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Annotation 

Tree-ring data serves as a chronicle of the past environment and provides 
long-term records about climate variations, volcanic eruptions, glacial 
activity and many others processes. Over the past few decades, 
dendrochronology has become common in studying disturbances. This 
thesis is focused on release detection methods (i.e. abrupt growth after 
death of neighbouring tree(s)) and their application. The presented review 
showed that despite the some uncertainties in methodological 
approaches, release detection is a reliable tool for forest disturbance 
reconstruction. In this thesis, release detection was applied in various 
forest ecosystems for reconstruction of disturbances and their effects. 
The achieved results importantly contribute to the understanding of the 
ecological processes concerning forest management, long-term changes 
in natural forest ecosystems, forest diversity and the impact of global 
changes. 
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Photo on previous page: a growth rings of Picea abies with example of release, which is indicated by 
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General introduction 

In this chapter of the thesis, I aim to summarize the current knowledge of 
the reconstruction of disturbance events by means of tree-ring data. Specifically, 
I will focus on the methods and their strengths and limitations. The ecological 
application of the results and the future challenges in this branch of science will 
also be discussed. To lay the foundations, I will briefly introduce 
dendrochronology, and cover the basic principles, concepts and applications of 
tree-ring science. 

 

1. Dendrochronology 

 Humankind is fascinated by history and every discovery about past 
processes provides an improvement of general knowledge. While direct records 
of historical processes are rather limited from a long-term perspective, attention 
should be focused on natural archives such as glaciers, sediments or living 
organisms forming annual growth layers. Woody plants with secondary growth 
form annual rings in the xylem, commonly known as tree-rings, which mirror the 
variety of environmental and ecophysiological conditions that they experience 
during growth. Tree-rings therefore serve as fingerprints of past processes and 
provide long-term records of past climate variations (e.g. Buntgen et al., 2011), 
insect outbreaks (e.g. Paritsis & Veblen, 2011), volcanic eruptions (e.g. Briffa et 
al., 1998), glacial activity (e.g. Dolezal et al., 2014), landslides (e.g. Saez et al., 
2012) and many others (see Schweingruber, 1996; Speer, 2010; Stoffel, 2010). 

 The scientific discipline dealing with tree-rings is called dendrochronology. 
The real meaning of the word “dendrochronology” is found in its Greek roots: 
dendron = tree, chronology = the study of time. In the broad sense, 
dendrochronology is a science that applies the information content in the structure 
of tree-rings dated to the exact years of their formation for the analysis of 
environmental, ecological, ecophysiological and historical processes. As the 
scope of dendrochronology is fairly extensive, many subfields have been 
developed: dendroarchaeology, dendroclimatology, dendroecology, 
dendrogeomorphology, and dendrochemistry (for details see Speer (2010)). 

 From my own experience, people generally think that the main purpose of 
dendrochronology is the determination of the age of the trees. However, age in 
itself is really only interesting when exceptionally old individuals are recognized 
(see the OLDLIST http://www.rmtrr.org/oldlist.htm) and it is usually a by-product 
of tree-ring width measurement. The main (and most traditional) source of 
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information used in dendrochronology represents just tree-ring widths. For 
deriving more detailed data, early and late wood widths can be measured 
separately in some species. In some studies, it can be more useful to calculate 
the basal area increment (expressed as mm2/year) (see Visser, 1995). 

After tree-ring width measurement, the basic tenet of dendrochronology, 
which is called crossdating is usually applied. The principal of crossdating is that 
to each individual tree-ring is assigned the its exact year of formation. This is 
performed by matching the patterns of wide and narrow rings between cores from 
the same tree, between individual trees from one locality and subsequently even 
between trees from different localities. When tree-ring series are crossdated, 
average series representing the stand level or regional signal can be developed. 
Such an average series is called the master chronology or just simply the 
chronology. Long-term chronologies have been constructed by the combination 
of tree-ring series from living trees and dead trees, i.e. wooden beams used for 
constructions and archaeological structures themselves or trees preserved in arid 
condition or in anaerobic conditions e.g. in deeper layers of bogs.  Currently, the 
longest chronology (combined oak and pine) extends back 12,460 years and 
covers the entire Holocene and 820 years of the Younger Dryas (Friedrich et al., 
2004). These long, precisely dated series with annual resolution were also used 
for the calibration of radiocarbon dating and considerably improved its accuracy 
(Pilcher, 1984; Kromer, 2009). 

Tree-ring widths are not the only source of information used in 
dendrochronology. In the early 1960s, Polge (1963) introduced wood 
densitometry and over the subsequent years this method was further developed 
(Polge, 1978; Schweingruber et al., 1978; Schweingruber, 1990; Bergsten et al., 
2001; Schinker et al., 2003; Van den Bulcke et al., 2014). Wood density variation 
provides more accurate results than tree-ring widths. More specifically, maximum 
latewood density seems to be a reliable predictor for the reconstruction of 
temperature and precipitation (e.g. Hughes et al., 1994; Battipaglia et al., 2010). 
Moreover, density variations have been also utilized for the reconstruction of 
anthropogenic pollutions (Ferretti et al., 2002) and tree-ring boundary 
identification in tropical trees with barely visibly tree-rings (Worbes, 2002). 
Recently a new tree-ring parameter – blue intensity – which could be used as an 
alternative to maximum latewood density was described (McCarroll et al., 2002; 
Campbell et al., 2007; Wilson et al., 2014). Blue intensity provides an inexpensive 
and accessible alternative to density measurement, which is restricted to a 
relatively small number of laboratories. 

Another tool increasingly used in dendrochronology are stable isotopes. 
Ratios of stable isotopes in tree-ring cellulose or whole wood provide a detailed 
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retrospective insight into ecophysiological processes (McCarroll & Loader, 2004; 
Gessler et al., 2014). The most utilized are carbon and oxygen isotope ratios (δ13C 
and δ18O respectively), but others (hydrogen, nitrogen) are also employed. Very 
high-resolution sampling may hold the key for the reconstruction of physiological 
processes from tropical trees which lack tree-rings (McCarroll & Loader, 2004; 
Rozendaal & Zuidema, 2011). However, as Gessler et al. (2014) pointed out, there 
are still uncertainties, which must be resolved to provide a more complex insight 
into the ecophysiological processes from leaf to wood formation. 

Recently, wood anatomical variables (such as the size of conducting 
tissues, cell wall thickness etc.) have been used in dendrochronology and are 
providing promising results (e.g. Bauerle et al., 2011; Fonti et al., 2010; Olano et 
al., 2013). The basic methods of dendrochronology have also been recently 
applied to shrubs and herbs with distinct growth rings (e.g. Dietz & von Arx, 2005; 
Schweingruber et al., 2011). Such changes require the redefinition of commonly-
used terms (e.g. stem anatomy instead of wood anatomy) and suggest the 
semantic broadening of ‘dendrochronology’ towards ‘xylemchronology’ 
(Schweingruber & Buentgen, 2013). Moreover, the principles of dendrochronology 
are also used more frequently and efficiently on animals with annual growth rings 
(e.g. Butler et al., 2013; Buntgen et al., 2014; Richard et al., 2014; Rountrey, 
2014). 

 As obvious from above, dendrochronology covers an enormous variety of 
methods, which are constantly increasing. Dendrochronology has obvious 
advantages in comparison with other natural archives such as sediments, peatbog 
and ice cores, however, as in all scientific fields, there are also certain limitations 
(Speer, 2010). Researchers in dendrochronology are investigating most areas of 
natural science and making dendrochronology more and more interdisciplinary. 
Such applications make dendrochronology a useful research field which 
contributes enormously to the knowledge of the natural world. 

 

1. Tree-rings and disturbances 

This part is the subject of unpublished manuscript. The full version 
of this part of Chapter I is archived by the Faculty of Science, 
University of South Bohemia in the printed version of the Ph.D. 
Thesis. 
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3. Objectives and content of the thesis 

In this thesis I focused on disturbance reconstruction by studying tree-
rings. The thesis can be divided into two parts. The first part is methodological 
and consists of the first two chapters. The second part, which consists of the three 
remaining chapters, is focused on disturbance reconstruction and its ecological 
implications in both managed and natural forest ecosystems. 

Chapter 1 presents a review of current knowledge about release detection with 
emphasis on methodological approaches, weakness and strengths of most 
common methods, and future challenges in this scientific field.  

Chapter 2 contains a partial review of the methods used for release reconstruction 
and chiefly provides a unique tool, the TRADER package, which enables the 
analysis of disturbance history and functions for the detection of tree recruitment 
and growth trends. 

Chapter 3 reconstructs disturbances in a former coppice-with-standards from 
tree-rings of oak standards, to link coppicing events with the recruitment of mature 
oaks, and to determine the effects of neighbouring trees on the stem increment of 
oak standards. 

Chapter 4 examines long-term changes in typhoon frequency and intensity along 
latitudinal gradients in South Korea, explores how individual characteristics of 
typhoons affects the frequency of release events in old-growth oak forests, and 
reconstructs the frequency of release events in the past 200 years. 

Chapter 5 explores the impact of severe and intermediate wind disturbances on 
tree recruitment and diversity in an oak-fir-maple forest in time (over the 230 
years) and space. 

Chapter 6 summarises the main results of this thesis. 
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Photo on previous page: disturbance in the forest dominated by Abies koreana after the occurence of 
typhoon Bolaven in August 2012, Hallasan Mountains, Jeju Island, South Korea. 
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Studies using tree-rings to reconstruct forest  disturbance dynamics  are common and  their number has

been increasing  in the recent  years. Despite  the evident need for a common set  of  tools  for verifica-

tion, replication  and  comparison across  studies, only a  few  DOS  programmes for disturbance  detection

exist and  they  are for limited purposes only.  Currently, the ideal  statistical  environment for the task  is R,

which is becoming  the  primary tool for  various  types  of tree-ring  analyses.  This  has led  to  the  develop-

ment of  TRADER (Tree  Ring Analysis  of  Disturbance Events in R), an  open-source  software package  for R

that provides  an  analysis of tree growth  history for disturbance reconstructions.  We have  implemented

four methods, which  are commonly  used for the  detection  of disturbance events: radial-growth  aver-

aging  criteria developed  by Nowacki and  Abrams,  1997,  the boundary-line  method (Black  and  Abrams,

2003), the absolute-increase method (Fraver  and White, 2005),  and  the  combination  of radial-growth

averaging  and  boundary-line  techniques (Splechtna et al.,  2005). TRADER, however,  enables the  analysis

of disturbance history by a total of  24 published  methods. Furthermore,  functions  for the detection  of

tree  recruitment  and growth  trends  were  also  included. The main  features of the presented  package  are

described and  their  application  is shown on  a  real tree-ring  datasets.  The package  requires  little knowl-

edge  of  the R  environment  giving  straightforward analyses  with  suitable parameters,  but  at  the same

time it is easily  modifiable  by the more  experienced user. The  package  improves research  efficiency and

facilitates  replication of  previous studies. One  of its  major advantages is that it  offers  the possibility  for

comparison between different  methods  of  disturbance history reconstruction.

© 2014  Elsevier GmbH. All  rights  reserved.

Introduction

Dendrochronology has changed rapidly during the last century.

From its basic beginnings in  matching ring-width patterns across

trees (crossdating) (e.g. Douglass, 1920, 1941), it  has  developed

into  one of  the most precise tools for studying environmental pro-

cesses (e.g. Buntgen et  al., 2011; Altman et  al., 2013a; Williams

et al., 2013). With the continuing development of  methods in den-

drochronology, the need for better software has become apparent.

Since  the 1960s, dendrochronologists have made software freely

available to the tree-ring community primarily as stand-alone pro-

grams (Holmes, 1983; Cook and Holmes, 1996), but  also in other

formats such as MATLAB-functions (Meko, 2002).

∗ Corresponding author at: Institute of Botany of the Academy of Sciences of  the

Czech  Republic, Zámek 1, 25243 Průhonice,  Czech  Republic. Tel.:  +420 736444844.

E-mail address: altman.jan@gmail.com (J. Altman).

The  R statistical software (R Development Core Team, 2013) has

become a dominant platform across various fields of  science (e.g.

Boettiger  and  Lang,  2012; Adams and Otárola-Castillo, 2013; Cox

et al.,  2013). The main reason is its  versatility, being both a  program-

ming language and software for  statistical computing. It  is also free,

open-source, and developed by  an active community. Dendrochro-

nologist  have worked within this platform and the most important

functions have  been adapted and ported into  the R environment

(Bunn, 2008, 2010; Campelo et  al.,  2012; Zang and Biondi, 2013).

Unlike the tradition of using stand-alone software, this  shift to R

has the  potential to facilitate improved verification, repeatability

and  improvement of methods by  individual scientists.

Some of the  sub-fields of dendrochronology, including the

analysis of forest disturbance histories from tree-ring data, lack

common  software. In these analyses, series of tree-ring width mea-

surements are  often searched for the particular patterns which

indicate disturbance in  the canopy, as these disturbances influence

resource availability and the growth rate  of  trees.  As  these methods

are  relatively new, there are only  a  few tools for the reconstruction

http://dx.doi.org/10.1016/j.dendro.2014.01.004

1125-7865/© 2014 Elsevier GmbH. All rights reserved.
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of disturbance events, which are in DOS and are determined for

specific applications (e.g. Holmes and Swetnam, 1996; Holmes,

1999). The lack of  common tools for disturbance analysis has

been discussed on the International Dendrochronology Discussion

Forum (https://itrdbfor.org/)  and dendrochronologists have been

looking for suitable software, specifically in the R environment.

A review by  Rubino and McCarthy, 2004 explored the  dendroe-

cological methods used for the detection of historical disturbance

events and found 28  different methods used for the identification

and description of disturbance history. Since then, additional crite-

ria and modifications have been developed to  overcome some of

the limitations of the early methods (e.g. Black  and Abrams, 2003;

Fraver and White, 2005). The high diversity of methods has resulted

in substantial differences in the disturbance history reconstruct-

ions based the same data (Rubino and McCarthy, 2004). This clearly

indicates the need for more transparent and verifiable methods of

analysis.

Here we present TRADER (Tree Ring Analysis of Disturbance

Events in R) - a package for R  (R Development Core Team, 2013)

that  allows the reconstruction of disturbances from tree-ring data.

The key features of  the package are:

1. Predefined functions for four commonly used and accepted tech-

niques, and the possibility for changing any of the analysis

parameters. This enables the analysis of disturbance history of

the forest by a  total of 24  published methods (Supplementary

Table 1).

2. Graphical outputs, which allow visual  verification of  the

detected disturbances for individual tree-ring series. The func-

tions also produce tables summarizing the analysis and the

results.

3. Complementary analyses, which allow the determination of

growth trends and the  detection of  tree  establishment.

Rationale  behind selected functions and  their  description

Methods for disturbance detection based on tree-ring data can

be  divided into two  fundamental categories: (1) trees that were

directly  affected by  the disturbance with the detection of these

events made directly during the  process of tree-ring analysis (e.g.

fire  scars, reaction wood) and (2) trees that were not directly

affected by the disturbance, but had their growth influenced by the

disturbed, close neighbourhood. All  of the  methods for  disturbance

detection relating to  the 2nd  category are based on the fact that

trees which experience improved light conditions after the death of

neighbouring trees react with an abrupt and sustained increase in

their radial growth, reflecting their newly-attained position in the

canopy (Lorimer and Frelich, 1989). This process is called release.

Releases are  commonly identified by an increased radial growth

exceeding a  predefined threshold. The majority of methods sub-

divide  releases into “moderate” and “major” categories, to better

distinguish mild disturbances from severe ones (Black and  Abrams,

2003).  A relatively large number of methods has  been developed

for release detection in the  past (Rubino and McCarthy, 2004; Black

et  al., 2009), including some recent additions (Druckenbroad et al.,

2013). In the TRADER-package, we  included four  methods  which

have  been commonly used and verified across different kind  of

species, forests and areas.

According to the review made by Rubino and McCarthy, 2004,

methods using the running mean (i.e. based on the comparison of

the mean growth rate of adjacent groups of tree-rings) are  the most

abundant for the detection of  disturbance events. The implementa-

tion of radial-growth averaging criteria, developed by Nowacki and

Abrams, 1997, is  one of the most commonly used  techniques based

on  the running mean. In this approach, the average radial growth

over  the preceding 10-year period, M1 (including the target year),

and the average radial growth over the subsequent 10-year period,

M2 (excluding the  target year) are  computed, and the percentage

growth change (%GC) is  obtained by: %GC = [(M2 − M1)/M1] × 100.

The minimum thresholds applied for  releases are typically a  25%

growth change  for moderate and >50% for major  releases. The

advantage of this method is its broad applicability even  for a  small

number of samples, and that  information about species autecology

is  not necessary. On the other hand, the generality of radial-growth

averaging may  lead to both the  detection of false releases and  the

exclusion of true releases (Black and Abrams, 2003; Fraver and

White, 2005). These inaccuracies are  primarily caused by different

growth  rates in young, small and suppressed trees when  compared

to older, larger and dominant ones. In the TRADER package, this

method is  calculated by the function growthAveragingALL.

Recognizing the  limitations of radial-growth averaging, addi-

tional criteria  have  been developed to fix different growth rates

during the  lifespan of individual trees within a  species. Black  and

Abrams, 2003 presented the boundary-line method, which scales the

percentage growth change of Nowacki and Abrams, 1997 according

the  growth rate prior to  disturbance. In their example, Black and

Abrams, 2003 defined moderate and major  releases as those falling

within 20–49.9%, and 50–100%  of  the boundary-line, respectively.

The advantage of the boundary-line is  standardization, as the  scal-

ing  of percentage growth change to prior growth accounts for the

relationships between tree  age, size, and  canopy class, which all

influence the  radial growth rate (Black et al.,  2004). One disadvan-

tage  is  that Black et al., 2009 suggest approximately 50,000 ring

width  measurements are necessary for boundary-line determina-

tion for a given species (Black et  al., 2009). In  a  literature search,

we  found 27 different boundary-line functions developed for 19

species  (Supplementary Table 2). The boundary-line is calculated

by  the  function boundaryLineALL.

Both  techniques described  above are based on the relative

changes of  sequential 10-yr ring-width averages. However, in

cases  where species autecology (mean growth rate, species  sen-

sitivity  and range  of growth responses) is  well  known, it  is

possible to determine the  absolute threshold for release detection

instead  of  thresholds based on relative growth. Fraver and  White,

2005 developed the absolute-increase method as the alternative to

the percentage-increase method. They observed that empirically

determined absolute-increase thresholds for  each species roughly

corresponded to 1.25 times the standard deviation, or  some-

what less than the 90% quantile of all  absolute increases (Fraver

and White, 2005). In comparison with the two above mentioned

techniques, the  absolute-increase method has only one thresh-

old  (i.e. no distinction between moderate and  major releases).

The absolute-increase is calculated by the function absoluteIn-
creaseALL.

The fourth technique included in the TRADER-package is a

combination of  radial-growth averaging and boundary-line tech-

niques. This method was  developed by Splechtna et  al., 2005, and

it has been  useful in reducing the numbers of  false releases. In

their  implementation, candidate releases were accepted only if  the

growth pulse exceeded a  50%  growth change threshold, computed

according to Nowacki and  Abrams, 1997. Only these potential

releases were  then scaled relative to  the  boundary line  (Splechtna

et  al.,  2005). This technique is calculated by the  function splecht-
naALL.

In  studies of  forest disturbance history, release analyses are

commonly used in combination with other methods, such as an

analysis of tree recruitment dates (e.g. Aakala et  al., 2011). Tree

recruitment dates often lag behind the growth-releases, either

due  to delayed recruitment or difficulties in determining the
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exact germination year (Rozas, 2003; Altman et  al.,  2013b). In the

TRADER-package, tree recruitment is computed by the  function

plotFirstYears. Finally, growth patterns of individual trees can  be

visualized in  TRADER, which has  been used in studies of stand struc-

tural complexity (e.g. Franklin et  al., 2002; Frelich, 2002; Niukkanen

and  Kuuluvainen, 2011). In  TRADER, fourth degree polynomial

functions according to Niukkanen and Kuuluvainen, 2011 can  be

fitted to  tree-ring series by  the function plotGrowth.

TRADER in practice

Any  release-detection technique should be evaluated against

real radial-growth data, and modifications to the  release detection

parameters may  be needed if the  criteria seem overly sensitive or

overly  strict. This is commonly referred to  as adjusting the  sensitiv-

ity  of the criteria (Lorimer and Frelich,  1989; Frelich and Lorimer,

1991; Fraver and White, 2005). For  this  reason, functions in TRADER

produce graphs for all the analyzed ring-width series, including val-

ues  of computed functions and raw measurement. These graphs

are  automatically produced in a working folder and compiled into

tables of  results; tree-ring data  can  be stored in  many formats. In

TRADER, these data can be  read using any of the  functions imple-

mented in the dplR-package (i.e., read.compact, read.crn,
read.fh, read.rwl, read.tridas and  read.tuscon) (Bunn,

2008).  Data stored in  other formats can be converted to one of the

required formats (we recommend .rwl  format) by the  TRiCYCLE

application (Brewer et al., 2011). Final input data  must only con-

tain measurements, where series IDs  are the column names and

the  years are the row  names.

First,  download and install the TRADER package

(https://github.com/pavel-fibich/TRADER) and also install the

dplR package (Bunn, 2008). For the presentation of  the main func-

tions  we  used either a  dataset (relData) containing 15 chronologies

Fig. 1. Example of  tree-ring series (tree ID 000031) with detected releases. Detected

releases are in the years 1896 and 1938. Tree growth  (black line) in  individual years  is

displayed together with the function for release detection (blue line) with  thresholds

(red horizontal line for major releases exceeding 50% of percentage growth change

and green horizontal line for moderate releases exceeding 25%  of percentage growth

change) according to Nowacki and Abrams, 1997. Year of the first  measured tree-

ring is indicated. (For interpretation of the references to colour in this figure legend,

the reader is  referred to the web version of the article.)

(tree-ring width series) for sessile oak (Quercus petraea) of  known

disturbance history from the study by Altman et al.,  2013b  (rel-

Data1)  or 192 spruce chronologies (relData2), if more series were

necessary.

> install.packages (“C:/TRADER/TRADER 1.0.1.tar.gz”, repos = NULL,

type  =  “source”) *works if downloaded package is saved in the

folder “TRADER” directly on disc C:

> install.packages(“dplR”)

> library(“TRADER”)

> data(relData)

After  this, analyses following the radial-growth averaging crite-

ria of  Nowacki and  Abrams, 1997 can be  performed. All parameters

can  be checked by following the selected  criteria and changed, if

Fig. 2. (A)  Individual fitted functions with coefficients of determination (R2) for

all tree-rings (black rectangles) are  visualized by colour lines. (B)  The function

determining boundary-line (red line), thresholds for  moderate (blue line) and

major release (green line), and the all  tree-ring data (years with  values ≥50% of

boundary-line =  blue points, <50% and  ≥20% =  black cross, and  <20% =  grey cross).

(For interpretation of the references to colour in this figure legend, the  reader is

referred to the web version of the article.)
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Table 1
Changeable parameters of individual functions with their predefined values and description. *RGA  = radial-growth averaging (Nowacki and  Abrams, 1997), BL = boundary-line

(Black and Abrams, 2003), AI =  absolute-increase (Fraver and White, 2005), and  S  =  method of Splechtna et  al., 2005. **NULL = if  it  is NULL, values of these parameters will be

computed by  defined criteria.

Parameter Predefined values Description Relevant for function

m1 10 Determines the number of years to be averaged (including target year) for

period prior the potential release

RGA,  BL, AI, S

m2 10 Determines the number of years to be averaged (excluding target year) for

period subsequent the potential release

RGA, BL, AI, S

criteria 0.25 (RGA) 0.2 (BL,  S) Threshold for detection of moderate release RGA, BL, S

criteria2 0.5 Threshold for detection of major release RGA, BL, S

boundary NULL Equation determining the boundary-line BL, S

abs.threshold NULL Threshold of absolute-increase AI

length 5 Determines how many years have to be given criteria exceeded to be

considered  as  release

RGA,  BL, AI, S

buffer 10 Number of years determining how  close to  one another  two  releases can be RGA, BL, AI, S

necessary. The main options and changeable parameters for all four

methods  are  explained and summarized in Table 1 and the rest are

in Supplementary Table 3.

>  growthAveragingALL(relData1, releases =  NULL, m1 = 10, m2  =  10,

buffer  =  10, drawing =  TRUE, criteria =  0.25, criteria2 = 0.5,

prefix =  “ga”, gfun = mean, length = 5, storedev = jpeg)

This function produces a  summary of  all the analyses, includ-

ing the parameters used, and the number of moderate (22 in  the

example) and major (16) releases and the  number of releases in

individual years (listed as moderate or major).

“## Nowacki &  Abrams analysis!”

“Criteria 0.25 Criteria2 0.5  m1  10  m2  10  Buffer 10 Length 5”

“Total number of releases >=  0.25 is 22”

“Total number of releases >=  0.5  is 16”

In addition to the graphs for individual tree-ring series (Fig. 1),

TRADER produces summary tables  with computed functions

for all tree-ring series as well as a synoptic table  with the

number of detected disturbances and sample depth. More infor-

mation on these generated tables can  be found in Supplementary

Table 4.

The  second method scales the percentage growth change to a

boundary-line. The boundary-line can  be built  if there is a  suffi-

cient  number of ring-width measurements available or  an existing

one  can be used. These can be found in Supplementary Table 2 or

displayed in R by command knownBL.

In our  example, we will use the boundary-line determined for

sessile  oaks by Altman et  al., 2013b: y  = 5.0067e−0.664x.

> boundaryLineALL(relData1, releases = NULL, m1 = 10, m2  = 10,

boundary = function(x) {5.0067*exp(−0.664*x)}, buffer = 10,

criteria = 0.2, criteria2 = 0.5, segment = 0.5, segment2 = 0.5,

prefix  = “bl”, drawing = TRUE, gfun = mean, length =  5, notop = 10,

notop2 = 10, storedev = jpeg)

The summary of the function displays the used parameters and

also the number of moderate (19) and major (13) events. The num-

ber of releases in individual years is  also shown.

“##  Black & Abrams analysis!”

“Criteria 0.2 Criteria2 0.5 m1 10  m2 10  Buffer 10 Length 5

Segment  0.5 Segment2 0.5”

“Total number of releases >= 0.2 is 19”

“Total number of releases >= 0.5 is 13”

If the  equation of  the boundary-line is  unknown, TRADER fits

nine different functions, which are visualized and coefficients of

determination (R2) are also shown (Fig. 2a). The best-fit function

(or assigned one) is displayed with all the tree-ring data  and the

thresholds for moderate and major release (Fig. 2b).  The computa-

tion of a new boundary-line to  suit recorded data is described in

detail in the Supplementary Information.

Fig. 3. Examples of different radial growth trends produced  by function plotGrowth. Flat (tree ID 00B990), declining (tree ID 0D144B), and  parabolic  (tree ID 00D155 and

0D101B) radial increment patterns are shown.
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The absolute-increase method is the last which will be

introduced in  detail. The known  threshold of  the  absolute increase

can  be input directly or, if sufficient numbers of  ring-width mea-

surements are available, computed from the data. The computed

threshold is 1.25 times the standard deviation of absolute increase,

as  suggested by Fraver and White, 2005.

> absoluteIncreaseALL(relData1, abs = NULL, m1 =  10, m2 =  10,

buffer = 10, prefix =  “ai”, drawing = TRUE, gfun =  mean, length = 5,

storedev = jpeg)

The resulting summary displays the parameters used and,  more

importantly, the value of the absolute-increase threshold and  the

number of detected releases.
“## Fraver & White analysis!”

“Absolute  threshold 1.2 m1 10 m2 10 Buffer 10  Length 5”

“Total  number of releases is 13”

The computation of the method developed by Splechtna et  al.,

2005 follows the process described for the boundary-line. We also

included a function for computing all  four methods at  once, for

obtaining a  fast comparison of  various methods and the sensitivity

of  the results to method selection. This analysis is calculated by

calling the function doAll.

The  complementary analysis of tree-establishment (i.e.  the first

year in the dataset) results in  an  automatically-saved table  with the

number of  trees “established” each year. There is the possibility to

load an optional vector containing series IDs in the first column

(they must exactly match with series IDs in measurement) and

information about the  number of missing years in second  column.

This  is  required, for instance, if  piths are  missing from increment

core samples. Analysis is  made by the function:

> plotFirstYears (relData1, misspith= relMissPith)

Growth patterns that show the trends  during the  life  history

of individual trees requires visual classification. For this  purpose,

figures for individual growth series are  created (Fig. 3). Plotting

radial increments fitted by  a  fourth-degree polynomial function to

the growth data is done by  calling the  function:

> plotGrowth (relData2, prefix = “growth”, polynom =  4, store =  TRUE,

storedev = jpeg)

Conclusion

The TRADER package provides a  unique method for disturb-

ance reconstruction from tree-ring data. We  developed TRADER

in  the open-source R environment to  further support the  on-going

open-source software development for  dendrochronological meth-

ods (e.g. Bunn, 2008; Jansma et  al., 2010; Brewer et  al.,  2011)

and data availability (NOAA, 2013). TRADER enables the  analy-

sis  of disturbance history by a  total of 24 published methods

and functions for the  detection of tree recruitment and growth

trends were also included. The Final advantage of TRADER is

the possibility of comparing results between individual studies.

This is  easily achieved by  making parameter changes in  the data

processing and from the clearly arranged graphical and tabular

outputs.
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Abstract

Background: Coppicing was one of the most important forest management systems in Europe documented in prehistory as
well as in the Middle Ages. However, coppicing was gradually abandoned by the mid-20th century, which has altered the
ecosystem structure, diversity and function of coppice woods.

Methodology/Principal Findings: Our aim was to disentangle factors shaping the historical growth dynamics of oak
standards (i.e. mature trees growing through several coppice cycles) in a former coppice-with-standards in Central Europe.
Specifically, we tried to detect historical coppicing events from tree-rings of oak standards, to link coppicing events with the
recruitment of mature oaks, and to determine the effects of neighbouring trees on the stem increment of oak standards.
Large peaks in radial growth found for the periods 1895–1899 and 1935–1939 matched with historical records of coppice
harvests. After coppicing, the number of newly recruited oak standards markedly grew in comparison with the preceding or
following periods. The last significant recruitment of oak standards was after the 1930s following the last regular coppicing
event. The diameter increment of oak standards from 1953 to 2003 was negatively correlated with competition indices,
suggesting that neighbouring trees (mainly resprouting coppiced Tilia platyphyllos) partly suppressed the growth of oak
standards. Our results showed that improved light conditions following historical coppicing events caused significant
increase in pulses of radial growth and most probably maintained oak recruitment.

Conclusions/Significance: Our historical perspective carries important implications for oak management in Central Europe
and elsewhere. Relatively intense cutting creating open canopy woodlands, either as in the coppicing system or in the form
of selective cutting, is needed to achieve significant radial growth in mature oaks. It is also critical for the successful
regeneration and long-term maintenance of oak populations.
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Introduction

Knowledge about the long-term development of forests is

essential both for a theoretical understanding of present compo-

sition and structure, and for practical issues of management and

conservation of forest ecosystems. Tree-rings offer an excellent

opportunity to investigate forest history; dendroecological methods

provide high spatial and temporal resolution [1]. Over the past few

decades, dendroecology has become common in studying distur-

bances in semi-natural forests and a wide range of methods has

been developed for identifying such disturbances using tree-ring

data. All of these methods are based on the fact that trees which

experience improved light conditions after the falling of neigh-

bouring trees react with an abrupt increase in radial growth. This

process is called release. Release events are inferred from tree-ring

series if growth exceeds a given threshold. A review by Rubino &

McCarthy [2] explored dendroecological methods used for the

detection of historical disturbance events. Since then, several

limitations of these methods have been discovered and additional

criteria have been developed [3,4].

Tree-ring research frequently focuses on remnants of natural

forests. Such studies typically identify canopy disturbances

following windbreak [5] or extreme climatic events, such as

drought [6]. Forest management is an equally important factor

responsible for changes in tree-rings [7]. Coniferous and broad-

leaved tree species positively respond to thinning or logging, which

was demonstrated in several papers from North America [8–10].

Although the effects of recent canopy cutting on stem increment

PLOS ONE | www.plosone.org 1 February 2013 | Volume 8 | Issue 2 | e55770

37



have often been studied, inferences about past management based

on tree-rings are comparatively rare [11]. In Europe, various

forms of woodland management have been practised for many

centuries. The two most important management forms were

coppicing and wood-pasture [12]. Coppicing can be traced in

dendroarchaeological sources in prehistory [13] as well as in the

Middle Ages [14]. Coppicing consisted of cutting trees close to the

ground, letting them resprout from the cambium or dormant buds,

and cutting the shoots repeatedly at short intervals. Combined

with the coppice underwood, trees of generative origin (so-called

standards) formed a characteristic feature of most coppices

(Figure 1). In coppices-with-standards, the long-lived standards

formed a scattered canopy over the short-rotation underwood.

The density of standards was highly variable between sites and

periods [15,16]. Standards were usually oaks, but other species

also occurred [16]. Coppice woods experienced periodic shifts of

insolation. A coppicing event was followed by a few years of

increased solar radiation to soil surface [17]. Soil warmed up

faster, microbial activity was higher, litter decomposed quicker

and nutrients were available in larger amounts. Periodically

improved light and nutrient conditions are supposed to have had

an immediate effect on the growth of standard trees, which can be

detected as abnormally increased increment in their annual rings

[18].

Coppicing was gradually abandoned in North-Western and

Central Europe by the mid-20th century, and the remaining few

sites were retained for conservation purposes [18,19]. Reports

about the last regular coppicing are usually from the second half of

the 20th century [20,21]. The abandonment of coppicing has had

a significant impact on forest biodiversity [22–27]. Succession

from open-canopy forests and forests with frequent alterations of

light and dark phases (typical for coppicing) resulted in the decline

of entire herb layer communities and species [25] as well as

critically endangered invertebrates [28]. The abandonment of

coppicing has had a negative effect on some tree species as well.

Oaks have gradually lost their ability to successfully regenerate in

many European woodlands. This phenomenon is often referred to

as ‘oak decline’ [29–31]. Available studies attribute it to various

factors [32,33], e.g. plant diseases (e.g. Microsphaera alphitoides,

Phytophthora species). Light availability is of particular importance in

oak regeneration [34–37]. Due to low cutting intensity and

subsequent competitive exclusion by shade-tolerant species [38,39]

oak is becoming unable to reach the mature phase. The frequent

recurrence of light pulses in coppices may have conditioned the

successful regeneration of oak and may have thus influenced the

long-term survival of this species. In active coppice woods, light

phases are followed by periods of increased competition for light.

Throughout their lifetime, long-lived oak standards experience

several cycles of light and dark phases, which is reflected in tree-

ring increment. Information gained from tree-ring data can be

compared to archival forestry management documents. Such

research provides a fine example of the combination of the

methods of ecology and history for solving common research

questions [40]. Knowledge about the legacy of historical

management in coppices-with-standards can contribute to detect-

ing the causes of oak decline in European woodlands.

There exist only a handful studies dealing with the effects of

coppicing on tree-ring release in oak standards. Jones [41] quoted

Bartet [42], who noticed significant release right after coppicing.

However, in only one out of six English woods [18,43,44] did

standards show a clear release following coppicing. None of the

four coppicing events after the 1940s was responsible for

anomalies in tree-ring growth in the Bradfield Woods in Sussex,

and at only one of four sites on the western fringes of London

(Mad Bess Wood) did trees demonstrate release due to recent

coppicing. In the Bradfield Woods, there was great variation in

tree-ring growth between the cored standards, thus no evidence for

the effect of coppicing on standards could be provided. This

scarcity of information about tree growth dynamics in coppices-

with-standards sharply contrasts with the relatively abundant

knowledge on forest dynamics based on tree-rings in other forest

types.

In this paper, we focused on detecting the effects of historical

coppicing on the growth dynamics of oak standards in a former

coppice-with-standards in Central Europe. Our aims were 1) to

relate the releases detected in tree-rings of oak standards to

historical coppicing events, 2) to assess the intensity of competition

of neighbouring trees with oak standards, and 3) to search for

possible connections between oak regeneration patterns and

historical coppicing events.

Methods

Study site
The study area is located in Děvı́n Wood (48u529N, 16u399E), in

the Pálava Protected Landscape Area, Czech Republic (Figure 2).

Pálava is an ancient cultural landscape situated in the north-

western edge of the Pannonian Basin with relatively warm and dry

subcontinental climate. Děvı́n forms a conspicuous limestone crest

in a gently undulating landscape, with altitudes ranging from 260

to 549 m a.s.l. Soil types are mainly weakly eluviated luvisols and

leptosols (rendzinas) rich in carbonates with topsoil pH (water)

from ca. 6 to 8, and fertile mull humus forms [45]. Děvı́n covers

381 ha, of which 262 ha are wooded mainly by thermo- to

mesophilous oak-hornbeam woodland (Carpinion).

Děvı́n Wood was intensively managed for centuries. The oldest

written evidence about traditional management is from the 14th

century and describes coppicing [15]. The cutting cycle gradually

lengthened from the medieval 7 years to more than 30 years in the

19th century. Scattered among coppice stools, there was a

historically fluctuating density of standard trees, mainly oaks

[15]. In the second half of the 20th century, coppicing was

abandoned in favour of high-forests and non-intervention conser-

vation management. In 1946, a nature reserve was established at

the site. Attempts to transform coppices to high-forests have lead

Figure 1. Typical oak standard with a large straight stem and
spreading branches in an abandoned coppice-with-standards.
Photo by R. Hédl.
doi:10.1371/journal.pone.0055770.g001

Tree-Rings Mirror Past Coppicing in Central Europe
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to the singling-out of many coppice stools. Singling-out means

selecting the strongest adult shoot on each stool and cutting the

rest of the stems, thus forming a pseudo-high-forest. Stools were

singled out several times in the second half of the 20th century, e.g.

in the 1970s and the 1990s. Today, the forest consists of high-

forests, singled-out coppices with occasional old stools, and

overgrown coppices. In many parts of the Wood the original

standards are still clearly recognizable by their straight stems and

characteristic branch architecture (Figure 1).

Sample area
The coring of oak standards took place in the area of the last

regular coppicing in Děvı́n Wood. The coppiced part (24 ha) is

apparent on an aerial photograph from 1938 as a lighter rectangle

with standards as darker dots (Figure 2). It includes the adjacent

parts of two forest compartments. Compartments had relatively

stable boundaries throughout the centuries and usually coincided

with the extent of historical coppicing events. In the central part of

the sample area, there were two clear-cuts (1971 and 1990),

removing most of the surviving standards. In addition to these

systematic thinning events, occasional cutting occurred from the

1970s to the 1990s.

The only detailed historical record describing standards (rather

than underwood) in Děvı́n Wood comes from 1808 (Moravský

zemský archiv/Moravian Archives F72 inv. č. 3041). In this

survey, standards were counted and recorded separately for each

species and compartment. Standards in the sample area were

composed of hornbeam (Carpinus betulus) (48%), oak (Quercus petraea)

(29%), ash (Fraxinus excelsior) (12%) and lime (Tilia platyphyllos)

(10%), with 48 standards per hectare. The density of standards in

1938 (determined by counting them in the freshly coppiced area

on the 1938 aerial photograph) was much lower – only 10

standards per hectare, i.e. one fifth of the 1808 value. The density

of standards in 2011 was 6 standards per hectare.

Data collection and analysis
Ninety stems of Quercus petraea agg. standards were cored in the

winters of 2009–2011 and their exact geographical positions were

recorded using differential GPS Trimble PathFinder Pro XRS.

They represented all oak standards surviving in the sample area.

Less frequent species, mainly Carpinus betulus, were omitted. Coring

was carried out at a height of 1.3 m above ground surface, using a

steel borer (Mora, Sweden). All cores were dried, mounted,

sanded, and inspected for injuries, reaction wood and other

aberrant features. Rings were counted from pith to bark and their

widths measured to the nearest 0.01 mm using the TimeTable

measuring device and PAST4 software (http://www.sciem.com).

Ring-sequences were cross-dated visually using the pattern of wide

and narrow rings, and verified using the program PAST4. A mean

annual tree-ring width chronology was constructed and periods of

oak establishment were determined on the basis of tree-rings.

To study neighbour effect on tree growth, all trees (3789 stems)

with DBH .10 cm to a distance of 10 m around target oak

standards were recorded. We opted for a distance of 10 m,

because competition among trees is the most significant within this

distance [46–49]. For each trunk we recorded the species, health

status (living or dead), stem structure (multi-stemmed or single-

stemmed) and measured the basal area of individual coppice

stools.

Historical analysis of forest management
The recent history of coppicing in the study area was established

based on archival sources. Seven sets of forest management plans

(FMP) from 1883 to 1971 were used with their corresponding

maps although unfortunately not all maps survived (Moravský

zemský archiv/Moravian Archives F72 inv. č. 3044, kniha 113

and 116, F121 kniha 5 and 31 and Ústav pro hospodářskou

úpravu lesů/Forest Management Institute, Brno, Czech Republic

arch. č. 16/34). The FMPs recorded the age of each compartment,

from which the date of coppicing events could be calculated. The

Figure 2. Location of the study site. The aerial photograph of Děvı́n Wood from 1938 (Military Geographical and Hydrometerological Office,
Dobruška) depicts the last coppicing (a). The sample area (b) is visible as lighter rectangle with darker dots representing oak standards. c) shows the
cored oak standards. The date of the last harvest is marked in each forest compartment.
doi:10.1371/journal.pone.0055770.g002

Tree-Rings Mirror Past Coppicing in Central Europe

PLOS ONE | www.plosone.org 3 February 2013 | Volume 8 | Issue 2 | e55770

39



maps were georeferenced, vectorized, and completed with

information from the FMPs using ArcGIS software. It is to be

noted that extracting dates of coppicing from FMPs is not entirely

straightforward: coppicing was done in the autumn/winter season,

but FMPs were connected to calendar years. In addition, it is

known that some parts of stands were sometimes cut in two

consecutive years, but we do not know the spatial details. Possible

distortions were taken into consideration in the analyses by

employing a 3-year tolerance margin.

Detection of release events
Release events were determined by boundary line criteria

developed by Black & Abrams [3], who improved the formula of

Nowacki & Abrams [11]. This method computes the percentage

growth change (%GC) between average radial growth over the

preceding 10-year period, M1 (including the target year), and

average radial growth over the subsequent 10-year period, M2

(excluding the target year): %GC= [(M22M1)/M1] * 100. After

this, the prior growth for each tree-ring (a mean of radial growth

over the 10-year period before the target year) was calculated. The

boundary line was constructed by dividing prior growth data into

0.5 mm segments and the top ten values of %GC were averaged

within each segment. Finally, linear, power, logarithmic, and

exponential curves were fitted to all positive segment averages and

the function with the highest R2 was selected. The resulting

equation determines the boundary line. Growth change values

between 20% and 49.9% of the boundary line were identified as

moderate releases and those between 50% and 100% as major

releases [3].

The boundary line was calculated using datasets from 12 sessile

oak chronologies from the ITRDB (International Tree Ring

Database) [50] and one chronology from the study of Dolezal et al.

[29] (Table S1). Calculations were done in the programme R [51]

by the script for release detection [52] and the Dendrochronology

Program Library (dplR) [53]. The dates of coppicing events

extracted from FMPs were compared to the releases detected by

the tree-ring analyses.

Post-coppicing comparison of size and radial growth
patterns between differently aged oak standards
To assess the growth pattern of oak standards in the past 50

years (after coppicing was abandoned in Děvı́n Wood), we

compared the relative growth rate (RGR), cumulative stem

diameter growth curves and resulting stem diameter structure

for three groups of oak standards established before 1886, between

1886–1930, and after 1930. We also tested whether younger oak

standards grew disproportionately more than older trees by

relating the growth interval common for all trees for which

information on growth history (tree-ring increments) was available

(1953–2003) to prior stem size and age (1952). Finally, we assessed

whether the three groups of trees that regenerated in different time

periods preceding or following known coppicing events differ in

various measures of crowding intensity from regenerating neigh-

bouring trees (see next subchapter). Statistical differences in mean

values of selected parameters were tested by analysis of variance.

Analysis of neighbour effect on tree growth
Whether trees in the close vicinity of oak standards had any

effect on the radial growth increment of the standards was

evaluated by relating both diameter increment (DI, linear one-

dimensional measure) and basal area increment (BAI) to several

indices of local competition (CI, or index of crowding intensity)

using linear regression. As the response variables, DI and BAI,

were highly correlated with each other (r = 0.98), we present only

results using the first measure of radial growth. To assess the

influence of neighbours on target tree growth (relative growth rates

calculated as RGR= [ln (yi+1)2ln (y1)]/yr, where yi+1 is final stem

diameter, y1 is initial diameter, and yr is the length of the growth

period in years), several CIs were calculated for each tree for

which information on growth history was available to account for

size-related neighbour effects, and for intraspecific vs. interspecific

interference [54]. CIs were calculated as (1) the sum of individual

basal areas of all neighbours within a circle of 10 m radius around

the target stem, (2) the sum of stem basal areas of individual

species, and (3) the sum of individual species stem basal areas

divided into distinct categories based on health status (living or

dead) and stem structure (multi-stemmed or single-stemmed, the

latter representing singled-out coppice stools). Given the relatively

low density of standard trees and because we do not assume any

significant regeneration from seeds, most, if not all, neighbouring

trees have resprouted from coppice stools. The neighbour effect of

each CI was first analysed by a univariate regression model and

analysis of variance to compare the strength of competition

between the three groups of trees that regenerated in different time

periods preceding or following known coppicing events.

Furthermore, to take into account the possible interaction

between individual predictors, we modelled the neighbourhood

effects of all CI indices using conditional inference trees (CIT, a

type of classification and regression tree). This method belongs to

non-parametric regressions that display a binary tree built by a

process of recursive partitioning. CIT have been shown to give

results that are comparable to those of traditional regression trees,

but without their failings (overfitting and a biased selection of

covariates when forming splits) [54]. CIT use a permutation-based

statistical framework to ensure an even-handed selection of

covariates and to stop splits being formed if they are not significant

at some pre-specified level of significance (we used the 5% level of

significance). The P-values were adjusted for multiple testing using

the Bonferroni correction. The analysis was performed with the

Party 1.0-3 package [55] in the R 2.13.1 program [51].

To evaluate possible temporal changes in competitive interac-

tions during stand development following the last coppicing events,

we included dead trees (visible as stump remnants) into the

neighbourhood analyses. Such trees can play a significant role in

competition in the early stages of stand development following

coppicing. By analyzing simultaneously the effects of dead and

living trees, we tested the prediction that a temporal shift took

place in the mode of interaction from severe competition in the

early phases of stand development resulting in tree mortality to

more or less stable conditions following stand self-thinning. The

neighbourhood analysis was conducted for a longer growth

interval covering the entire post-cutting period 1953–2003, during

which most oak standards showed a decline in radial growth

resulting from decreasing light availability. To assess whether

neighbour effect on tree growth changed over this period, we

conducted complementary analyses for the separate intervals of

1953–1972 and 1973–2003.

Results

Coppicing and radial growth of oak standards
The average age of oak standards was 106 years and ranged

from 28 years to 146 years. The first boundary line for Quercus

petraea was computed on the basis of 45,755 tree-rings from 366

trees. The boundary line was fitted by an exponential function

with the equation y = 5.0067 e20.664x, which had the highest R2 of

0.93. We identified altogether 126 releases (35 moderate, 91

Tree-Rings Mirror Past Coppicing in Central Europe

PLOS ONE | www.plosone.org 4 February 2013 | Volume 8 | Issue 2 | e55770

40



major) across all tree-rings. The average number of release events

per tree was 1.4.

A disturbance chronology was constructed for the period from

1890 to 1999 for 5-year segments. Releases occurred with four

exceptions in all 22 segments and the percentage of trees showing

release varied substantially. However, large peaks in disturbance

events were detected for the periods 1895–1899 and 1935–1939

(Figure 3a). A higher proportion of disturbance events was

identified also in the second half of 1970s and the first half of

1990s, but these events were not as pronounced as the previous

ones (Figure 3a). Mean annual tree-ring width chronology showed

highest values in the years 1897 and 1939 after abrupt increases in

growth (Figure 4). The boundary line method detected two major

releases for the mean chronology in the years 1895 and 1935

(Figure 4). We observed abnormally high average tree-ring growth

for a 22-year period following both coppicing events. These

periods were statistically significantly different from other periods

(Tukey’s HSD Post-hoc test, P,0.01, Figure 5).

Releases detected by tree-ring analysis were related to historical

records of coppice events. According to the FMPs, the analysed

compartments were coppiced in 1895–1897 and in 1935–1937.

Parts of the sample area were felled in the 1970s (25% of the area)

and the 1990s (6%), related to attempts to transform the coppice-

with-standards to high-forest. Twenty-six trees experienced both

historical coppicing events. Over 90% of the detected releases

could be matched with historical coppicing events within a 3-year

tolerance limit, which was introduced because of the inaccuracies

inherent archival sources. Further releases were detected in the

second half of the 1970s and the first half of the 1990s when

coppice management already ceased. The number of these

releases was relatively small compared to those following coppicing

events. Unfortunately it was not possible to locate these recent

events precisely in space and match them with individual trees,

because cutting was scattered.

Comparison of size and radial growth parameters
between differently aged oak standards after the
abandonment of coppicing
When oak standards established before 1886, in the period

1886–1930 and after 1930 were compared in terms of radial

growth, size parameters and cumulative increment curves, those

established after 1930 had significantly higher RGR in the period

1952–2003 (ANOVA, P=0.023, Figure 6), and were still growing

actively with no sign of growth decline (no apparent asymptote)

(Figure 7). Despite higher relative increments, trees established

after 1930 still had a significantly smaller stem diameter in 2003

Figure 3. (A) Percentage of trees showing release in 5-year intervals, as identified with the boundary-line release criteria. The two main releases
closely followed coppicing events. Releases in the 1970s and 1990s coincide with the major singling-out of coppice stools. (B) Number of trees
established in individual decades (age was determined on the basis of increment cores taken at breast height). With two exceptions, all oak standards
originated before or shortly after the last regular coppicing in 1935/1937. The two main coppicing events are indicated by black arrows.
doi:10.1371/journal.pone.0055770.g003
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(P = 0.012, Figure 6) than asymptotically-growing older oak

standards that showed a decline in radial growth after 1950. Size-

and age-growth regressions (Figure 8 a, b) revealed that the

diameter increment of oak standards from 1953 to 2003 was

negatively correlated with stem diameter and tree age in 1952,

indicating that younger oak standards grew disproportionately

more than older conspecifics. This is likely to have been caused by

recently reduced competition. Neighbouring stems around youn-

ger standards are significantly less dense and have lower basal area

(P,0.05, Figure 6).

Neighbour effect on the growth of oak standards
On average 43.5 stems (31% dead and 69% living) were

recorded around target oak standards to a distance of 10 m. The

majority of neighbouring stems (86%) had a multi-stemmed

structure, which proves that they had originated from coppice

stools. The most abundant species in the vicinity of oak standards

was Tilia platyphyllos (2435 stems) making up 64% of the total

number of neighbours (1501 living stems and 851 dead stems were

coppice shoots, and 83 stems were living single-stemmed trees),

followed by Carpinus betulus (572 stems, of which 259 were coppice

shoots), conspecific oaks (356 stems, mostly living) and Fraxinus

excelsior (231 stems, mostly living). The remaining 15% were Acer

campestre, Acer pseudoplatanus, Acer platanoides, Ulmus minor, Populus

tremula, Cerasus avium, Sorbus torminalis, Cornus mas, Betula pendula and

Castanea sativa. Among these, only Acer campestre had more than one

percent (60 stems) of the total number of neighbouring stems.

The competition indices that were significantly negatively

correlated with the diameter increments incorporated mainly

interspecific effects of Tilia platyphyllos living and dead trees

(Figure 8 c, d). The growth reductions of oak standards due to

competition from other tree species were non-significant. Ex-

plained variance (adjusted r2) from the significant univariate

regressions of RGR of oak from 1953 to 2003 on those

competition indices ranged from 4.3% to 13.7%, and it increased

mostly when dead Tilia individuals were used to define a local

neighbourhood. In fact, the single competition index that

accounted for the most variation was based solely on basal areas

Figure 4. The average annual radial growth of Q. petraea standards (dashed line) and values of boundary-line for this mean growth
(red line). The two main coppicing events are indicated by black arrows.
doi:10.1371/journal.pone.0055770.g004

Figure 5. Average tree-ring growth for 22-year time periods. Arrows mark the last two historical coppicing events. The periods after
coppicing had significantly higher average tree-ring increments than the periods not following coppice events. Columns sharing the same letter are
not significantly different at p,0.01 (ANOVA followed by Tukey’s HSD post-hoc tests). Error bars represent standard error. The period 1917–1935
includes a 19-year time span, because there are no more years before the first coppicing event (1935).
doi:10.1371/journal.pone.0055770.g005
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of multi-stemmed Tilia trees (adjusted r2=0.073, P=0.02). The

separate analyses for the two periods 1953–1972 and 1973–2003

revealed a stronger competitive effect of neighbouring trees for the

first period 1953–1972, when Tilia neighbours explained 13.5%

variability in radial growth increments compared to 9.3%

variability explained in the second period. Permutation-based

conditional inference trees (CIT) supported the results of

univariate regressions, showing primarily the effect of dead and

living Tilia platyphyllos trees on the growth reduction of oak

standards.

Relationship between coppicing and oak regeneration
The rate of recruitment of trees established between 1860 and

1899 (64% of cored oaks) was relatively even, as opposed to those

Figure 6. Comparison of stem diameter, relative growth rate (RGR) and competition indices (sum of basal area of all living and dead
neighbours, and the density of dead neighbouring stems) of oaks established before 1886 (A), between 1886 and 1930 (B), and
after 1930 (C). Boxes represent 25–75% of values, black dots medians, whiskers 1.5 interquartile ranges, and open dots outliers.
doi:10.1371/journal.pone.0055770.g006

Figure 7. Mean cumulative stem diameter growth curves for three groups of oak standards established before 1886, between 1886
and 1930, and after 1930 with respect to the two coppicing events (marked by thick arrows).
doi:10.1371/journal.pone.0055770.g007
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established in the 20th century (Figure 3b). After coppicing events,

the number of trees that survived from establishment grew

markedly. Most of the surviving trees were from the decades

following coppice events - 20 trees (22% of cored oaks) established

during the decade after the 1896–7 coppicing event and 14 trees

(16%) after the 1935–7 coppicing event have survived until the

present, while for other decades the average is 5 trees (Figure 3b).

Discussion

Effects of coppicing on the growth of oak standards
In Děvı́n Wood, the periods of enhanced radial growth of

standard trees started with pronounced peaks and lasted for about

two decades before levelling to normal values. We were able to

match these events with the dates of known coppicing events,

hence providing unique evidence for past coppicing in the radial

growth of standard trees. Percentage change in radial growth

allowed us to distinguish severe (major release) disturbance events

from mild (moderate release) events [3]. We identified a much

higher proportion of major releases than of moderate ones due to

coppicing. From an ecological perspective, coppicing at our study

site can therefore be considered as a severe disturbance event.

Dendrochronological methods used for disturbance analysis are

based on the change of light availability for surviving trees after

disturbance events [3,11,56]. Light pulses following coppicing

were probably the main factor inducing abrupt growth changes in

standards.

Explaining the effects of coppicing
It seems that the increase in radial growth in standard oaks after

coppicing is controlled by the intensity of competition with

underwood. This competition is temporarily abolished or lowered

after coppicing, enabling standards to grow beyond their usual

increment. This effect gradually declines as the resprouting

underwood regains the space between standards. The period of

increased growth after coppicing in Děvı́n Wood was much more

longer (22 years) than the period documented in other studies,

which ranged from 6 years [57] through 7–12 years [58] to 15

years [59]. The site-specific setting of environmental conditions,

stem density, species composition and the size of the gaps may lead

to contrasting patterns [11], which probably applies to the reaction

of standards to coppicing as well. Competition for light is

negligible when the underwood is too small to compete for light

with the protruding standards. However, as the coppicing cycle

Figure 8. Relationships between: (a) diameter increment from 1953 to 2003 (AGR, absolute growth rate) and stem diameter in
1952; (b) AGR and tree age in 1952; (c, d) relative growth rate (RGR) of diameter increment and the intensity of neighbourhood
competition (crowding) within 10 m; where in (c) basal areas (in m2) of all dead trees were considered, while in (d) Tilia platyphyllos
living and dead trees were analysed.
doi:10.1371/journal.pone.0055770.g008
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lengthened to several decades, competition for light could have

had a significant effect. The same is true for young standards

before they reach the canopy and are not shaded anymore.

Nevertheless, there can also be other factors influencing radial

growth.

The increased availability of soil nutrients after removing the

dense underwood (usually in winter months) can be important at

nutrient-poor sites. According to this view, increased solar

radiation in early spring enhances soil microbial activity [18],

mobilizing soil nitrogen that can be utilized by standards to jump-

increase their radial growth. However, in Děvı́n Wood the

substrate is exceptionally fertile. Soils are deep loamy-clayey slope

accumulations with a high pH (6–8 in water) and a mull type of

humus indicating very fast litter decomposition. These soils are

rich in organic matter, nitrogen and base cations, providing

sufficient nutrients [45].

Another factor responsible for coppicing-related releases in

Děvı́n Wood could be competition for water. The site has

relatively warm and dry climate and soil water is deficient. In the

vegetation season from April to September, precipitation is only

367 mm and average temperature 16.1uC (Mikulov and Perná,

data for 1947–1978, Czech Hydrometeorological Institute).

Periods of drought occur frequently posing the most important

constraint for plant growth. Consequently, temporary reduction of

competition for water might have triggered the abnormal tree-ring

increments following coppicing events in Děvı́n Wood. By

contrast, no soil water limitations may have caused the failure to

detect coppicing at English sites [18,43].

Growth of standards is influenced by neighbouring trees
We found that the species composition of competing underwood

can be an important factor for the growth of standards. Over 95%

of Tilia in Děvı́n Wood is T. platyphyllos [60]. It resprouts from

coppice stools in large numbers at the site. A typical multi-

stemmed stool of Tilia has ca. 10, sometimes up to 20 shoots (H.

Malı́ková, unpublished data). Because the oak standards were

taller than resprouting Tilia, competition for light is not the sole

explanation for the effect Tilia had on the growth of standards. We

suggest that this effect was also driven by competition for soil

resources because T. platyphyllos develops very dense roots in the

topsoil in order to satisfy its exceptionally high demands for water,

and sustain its relatively high concentration of nutrients in leaves

[61,62]. Dense coppice shoots of T. platyphyllos were a major

competitor for light and soil resources to the surrounding trees

including oak standards in the early stages of stand development

following coppicing. The neighbourhood analyses demonstrated

the negative effects of neighbours (mainly former underwood trees)

on stem diameter increment of oak standards in 1953–2003. The

neighbourhood model fitted best when the neighbouring trees of

Tilia were included, while other tree species including conspecific

neighbours had a minor impact. This supports the assumption of

non-equivalent neighbour effects [63]. The strongest growth

reduction in oak standards was explained by dead Tilia trees, i.e.

remnants of coppice stools included in the mapping of neighbour-

ing trees in 2012. These Tilia trees were probably established after

the last coppicing and perished gradually through competition.

This process slowly improved growth conditions for oak standards.

Standards exhibited a stronger negative effect during the first 20–

40 years following the last major coppicing event in the 1930s than

in later periods.

Oak decline and management history
Information about newly established oak standards completes

our knowledge about the performance of oak standards. Standard

dendrochronological methods cannot reconstruct the processes of

the early stages of tree development. On the basis of our results, we

cannot directly infer the reasons for the oak decline [29,30],

because our analysis involved only relatively old oak individuals.

However, the establishment of new oak standards clearly followed

the coppicing events. The analysis of oak recruitment in Děvı́n

Wood revealed a significant increase in the number of trees

established after both coppicing events, and virtually no recruit-

ment in the decades after the 1940s, when the site became a

reserve with restricted management. At other sites, this synchro-

nous trend between tree recruitment and disturbance events was

documented primarily after large natural disturbances [64–67] but

also after harvesting [65,68]. The analysis of 206 vegetation plots

sampled in Děvı́n Wood in 2002–2003 [60] showed that oak

seedlings occurred only rarely. Currently, oak does not regenerate

in Děvı́n Wood at all. The last significant regeneration of oaks that

subsequently reached the phase of mature trees had been in the

1940s, following the last regular coppicing.

Oak seedlings perform better under high insolation than other

dominant tree species, such as beech [69,70]. Oak cannot stand

competition with shade-casting and shade-tolerant tree species in

the long run [39]. Under unfavourable conditions, most oak

seedlings grow for about five years and subsequently die if light

conditions do not improve [71]. In forest environments, favourable

conditions for successful oak regeneration include open canopy

[37,38] and non-shading understorey vegetation [72]. Although it

is not clear how open forests could have been maintained in

prehistory [73], coppice management was certainly capable of

creating suitable conditions for oak regeneration in the past

millennium [15,16]. Human influence through management is

therefore likely to have contributed to the long-term presence of

oak in European woodlands.. In today’s shady, closed-canopy

European forests, opening up the canopy may be the only possible

way for oaks to reach maturity.
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Abstract

The globally observed trend of changing intensity of tropical cyclones over the past few decades emphasizes the need

for a better understanding of the effects of such disturbance events in natural and inhabited areas. On the Korean

Peninsula, typhoon intensity has increased over the past 100 years as evidenced by instrumental data recorded from

1904 until present. We examined how the increase in three weather characteristics (maximum hourly and daily

precipitation, and maximum wind speed) during the typhoon activity affected old-growth oak forests. Quercus mon-

golica is a dominant species in the Korean mountains and the growth releases from 220 individuals from three sites

along a latitudinal gradient (33–38°N) of decreasing typhoon activity were studied. Growth releases indicate tree-

stand disturbance and improved light conditions for surviving trees. The trends in release events corresponded to

spatiotemporal gradients in maximum wind speed and precipitation. A high positive correlation was found between

the maximum values of typhoon characteristics and the proportion of trees showing release. A higher proportion of

disturbed trees was found in the middle and southern parts of the Korean peninsula where typhoons are most

intense. This shows that the releases are associated with typhoons and also indicates the differential impact of

typhoons on the forests. Finally, we present a record of the changing proportion of trees showing release based on

tree-rings for the period 1770–1979. The reconstruction revealed no trend during the period 1770–1879, while the rate

of forest disturbances increased rapidly from 1880 to 1979. Our results suggest that if typhoon intensity rises, as is

projected by some climatic models, the number of forest disturbance events will increase thus altering the disturbance

regime and ecosystem processes.

Keywords: boundary line, climate change, forest disturbance, Quercus mongolica, tree-ring, typhoon
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Introduction

Tropical cyclones are one of the most common hazards

facing people around the world and the increasing

impact of such disturbances on ecosystems is predicted

as climate change progress (Lugo, 2000; Dale et al.,

2001). Recent studies documented an increase in distri-

bution, frequency, extent, and intensity of different

kinds of disturbance, for example: fire (Williams et al.,

2010), windstorms (Etkin, 1995), and landslides (Buma

& Dehn, 1998). Recent tropical cyclones (i.e., hurricanes

in the north Atlantic Ocean and the northeast Pacific

Ocean or typhoons in the northwest Pacific Ocean)

have also been more frequent and intense than before

(Goldenberg et al., 2001; Webster et al., 2005; Santer

et al., 2006; Vecchi et al., 2008; Bender et al., 2010), and

several have had a significant social and economic

impact (Pielke et al., 2008). The effects and outcomes of

increasing frequency and intensity of hurricanes on

forest ecosystems were summarized by Lugo (2000). On

the other hand, there are studies which do not support

these conclusions about increasing wind disturbance

(Klotzbach, 2006; Vecchi & Knutson, 2008).

Old-growth forest ecosystems offer one of the best

opportunities for studying disturbances in nature

(Fraver et al., 2009) because their longevity enables

us to reconstruct historical disturbance regimes.

However, old-growth forests free from human activ-

ity are rather rare in the temperate regions of the

northern hemisphere (Peterken, 1996). Until now,

most of our knowledge about the influence of distur-

bances on forest stands was derived from studies in

North America and Europe, whereas Asia remains

less explored. The Korean peninsula, a region with

frequent typhoons, is particularly suitable for explor-

ing and supplementing our current knowledge of

disturbance effects on forests. Research in this area is

very important for understanding how disturbance

processes influence the dynamics of forests having
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the highest plant diversity in the temperate zone and

how these processes are changing in time.

Typhoons affecting the Korean peninsula arise in the

Philippine Sea and move northwest, where they gradu-

ally lose power or turn towards the northeast. This

process makes the Korean peninsula a unique place for

exploring the impact of typhoons on forests along the

gradient of decreasing typhoon frequency from the

south to north. For research on disturbance processes

across a large area, it is acceptable to study a single

widespread species. In our study region, the Mongolian

oak (Quercus mongolica) is such a candidate as it occurs

in Korea and throughout temperate forest areas across

NE China, the Russian Far East, and northern Japan

(Krestov et al., 2006).

Our objective in this study was to determine the

forest site disturbance history for Q. mongolica trees

using dendroecological methods. Specifically, we

aimed to (1) assess how typhoon frequency and inten-

sity have changed in the long-term, (2) explore differ-

ences in frequency of release events along latitudinal

gradients of decreasing typhoon intensity, (3) analyse

how individual characteristics of typhoons affect the

frequency of release events, and (4) reconstruct

frequency of release events in the past 200 years.

Materials and methods

Study area

Our study sites were located in the three mountainous regions

(Hallasan, Jirisan, Seoraksan) placed along the latitudinal

gradient (33–38°N) in South Korea (Fig. 1). Owing to the high

population density and historical background, most of this

area is covered by secondary woodlands from low to middle

elevations. Natural old-growth forests are therefore to be

found only in large mountain areas, where logging is affected

by terrain restrictions and these areas are now protected by

National Park status. The selected stands were natural,

old-growth deciduous forests, which had not been subjected

to major disturbances in the last two decades (e.g., as indi-

cated by the absence of groups of fallen logs and large gaps).

Mean annual air temperature for the Seoraksan mountains

(northern part of the study region) is 11.2 °C, with the mean

for January �3.2 °C and for July 23.9 °C; the mean annual

precipitation is around 1237 mm. For the Jeju Island (Halla-

san), the southernmost part, the mean annual temperature is

15.7 °C, with the mean January temperature being 5.8 °C and

the mean July temperature 26.7 °C. The mean annual precipi-

tation rises from about 1500 mm in coastal areas to over

4500 mm in upland areas (averages for the period 1971–2000).

January receives the lowest and July the highest amount of

rainfall in Korea. The climate on the Korean peninsula is

strongly influenced by cold air masses from Siberia in winter

and monsoons and tropical storms or typhoons from the north

part of the Pacific Ocean in summer.

Data collection and analysis

During the summers of 2005, 2006, and 2007 we set up

twenty-one 20 9 20 m permanent plots (seven in each moun-

tain region) located within the forest stands dominated by

Q. mongolica. We collected core samples from all stems

(>10 cm DBH) of Q. mongolica growing inside each 20 9 20 m

permanent plot at a height of 0.5–1 m above the ground sur-

face using a steel borer (Mora, Sweden). All cores were dried,

mounted, sanded, and inspected for injuries, reaction wood,

and other aberrant features. Rings were counted from pith to

bark and their widths measured to the nearest 0.01 mm using

the TimeTable measuring device and PAST4 software (http://

www.sciem.com). Ring-sequences were cross-dated visually

using the pattern of wide and narrow rings, and verified

using the PAST4 program by percentage of parallel variation

(Gleichläufigkeit), which is based on counting how well the

growth curves followed the same trend in growth changes

(Eckstein & Bauch, 1969). In total, we measured and analysed

30 036 tree-rings from 220 trees. Increment cores used for

reconstruction of the disturbance history were taken from 156

old-growth trees (Seoraksan – 63, Jirisan – 44, Hallasan – 49).

Another 64 young oaks (<50 years old) from our study of

secondary forests (Dolezal et al., 2009) were added to better

Fig. 1 Location of Korean peninsula in E Asia with illustration of path of typhoons affecting Korean peninsula (left side). Site locations

on southern part of Korean peninsula (right side).
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determine the boundary line (Black & Abrams, 2003). The

oldest tree extends back to 1651 AD.

The release events were determined by boundary line

criteria (Black & Abrams, 2003), which improve the formula of

Nowacki & Abrams (1997). Growth change values between

20% and 49.9% of the boundary line were identified as moder-

ate releases and those between 50% and 100% as major

releases. Calculations were done in program R (R Develop-

ment Core Team, 2011) by the script for release detection

(Aakala et al., 2011) and the Dendrochronology Program

Library in R (dplR) (Bunn, 2008). We first combined the

growth release data from all three study areas together to

assess the general pattern of forest disturbance from 1770 to

1979. The period before 1770 was not included because of the

small number (<10) of trees. The decades after 1970 with a low

proportion of trees showing release were also removed; our

stands were selected to be in a time period with no evidence

of recent disturbance. We then developed a master tree-ring

chronology for each site using a conservative detrending of

ring-width series with a negative exponential function in pro-

gram R (R Development Core Team, 2011) by employing the

dplR (Bunn, 2008). To capture changes in stand-level growth

and disturbances, we show the temporal course of ring-width

index of mean standardized chronology (RWI) together with

release numbers on an annual timescale.

To determine whether or not the detected growth releases

were associated with canopy disturbance and hence improved

light conditions due to severe wind disturbances, we gathered

the meteorological data about the occurrence of typhoons

on the southern part of the Korean peninsula for the period

1904–2008 from the Typhoon White Book (Korea Meteorologi-

cal Administration, 2011). These data were measured in 49

meteorological stations placed equally along the latitudinal

gradient in South Korea. For each individual typhoon, we

extracted information about the date that it arose, maximum

wind speed, and hourly and daily maximum precipitation.

We also extracted information about typhoons from stations

surrounding our study sites for comparison with these locali-

ties. Comparison of the proportion of trees showing release

and typhoon intensity between national parks was tested

using one-way ANOVA with Tukey post hoc tests in program R

(R Development Core Team, 2011). We made an analysis com-

paring the mean release magnitude with typhoon magnitude

via regression. We made this analysis only for Jirisan NP,

because the dataset of maximum wind speed is from the year

1954 without absenting values for individual years (for the

two other localities, data from surrounding meteorological

stations are scattered). We used correlation and regression

analyses to assess how individual climatic attributes corre-

lated with the number of typhoons in individual years, and if

there were some detectable trends over the 20th century.

Results

The average number of typhoons affecting the study

area in the period 1904–2008 was 3.1 per year and only

4 years were without typhoons. The number of

typhoons was closely related to individual climatic

parameters and correlated positively with the maxi-

mum hourly (Fig. 2) and daily precipitation (R = 0.28

and R = 0.25 respectively; P < 0.05) (Supplementary

Figure S1a). The highest correlation coefficient was

found between the number of typhoons and the maxi-

mum wind speed (R = 0.30; P < 0.05) (Supplementary

Figure S1b). All three characteristics showed an increas-

ing trend from 1904 until 2008.

In total, we measured more than 30 000 tree-rings.

The mean values of Gleichläufigkeit for individual

sites are sufficient for the verification of cross-dating

(65% for Hallasan, 67.2% for Jirisan, and 64.6% for

Seoraksan; P < 0.05). From the 156 individuals finally

used in this analysis (sample depth for individual sites

is shown in Supplementary Figure S2a–c), 70%

(n = 109) showed at least one release event throughout

their life. The results were obtained by application of

the boundary line (Black & Abrams, 2003) fitted to

ring-width data by a logarithmic function with the

equation y = 195.73 � 153.9ln(x), which had the high-

est R2 of 0.986.

Fig. 2 Number of typhoons over Korea (black line) and maximum hourly precipitation (red line) for individual years during the

typhoon activity. Linear regression for maximum hourly precipitation during typhoon activity is shown. R, correlation coefficient

between typhoon frequency and individual typhoon characteristics; R2, coefficient of determination of individual linear regressions.

© 2012 Blackwell Publishing Ltd, Global Change Biology, 19, 498–504
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Maximum wind speed showed significant differences

between the southern and northern parts as well as

between and middle and northern parts (Fig. 3a). Com-

parison of the percentage of trees showing release

between the southern (Hallasan), middle (Jirisan), and

northern (Seoraksan) parts of South Korea (Fig. 3b)

revealed significant differences between the southern

and northern parts. Hallasan showed the highest occur-

rence (80%) of trees which showed release events. Jiri-

san, situated roughly in the middle of our investigated

area, had 72% of trunks which had some release events.

Finally, in Seoraksan mountains we identified 62% of

trees in which at least one disturbance was detected.

The RWI and detected releases on an annual time-

scale showed that a rise in the master chronology was

usually preceded by multiple disturbances and these

were preceded by strong typhoon(s) at all three sites

(Supplementary Figure S3a–c). The regression analysis

showed that with increasing maximum wind speed

there was also an increase in the mean value of the

boundary line, but with a 2-year delay (P <0.05) (Sup-
plementary Figure S4). We found that major releases

followed the most intensive typhoons (measured by the

maximum daily precipitation) and they were always

accompanied by a high number of moderate releases

(within a 2-year tolerance) (Table 1).

We combined the growth release data from all three

study areas to assess whether or not the occurrence of

detected releases is related to climatic data during the

typhoons. The maximum values of the three climatic

characteristics of typhoons per decade were strongly

correlated with the proportion of trees showing release

during the same decade. A strong relationship was

found for maximum daily precipitation (R = 0.74;

P < 0.05) (Fig. 4), maximum hourly precipitation

(R = 0.90; P < 0.05) (Supplementary Figure S5a), and

maximum wind speed (R = 0.55; nonsignificant)

(Supplementary Figure S5b).

Finally, we present a record of the changing propor-

tion of trees showing release based on tree-rings for the

period 1770–1979. The disturbance chronology repre-

sented by the proportion of trees showing release has

two different phases (Fig. 5). The first one is from 1770

to 1879 and in this period there was no noticeable

trend. The period from 1880 to 1979, however, provided

evidence of an increasing proportion of trees showing

release. This increasing trend was found also when we

analysed all three sites separately (Supplementary

Figure S6a–c).

Discussion

Using meteorological data, we examined changes in the

basic weather characteristics of typhoons in the 20th

century. We only analysed datasets as a whole and we

did not make a separate analysis for each site. The rea-

sons for this were the fact that typhoons affected large

areas and that data from all meteorological stations

represented a longer and more robust dataset and

mirrored common trends better. Not surprisingly, we

found a relatively high correlation between investi-

gated typhoon characteristics and typhoon frequency.

We also found an increasing trend of maximum precip-

itation over the period from 1904 to 2008 and also of

maximum wind speed (1938–2008) during typhoon

activity. These findings are not completely new and

were documented in a few recent studies (Oouchi et al.,

2006; Kim & Jain, 2011). However, the length of the

dataset is several decades longer in comparison with

published climatological studies, which run from 1970

to the present time (Wu et al., 2005; Tu et al., 2009; Kim

& Jain, 2011; Park et al., 2011). These results are thus

essential for understanding exactly what affects the

ecosystems throughout typhoons. An increase in the

(a)

(b)

Fig. 3 Differences in (a) average maximum wind speed and (b)

percentage of trees showing release in our study locations

(North = Seoraksan mountains, Middle = Jirisan mountains,

and South = Hallasan mountains). Columns sharing the same

letter are not significantly different at P < 0.05 (ANOVA followed

by Tukey post hoc tests). Error bars represent standard error.

© 2012 Blackwell Publishing Ltd, Global Change Biology, 19, 498–504
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amount of precipitation during the 20th century was

globally observed at approximately by 0.98% per dec-

ade (New et al., 2001) and tree-ring reconstruction in

Eurasia indicates a large-scale trend towards pluvial

conditions in the 20th century (Treydte et al., 2006). On

the other hand, in certain parts of the globe such as the

western United States and central Europe, there is a

recent trend towards drier conditions (Cook et al., 2004;

Dolezal et al., 2010; Williams et al., 2010).

On the basis of our results, we can observe differ-

ences in the ratio of trees along latitudinal gradients

where growth was affected by disturbances. Typhoon

activity decreases from south to north in our area

(Wang & Qian, 2005), just as the percentage of trees

showing disturbances does. Typhoon intensity

expressed by maximum wind speed also decreases

from the south to the north. This indicates that areas

with a higher occurrence of typhoons have a higher

proportion of trees which experienced disturbance.

This is direct evidence connecting the frequency and

rate of disturbances, or more precisely release events.

To our knowledge, there are no comparative data from

other parts of the world showing the proportion of dis-

turbances along tropical cyclone gradients. A few stud-

ies examined if the frequency of cyclones affected forest

structure, specifically the height of trees in Africa (de

Gouvenain & Silander, 2003), East Asia (Lin et al.,

2003), and America (Brokaw et al., 2004). All of these

Table 1 Comparison of number of releases (moderate and major), number (percentage) of moderate releases associated with major

releases for individual sites, and maximum daily precipitation [mm per day] for typhoons in the years with major releases and in

the other years. In the brackets below name of study site is time span for which meteorological information was available

Number of

detected releases
Moderate releases associated

with major releases

Maximum daily precipitation

[mm per day] for typhoons in

the years with

Moderate Major Major releases Other years

Seoraksan (1914–1979) 37 14 28 (76%) 180.1 117.2

Jirisan (1904–1979) 35 8 27 (77%) 175.5 69.7

Hallasan (1923–1979) 26 19 22 (85%) 202.2 95.1

Fig. 4 Percentage of trees showing release (blue columns) and maximum daily precipitation; green line) for individual decades.

R, correlation coefficient between proportion of trees showing release and maximum daily precipitation during typhoon activity (P < 0.05).

Fig. 5 Disturbance chronology demonstrating the distribution

of trees showing release. Lines represented the trend for given

time span (black line = 1770–1879; red line = 1880–1979) and

R2, coefficient of determination for these trends.
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have shown that in areas with frequent strong winds,

trees are shorter than those outside the cyclone range

(Lugo, 2008).

We found a close relationship between the intensity

of typhoons and the proportion of trees showing

release but not between the number of typhoons and

the proportion of releases. This indicates that the

frequency of typhoons is not the main factor affecting

the forest structure. The dominant agent seems to be, as

expected, typhoon intensity. Although in these times of

climatic change there is debate on whether the fre-

quency of typhoons is changing, the increasing inten-

sity of cyclones seems to be clear.

As far as we know, this is the first study which con-

nects climatic data and the detection of disturbances

using tree-rings; there is a real lack of data connecting

these two issues. Previous studies are focused on very

intense cyclones (Boucher et al., 1990; Kupfer et al.,

2008) and do not explore the effects of all possible

factors affecting forest structure in the past, the main

reason for this is the scarcity of additional information

related to observed cyclones in most regions of the

world (Lugo, 2008). Surprisingly, we found the weakest

relationship between the proportion of trees showing

release and wind velocity; this can be deduced from

different aspects of our plots. Some of the stands are

located on leeward sides or protected by a landscape

barrier. The other reason is the short period of wind

velocity records and hence the low number of degrees

of freedom in the analysis. On the other hand, correla-

tion between the proportion of trees showing release

and maximum precipitation is very strong. The reason

could be that the mountains explored in this study have

a relatively low elevation for creating a rain shadow

effect. Therefore, the amount of precipitation will be

more evenly distributed between sites when compared

with wind speed, which can vary considerably and in a

stochastic way. For this reason, maximum precipitation

seems to be a better characteristic of typhoon strength

over the larger area. Our findings confirmed this: major

releases occurred only around the years with higher

maximum precipitation during typhoon intensity and

were accompanied by a higher proportion of moderate

releases.

Our release event reconstruction over two centuries

(1770–1970) reveals an increasing trend in the propor-

tion of trees showing release from the end of 19th cen-

tury. These findings correspond with the increasing

number of tropical cyclones documented in last dec-

ades and, primarily, with their increasing destructive-

ness (Emanuel, 2005; Webster et al., 2005). The resulting

destructive effects in these cases are mainly associated

with the trend of increased wind speed and amount of

precipitation. We can certainly exclude the effects of

human disturbances during the 20th century. Study

sites were situated in the higher parts of mountains in

old-growth forests (with trees older than 150 years and

no sign of logging), whereas logging was carried out in

the lower parts of our sites or in lower, flatter, and

better accessible mountains in Korea (Dolezal et al.,

2009, 2012).

As mentioned above, most of the climatological

studies from our area only considered a relatively short

period (1970 to the present time). These observations

are actually at the end of the period over which we can

compare the release rate of stands (due to the con-

straints of the method used). In view of the fact that we

found a high correlation between intense typhoons and

the rate of releases, there is no reason to suspect a

different relationship in subsequent years. The long-

term climatological observations of typhoon weather

characteristics used in this and other studies confirmed

the increasing trend in typhoon intensity over the last

decades. Predictions for the next century are for a

further similar increase in typhoon intensity (Esteban

et al., 2010). On the basis of our tree-ring analysis we

suggest that the increasing effect of cyclones will not

only be restricted to East Asia but everywhere affected

by them. These further changes will particularly affect

densely populated areas such as Korea, Japan, Taiwan

or the eastern coast of China. These areas will be forced

to adapt to these changes.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Number of typhoons over Korea (black lines) and
(a) maximum daily precipitation, and (b) maximum wind
speed (red lines) for individual years during the typhoon
activity. Linear regressions for individual weather character-
istics during typhoon activity are shown. R, correlation coef-
ficient between typhoon frequency and individual typhoon
characteristics; R2, coefficient of determination of individual
linear regressions.
Figure S2. Sample depth (=number of samples) for individ-
ual study areas (a) Hallasan, (b) Jirisan, and (c) Seoraksan
mountains.
Figure S3. Relationship between RWI (grey line) with the
smoothed values (10-year running mean; black line) and
detected releases (columns) on an annual timescale for indi-
vidual study areas (a) Hallasan, (b) Jirisan, and (c) Seoraksan
mountains. Black arrows represent major typhoons in given
period, with average maximum wind speed 39.3 [m s�1] for
Hallasan, 36.9 for Jirisan, and 15.7 for Seoraksan.
Figure S4. Positive relationship between maximum wind
speed and mean value of boundary line (P < 0.05).
Figure S5. Relationship between percentage of trees
showing release (blue columns) and (a) maximum hourly
precipitation (P < 0.05), and (b) maximum wind speed
(nonsignificant) represented by green lines. R, correlation
coefficient between proportion of trees showing release and
individual weather characteristics during typhoon activity.
Figure S6. Disturbance chronology demonstrating the distri-
bution of trees showing release for the time span where the
number of trees is >10. Increasing trend for release events
from the end of the 19th century is shown for all sites. R2,
coefficient of determination for these trends.
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Photo on previous page: a mixed temperate forest with dense understory bamboo, Hallasan Mountains, 
Jeju Island, South Korea. 
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Abstract 

 The globally observed increase in intensity of tropical cyclones (i.e. 
hurricanes and typhoons) over the past few decades may disrupt the stability of 
natural ecosystems. In Eastern Asian forests, severe typhoons create large 
openings which allow invading understory bamboo to suppress other biota in the 
understory. Intermediate disturbances seem to support tree regeneration and 
coexistence. The current state of knowledge is derived from relatively short-term 
observations, but little is known about the long-term patterns and processes. In 
this study, the impact of severe and intermediate wind disturbances on tree 
recruitment and diversity in an oak-fir-maple forest over the 230 years was 
explored. Disturbances were reconstructed from 385 individual trees from 15 
species by growth-release analysis. Altogether 310 major and 293 moderate 
releases were identified, indicating severe and intermediate tree disturbances. 
These were both temporally and spatially localized, with 80% of events detected 
in only four time periods: 1775-1784, 1815-1839, 1880-1909 and 1950-1979, 
followed by an elevated rate of tree establishment. Disturbances triggered a 
noticeable recruitment in the 1775-1814, 1900-1939, and 1955-1979 periods. 
Dendrochronological reconstruction showed that severe disturbances caused 
both large and small gaps. Spatial pattern analysis revealed that higher density 
and diversity of recruitment (altogether recorded 19 species) was associated 
mostly with small gaps and un-disturbed forest, while large gaps likely became 
overgrown by bamboo in place of tree recruitment. These results provide evidence 
that severe typhoons interacting with a strong biotic filter (understory bamboo) can 
disrupt forest ecosystems functioning by significantly reducing the extent and 
diversity of tree recruitment. These findings are especially important as most of 
the climate models predict an increasing intensity of tropical cyclones, which can 
affect an ecosystem’s structure and diversity. 

 

This part is the subject of unpublished manuscript. The full version 
of this part of Chapter V is archived by the Faculty of Science, 
University of South Bohemia in the printed version of the Ph.D. 
Thesis. 
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Photo on previous page: a view of Jirisan Mountains, South Korea. 
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Conclusions 

 The main objective of this thesis is to contribute to the knowledge about 
disturbance detection by means of tree-ring analysis. Specifically, I focused on 
release detection, which provides non-direct evidence of past disturbances. 
Evidence is derived from both understory and overstory trees, which survived the 
disturbance. Such trees recorded the disturbance in the growth trend as an abrupt 
increase in growth after improved light conditions, which arise after death of the 
neighbouring tree(s) (i.e. a release). 

The research work that is presented in this thesis at first aimed to give a 
basic background, review of current knowledge about methods used for release 
detection, their strengths, limitations and future challenges (Chapter I). Moreover, 
a universal tool for release detection, the TRADER package, was presented 
(Chapter II). Furthermore, this dissertation demonstrated the successful 
application of methods for release detection on various ecological aspects 
concerning forest management, long-term changes in natural forest ecosystems, 
forest diversity and the impact of global changes (Chapter III-V). 

It is documented in the literature, and also in this thesis, that release 
detection methods, despite their inherent uncertainties, can be widely used for 
disturbance reconstruction with promising results. On the basis of the review 
presented here it can be concluded that: 1) a 10-year window for calculating 
growth change seems to be the best option; 2) 25% and 50% minimum thresholds 
for detection moderate and major releases respectively seems to give good 
results for the radial growth averaging method; 3) regardless of the high number 
of methods, future research should be concentrated on these with broad 
applicability and their testing and development (Chapter I). 

Calculation of growth change itself is not complicated and can be 
performed in commonly used spreadsheets. However the checking and 
processing of results or application of advanced methods (e.g. boundary-line) is 
already more complicated and time consuming without special tools. Surprisingly, 
no common tool existed for release detection analysis until recently. This lack lead 
to development of TRADER package in the open-source R environment. TRADER 
enables the disturbance reconstruction by a total of 24 published methods and 
functions for the detection of tree recruitment, and growth trends were also 
included. Furthermore, TRADER enables comparison between individual 
methods, which is easily achieved by making parameter changes and the clearly 
arranged graphical and tabular outputs (Chapter II). 

Disturbance reconstruction frequently focuses on remnants of natural 
forests, however, forest management is an equally important factor responsible 
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for changes in tree-rings. Therefore, we focused on detecting the effects of 
historical coppicing on the growth dynamics of oak standards in a former coppice-
with-standards in Central Europe. Historical records of coppice events matched 
with large peaks in radial growth found for the periods 1895–1899 and 1935–1939. 
Moreover, past coppicing was followed by recruitment of oak standards which 
basically ceased after coppicing was abandoned in the second half of 20th 
century. Various competition indices revealed a negative effect of neighbouring 
trees on the growth of oak standards. On the basis of these results it can 
concluded that the conversion of coppicing to high-forest induced significant 
radial-growth decreases of economically interesting standards and also 
endangered forest regeneration for shade-intolerant species (Chapter III). 

Changes in forest management practices are not the only ones which 
potentially endanger forest ecosystems and their dynamics. In times of global 
changes, shifts in frequency and intensity of natural disturbance agents to more 
frequent or more intense events occur. The area most affected by such changes 
is East Asia, where increases in typhoon intensity is described and the most 
evident increase is predicted (compared to other areas affected by tropical 
cyclones). In South Korea, we have an exceptional opportunity to compare long 
records of climate data with the release detection along latitudinal gradients. A 
very high positive correlation was found between reconstructed disturbances and 
weather characteristics of typhoons in 20th century. Reconstruction of past 
typhoon activity showed no trend during the period 1770–1879, while the rate of 
forest disturbances increased rapidly from 1880 to 1979 (Chapter IV). 

Such rapid changes in forest disturbance dynamics can affect the long-
term patterns and processes. To understand such changes in detail, the impact 
of severe and intermediate wind disturbances on tree recruitment and diversity in 
an oak-fir-maple forest over the 230 years was explored. The study site, Hokkaido 
Island, Japan, was at the edge of typhoon occurrence, which allowed detailed 
analysis of single disturbances, which would be impossible in more affected areas. 
The main findings were that forest regeneration is strongly connected to severe 
disturbances, which results in the creation of both large and small openings. The 
results of disturbance reconstruction were combined with spatial pattern analysis. 
Spatial-temporal analysis revealed that higher density and diversity of recruitment 
was associated mainly with un-disturbed forest and small gaps (trees with 
moderate release). On the contrary, large gaps suppress regeneration due to the 
development of an extremely dense bamboo understory. It is suggested here that 
the increasing intensity of tropical cyclones creates a higher number of large gaps 
at the expense smaller ones, which will affect forest structure and species diversity 
(Chapter V). 
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