
frequent but small to moderate disturbances, which occur in an asynchronous manner in this forest, are shaping forest structure.
Canopy gap mapping on the satellite images over the entire forest area
confirmed the results derived from the inventory and the dendroecological
data; that is, fine-scale processes are shaping the primeval forest structure.
The size distribution of the classified gaps revealed the forest to be
structured by a small-scale mosaic of canopy gaps mainly <200 m2, with only
a few large, stand-replacing events (up to 18,000 m2) being detectable in the
entire forest. The low gap fraction of <1% and the small average gap size of
28.2 m2 goes in line with these findings and is supported by the terrestrial
inventory, where 84% of the assessed plots were situated in canopy gaps
<200 m2 or under a closed canopy. The few larger gaps were most probably
caused by two recent disturbance events, i.e. a wind storm in March 2007
and heavy wet snow fall in October 2009.
Nevertheless, these larger disturbances do not induce changes in tree
species composition, as the presence of advance regeneration of beech
hinders the establishment of light-demanding species. Only in larger gaps
admixed species like sycamore maple, Norway maple, elm or ash may have a
temporary competitive advantage over beech and a chance to maintain a
very small share in the species composition of the forest as a whole.
However, due to the rarity of adult trees of these species, their seeds may
not even reach such larger gaps. In the absence of catastrophic events, I
therefore hypothesize that this forest is in a dynamic equilibrium with a
small-scale mosaic of patches in different developmental phases, and that it
will maintain its current structure in the long run. In the context of
anthropogenic climate change, however, it is unclear how forest structure
will develop, and whether other successional pathways will play a
dominating role.
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Methodological aspects
A combination of three methodological approaches was used to obtain a
conclusive picture of the patterns and processes shaping the largest
remnant primeval forest of European beech. Methodological decisions and
their implications are discussed below.

Sampling inventory
Ground-based surveys with field data collection on sampling plots are
routine in National Forest Inventories. The field methods used in the largescale sampling inventory are compatible with the large-scale campaigns of
the Ukrainian Forest Inventory (Ukrderzhlisproekt 2006, State Forestry
Committee of Ukraine 2010), the Swiss National Forest Inventory (Brassel
and Lischke 2001, Brändli 2010) and the monitoring program in Swiss forest
reserves (Brang et al. 2008, Brang et al. 2011) to enable comparisons
between these data sets. The data set obtained in this inventory is absolutely
unique and provides not only an excellent basis for the analysis of the
structure and future dynamics of natural beech forests over large spatial
scales, but also for comparisons with managed forests and other forest
reserves.
Based on experiences gained from the pilot inventory conducted in summer
2009, a working performance of two sample plots per team and day was
assumed to be possible and led to a sample size of approximately 350
planned plots (Chapter II). Temporal and financial constraints limited the
inventory to a two-month period conducted by six inventory teams during
mid-summer. The sampling scheme chosen was a non-stratified, cluster
random sampling (Mandallaz 2008) where each cluster consisted of two
sample plots that were arranged on a systematic grid of 445 m x 1235 m. The
distance between the two plots of a cluster was 100 m. The starting point of
the grid was chosen randomly. Key advantages of such a systematic cluster
sampling on a rectangular grid are the higher accuracy of the estimates at
lower inventory costs, the shorter walking distances and a faster location of
the plot centres (Lanz et al. 2013). A relation of up to 4:1 between the longer
and the shorter side of rectangular grids is acceptable (Dvorak 2000), as
otherwise spatial correlations between plots may become an issue.
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During the two-month sampling period the teams were able to assess 314 of
the 353 planned circular sample plots of 500 m2 size within the perimeter of
10,282 ha. Thirty-nine plots were either inaccessible or considered too
dangerous for measurements and thus had to be left out. The inventory
method provided mean estimates with error information. Based on our
design, forest characteristics could be estimated with a accuracy of 5% (tree
numbers, basal area and volume of living trees) to 10% (volume of deadwood), at a confidence level of 95%. While key forest characteristics can be
estimated with reasonable effort at high precision using forest inventory
methods, this becomes more difficult for the estimation of rare events such
as large canopy openings. The assessment of canopy gaps in different size
classes at the plot centre only allows for an estimation of the amount of
small canopy gaps, whereas the size distribution of the rare larger gaps
cannot be reliably determined with this method; however remote sensing
approaches can be used for a canopy gap assessment with continuous
spatial coverage (Chapter IV).

Dendroecological assessments
Tree-ring samples provide long-term records of past forest ecological
processes at an annual resolution. Thus, dendroecological methods are
suited for determining, among others, annual growth increment, tree
growth histories and stand age structure (Speer 2010). The use of invasive
dendrochronological methods in the primeval forest remnants of Europe is,
however, limited, since long-term effects of coring on tree vitality and
mortality are poorly understood, and most of the few studies conducted
have focused on conifers (van Mantgem and Stephenson 2004, Wunder et al.
2011). Therefore, we limited our data set to a total of 164 trees cored on four
circular plots of 0.1 ha each (Chapter I) and one tree per sampling plot
(n=249) of the terrestrial inventory (Chapter II). In contrast to common
dendroecological sampling, only one increment core instead of 2-3 per tree
was taken. Still, the dataset obtained from this design fulfilled the purpose to
analyse the forest’s disturbance history and its age structure at two spatial
scales. Additionally, the dendroecological data were most valuable for analysing possible management influences in the recent past. The uneven-aged
structure at both the small and the large scale and the tree ages of up to 550
years support the view that human impacts were minor in this forest at least
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over the past decades. Overall, I conclude that dendroecological data sets
are important to supplement data from other sources, since they enhance
the time span available to infer the processes underlying forest dynamics.
When canopy trees are broken or thrown by wind, the remaining trees are
released from suppression and get more light, which enhances their growth
rate. These growth releases allow for the reconstruction of the disturbance
history of a forest stand. Different methods can be used to identify growth
releases in the tree ring pattern (Rubino and McCarthy 2004). Most of them
apply some kind of running mean to compare a target year with the growth
prior to or after this year. In this thesis, I decided to use the boundary line
method (Black and Abrams 2003), which is one of the furthest developed
and increasingly used techniques. It accounts for changes in the release
potential within a tree’s life and considers the change in relative growth rate
by expressing the growth increase after a disturbance event as a percentage
of the growth rate before the event. Prior growth and percentage change in
growth rate were calculated for each tree ring of all tree-ring series and used
to fit a negative exponential function called the boundary line. The way how
these boundary lines are fitted, however, has a strong influence on the
amount of growth releases that are detected. Furthermore, the method is
known to be oversensitive at low rates of prior growth and overly stringent
at high rates (Fraver and White 2005). Two other previously published
boundary lines existed for European beech; one from lower Austria based on
94,649 increment points (Splechtna et al. 2005) and one from the Outer
Western Carpathians based on 19,833 increment points (Šamonil et al. 2009).
The curve of Samonil et al. (2009) did not fit our data well, whereas the curve
of Splechtna et al. (2005) seemed to underestimate the amount of detected
releases for our study region. As growth increment is site specific, we
therefore decided to fit our own boundary lines for release detection: one
based on 20,670 increment values for the analysis in the South of Uholka
(Chapter I) and one based on 47,963 increment values for the entire study
area (Chapter II). A subsequent study for the Italian Alps and the Apennines
tested the influence of bioclimate and geologic substrate for the application
of the boundary line release criteria and emphasised that biogeoclimatic
conditions need to be taken into account at the site level (Ziaco et al. 2012);
thus our approach appears fully justified.
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Tree-ring data were further valuable in my thesis for determining forest age
structure on the small (Chapter I) and large scale (Chapter II). In primeval
beech forests, this is the only means to obtain accurate age estimations, as
DBH-age relationships most often fail to predict the age of trees in natural
beech (and many other) forests, due to asymmetric growth and the lifehistory strategy of beech. Cross-dating tree-ring data for beech is prone to
difficulties, as the species is very shade-tolerant and thus can feature very
narrow or even missing tree rings, especially in the early life stages (Biondi
1993, Piovesan et al. 2003, Grundmann et al. 2008). Based on the best
synchronised ring-width series, a master chronology was developed to
visually check the cross-dating using several pointer years. As not more than
two tree rings per core were missing, this allowed for a precise dating of the
cores over at least the last 200 years. Since the increment cores were taken
only from trees with a DBH ≥16 cm, no conclusion on the age distribution of
trees <150 years could be made. To fill this gap, smaller trees would have to
be cored. Coring trees down to a DBH of 6 cm may be feasible, but to obtain
the age of still younger trees, stem discs would have to be taken, thus killing
the plants, which was not possible in this primeval beech forest, and which
would be unlikely to be feasible in the vast majority of other forest reserves.

Remote sensing methods
The remote sensing part of this thesis was based on the relatively new
spaceborne WorldView-2 images. These stereo image data are one of the
best commercially available at present and they provide potentially valuable
high-resolution input data for the generation of digital surface models
(DSMs). At the beginning of my thesis, still little was known on the usefulness of WorldView-2 stereo satellite imagery, and therefore a first important step in my project was the accuracy assessment of these input data
(Chapter III). This is crucial, as any elevation errors propagate to the final
product and thus may lead to erroneous conclusions, in our case regarding
forest canopy properties (Höhle and Höhle 2009). Due to the availability of
highly accurate reference data sets including airborne optical images and
laser scanning data, this part of the thesis was conducted in the lowlands of
Switzerland. I found that forested areas, which of course were the main
target of this thesis, are the most difficult land cover type for height
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modelling. Still, with median errors <2 m, the input data were found to have
a large potential for forest canopy modelling.
A canopy height model (CHM) can be calculated by subtracting a digital
terrain model (DTM) from a DSM of the forest (St-Onge et al. 2008,
Vepakomma et al. 2008). The CHMs can then be used e.g. for the analysis of
disturbance patterns by assessing the size and distribution of canopy gaps
or the calculation of canopy height profiles (Fujita et al. 2003, Henbo et al.
2004, Zhang 2008, Vepakomma et al. 2010). However, the DTM that was
available to us was based on digitised contour lines from a topographic map
of unknown spatial resolution, and it emerged as not being precise enough
for such an analysis, as tree heights in the resulting CHM were in some parts
unrealistically high (>60 m) and in others far too low (<0 m). This indicates
additionally a spatial displacement of the DTM compared to the DSMs. Since
a spatial co-registration of the DSM with the DTM did not appear feasible
due to the large differences in spatial resolution, methods based on local
height differences without the need for the calculation of absolute canopy
height were tested.
Therefore, using moving window statistics based on the WorldView-2 canopy surface model, variations in canopy height were calculated (Chapter IV).
These local height differences were then used to detect gaps in the canopy.
Outside the forest perimeter, where clear patches or the forest border were
visible in the DSM, the method could be used successfully to map larger
open areas, forest borders or even the contours of small streams. But
because the forest of Uholka-Shyrokyi Luh is shaped by a very small-scale
mosaic of forest canopy gaps, this approach failed to map the small gaps in
the forest canopy and could only be used for reliably mapping gaps of an
area >500 m2, which are rather rare. The failure of this approach can largely
be attributed to the low image matching success during the DSM
generation, which in our study area was strongly influenced by the varied
topography and the large viewing angles of the satellite, leading to tilts of
the screened objects.
Stereo satellite images cannot only be used for the calculation of DSMs, they
are also valuable input data for supervised image classification. To come up
with a small-scale canopy gap map of the entire study area, such a classification based on the spectral properties of gap and non-gap areas was used
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(Chapter IV). In a training data set, forest canopy gaps were digitised based
on their spectral information and shape using a 3D software. Gap areas were
well distinguishable from non-gap areas based on the red and yellow band
of the input images. The use of stereo images for such classification approaches has the advantage that the detection probability of canopy gaps is
higher as the two images were taken from different viewing angles. Small
gaps were typically classified on one image only, and larger gaps were
mapped more accurately by the combination of the information of two
images.
The different methodological approaches that were tested and applied in
this thesis demonstrate the difficulty to come up with automatic remote
sensing methods for the detection of canopy gaps in forests that are
structured by fine-scale processes. As very high-resolution satellite images
are relatively new, various research projects that try to exploit these novel
data sources are still ongoing, and most often only preliminary results are
available to date. My investigations, however, show that space-borne images
provide a cost-efficient alternative to aerial images. They are most suitable
for studies in remote areas such as in the Ukrainian Carpathians, since they
can be obtained regardless of various over-flight restrictions. My recommendations how to push the field forward are addressed below.

Recommendations for further research
Specific recommendations were made in each main chapter of this thesis.
Here, I would like to emphasize the most important issues that I think should
be considered overall when conducting similar projects in future, including
possibilities for further research aspects that were not covered in my thesis:
(1) Reassessment of the sampling plots in 10 years: Natural forests develop
slowly (i.e., over decades to centuries), whereas long-term data sets to
study primeval forest dynamics over large temporal scales are
exceedingly rare or even non-existing. Our sampling inventory was
designed to be repeatable. All sample plots were marked permanently
and their coordinates as well as the position of all trees were measured.
A re-assessment of these plots in the future would allow a focus on the
direct observation of dynamic processes (rather than their inference
from spatial patterns) and to monitor changes in forest development
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over time. Such a reassessment would serve to further test the
hypothesis that in the absence of catastrophic disturbances this forest
will maintain its current structure.
(2) Canopy gap assessment at different time steps based on remote sensing
data: Essentially, this thesis presents a snapshot of the patterns resulting
from the disturbance regime of this forest at the time of the investigations in the year 2010, whereas dendroecological methods were the
only means to draw such inferences and to provide insights on longerterm canopy dynamics. Using similar satellite images at other time steps
would allow for a monitoring of changes in the texture of the forest
canopy. Such analyses would be valuable e.g. to follow the enlargement
or shrinking of gaps as a function of their initial size. In the absence of
large disturbance events, the areal distribution of canopy gaps is not
expected to alter significantly as the largest primeval forest of Europe is
thought to be a “climax forest” in dynamic equilibrium.
(3) Calculation of absolute canopy height models: In this thesis the
calculation of absolute canopy height was not possible because no
accurate digital terrain model was available. The lack of accurate digital
terrain models is a global issue. Several countries such as Austria,
Germany, Slovenia, the Czech Republic, Sweden and the USA are
currently generating such digital terrain models for their countries, and
others will follow. By means of airborne laser scanning or, in the near
future, even by space-based laser scanning such terrain models could
be derived. This would allow for the calculation of canopy height and
facilitate the automatic extraction of canopy gap variables from these
data. Such terrain models could serve as the basis for canopy height
models for forest monitoring over time, assuming that the surface of the
terrain does not change considerably e.g. due to mudflows or similar
events.
(4) Assessment of the structure of all primeval beech forests of the Carpathian
arc: The area still covered by more or less intact natural beech forests in
the Carpathian mountains is not known. Approaches based on stereo
image data as presented in this thesis could be used to detect possible
beech forest areas structured by a small-scale mosaic of different age or
development classes. To exclude areas managed by single tree selection
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or plentering this approach would have to be complemented with high
resolution remote sensing analyses at the forest stand scale in a second
step. Stereo image data of space-borne synthetic aperture radar (SAR)
such as TanDEM-X, launched in 2010, which provide suitable data for
routinely monitoring large areas of forest for changes, could be used.
SAR as an active remote sensing system penetrates the atmosphere
irrespective of the presence of clouds and other obstacles, thus data
acquisition is not influenced by weather conditions. This is an important
issue for large-area assessments, as cloud-free optical image data at a
large spatial extent are difficult to obtain.
(5) Improvement of the image acquisition and matching process for the
generation of canopy surface models: Image matching could be improved
in different ways. When ordering satellite images for future projects of
this kind, it would be important to limit the different side-viewing
angles of the satellite as far as possible to enable a high image matching
success. By using image triplets as provided for example by the satellite
Pleiades, the image matching success could be improved, as image
triplets allow for three different fields of vision. In the wide range of
stereo matching algorithms, semi-global matching, which offers a good
trade-off between accuracy and runtime, has emerged as a highly suitable algorithm for digital surface modelling of urban areas (Hirschmüller
and Bucher 2010). It remains to be seen whether forested areas could
also profit from these matching strategies.
(6) Forest succession modelling: In the context of climate change and a likely
intensification of natural disturbances, forest succession models are a
useful tool for developing scenarios on the future development of
forests. Representative data from primeval forests in the climax stage
covering large areas are rare. Therefore the data collected in our study
could be valuable for refining species-specific estimates of model
parameter such as maximum dimensions and maximum age.
Additionally, tree species composition of this forest could be used for
validating ‘spin-up’ runs of landscape-ecological models, and the
insights from the analysis of the prevailing disturbance regime in
natural beech forests could be used for improving mortality estimates
and regeneration routines.
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