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1. General introduction 

1.1.  Objectives  

Japanese buil t up their culture in rich forest  resource s over several ten 

thousands of years (Yasuda, 1980). Cryptomeria japonica  (L.f.)  D. Don 

occurs naturally from the northern limit  of Aomori Prefecture to the 

southern l imit of Yakushima Island in Kagoshima Prefecture, but because of 

ancient logging activity,  extensive natural  forests of  Cr.  japonica  currently 

only exist  in Akita and  Kochi prefectures , and on Yakushima Island (Maeda, 

1983). Logging records do not exist for most of these forests and l itt le is 

known about how the current forest structure developed. Cr. japonica  on 

Yakushima Island l ive more than one thousand years (Suzuki and Tsukahara, 

1987), and the old-growth Cr. japonica  forests on Yakushima Island had 

been affected by logging activities.  Currently the forest  on the island 

consists of 200–300 year-old Cr. Japonica that  regenerated after logging 

activities and 400 to over 1000 year-old trees that  have survived logging 

activities.  (Kyushu Regional Forest  Office/Yaku-shima Environment 

Conservation Centre, 1996; Yoshida  and Imanaga, 1990).  The Cr. japonica  

forest  on Yakushima Island is a valuable si te enables estimation of 

long-term growth dynamics and effects of human disturbance.  However,  

growth dynamics and the effects of human disturbances on the growth of Cr. 

japonica  on Yakushima Island have not been studied . Conservation of a 

forest such as this  requires an understanding of the growth dynamics and the 

effects of human disturbances on the growth of Cr. japonica ,  because i t may 

help researchers elucidate past  forest structure and provide useful 

information for the long-term forest management strategy for old -growth Cr.  

japonica  forest  on Yakushima Island .  

Tree-ring analysis provides unique data sou rce as they cover a wide range 
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of time. Tree-ring information is  generally used for reconstruction of past 

environments (Fritts ,  1976),  tree growth (Cherubini  et al . ,  1998;  Ota  et al. , 

2007) and disturbance (Lorimer and Frelich, 1989) , or dating historical  

materials (Mitsutani,  1987).  To estimate long-term patterns in forest  growth, 

continuous census  is generally carried out .  However,  the t ime span of 

monitoring data is  limited to only several decades . There are some 

researches about dynamics and  disturbance history of 300-400 year  

old-growth forest (Abrams  et  al . ,  1999; Ota  et al. ,  2007; Ziegler, 2004). 

Using variations in tree-ring width,  it  is  possible to extrapolate informa tion 

regarding growth dynamics and evaluating the disturbance history.   

This thesis attempted to clarify the long-term growth dynamics and the 

effects of human disturbances on the growth of Cr. japonica  based on 

dendroecological  analysis . And also growth from diameter censuses and 

tree-ring data were compared to know error range, because census will  be a 

very important tool to know further growth dynamics.  

 

1.2. Methods of  This Study 

To understand long-term growth pattern of Cr. japonica  on Yakushima 

Island over the last several hundred years , dendroecological  analysis was 

employed  (Chapter 2).  Previous studies regarding growth of Cr. japonica on 

Yakushima Island have monitored growth since 1973 ( Yoshida and Imanaga, 

1990; Takashima, 2009), while others have examined growth or dynamics of 

Cr. japonica  over a span of 10-20 years (Kimura, 1994; Takyu  et al . ,  2005); 

however,  10-30 years might not be long enough to understand long-term 

growth pattern of this species, which can l ive for over 1000 years. 

Furthermore, previous research using stem analysis of Cr. japonica on 

Yakushima Island employed only 3 sample trees aged 45 -149 years 
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(Hamaoka,  1933),  and no previous studies have examined a large enough 

sample of individuals covering a range of ages that  spans hund reds of years. 

The long-term growth pattern of  Cr.  japonica  over the course of several 

hundred years remains poorly understood. T herefore,  Cr. japonica  samples 

that  regenerated subsequent to the inaugural year of logging  which ranged 

in age from about 200-300 years  were used to develop an understanding of 

growth patterns. Annual  basal  area increment (BAI) was calculated from 

tree-ring series.  Because growth rates for trees of different ages and sizes 

should be based on ring-area series, which are less dependent on stem size 

or age than ring-width series and provide an accurate quantification of wood 

production (Phipps,  1979; LeBlanc, 1990).  

 

Historical  descriptions related to logging have been in existence since 

1563 (Kanetani and Yoshimaru, 2007) .  However scale of logging activity,  

its effect  on growth of the surviving trees and the germination years of  Cr. 

japonica  which thrived because of gap formation have not been studied.  To 

reveal past  logging activity,  i ts  effects of human disturbances on the growth 

of Cr. japonica  and the germination year of regenerated  Cr.  japonica  

through gap formations , dendroecological  approaches  were used  (Chapter 3).  

Dendroecological approaches have been proven to be extremely useful in 

evaluating the disturbance history of a st and with complex age structure 

over time and one of the fundamental dendroecological  approaches to 

evaluating the disturbance history is  identification of releases (Lori mer and 

Frelich, 1989). Calculation of releases is a powerful and unique tool that  

reflects disturbances at a high temporal  resolution (Black and Abrams, 

2003).  
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To estimate long-term patterns in forest  growth, generally obtain from 

continuous diameter census or tree -rings measurements. However,  

relatively lit tle research has focused on comp aring inventories and tree-ring 

data (Biondi, 1999;  Clark et al . ,  2007).  Biondi (1999) reported that tree -ring 

data was closely matched with repeated forest inventories. We focused on 

30 years diameter census and tree -ring chronologies of Cr. japonica  to 

compare growth from diameter censuses and tree -ring data to know error  

range in order to consider about the role of old -growth forest census 

(Chapter 4).  

 

1.3.  Yakushima Island  

Yakushima Is land is located at  30  20′N, 130  31′E, about 60 km from the 

southern end of Kyushu,  southern Japan and has an area of 504 .9 km
2
.  This 

nearly circular island has about 130 km of shoreline.  Mt.  Miyanoura, 

located at  the center of the island, reaches an alt itu de of 1,936 m and forms 

the island's highest  point . Precipitation levels on Yakushima Island are 

some of the highest  in the world and range from 2,400 –5,000 mm year
– 1

 on 

the coast  to 5,000–7,400 mm year
– 1

 within mountainous areas (Takahara and 

Matsumoto, 2002). This heavy rainfall is caused by ascending air currents 

under the influence of the warm Pacific current as well  as frequent typhoons 

(Takahara and Matsumoto, 2002).  Within the roughly 2,000 m elevational 

difference between the flatlands and mountain peak forests range from 

sub-tropical  and temperate rainforests,  mixed conifer -broadleaved forest  

containing Cr. japonica ,  to evergreen dwarf bamboo grassland surrounding 

mountain peaks (Kyushu Regional Forest Office/Yaku-shima Environment 

Conservation Cent re,  1996). The presence of high precipitation and  vertical  

distribution has led to about 90% of the island developing rich forests  with 
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high diverse flora, which contain old Cr. japonica ,  many endemic and 

endangered species (Kanetani and Yoshimaru , 2007).  

 

1.4.  Cryptomeria japonica  Forest on Yakushima Island  

At alt itudes between 700 and 1,800 m, the vegetation on the island 

consists primarily of a mixed conifer -broadleaved forest  dominated by 

old-growth Cr. japonica  (Miyawaki, 1980) . Cr. japonica  on Yakushima 

Island l ive more than one thousand years (Suzuki and Tsukahara, 1987).  

These old-growth Cr. japonica  forests on Yakushima Island had been 

affected by logging activities (Yoshida and Imanaga, 1990).  The most 

ancient record related to logging of Cr. japonica  from Yakushima Island is 

from 1563 when logging was done to  rebuild the Kagoshima shrine 

(Kanetani and Yoshimaru, 2007).  Systematic large scale of logging 

activities of Cr. japonica  occurred over a 300 year period beginning in 1642 

(Hamaoka, 1933; Kakinoki,  1954; Yoshida  and Imanaga, 1990).  Canopy gap 

formation by logging activities  led to regenerations of Cr. japonica  (Suzuki, 

1997).  Currently this forest  consists of 200–300 year old,  regenerated Cr. 

japonica  as well  as  400 to over 1,000 year old Cr. japonica  that survived 

logging activit ies  (Kyushu Regional Forest Office/Yaku-shima Environment 

Conservation Centre, 1996; Yoshida  and Imanaga, 1990).  The logging is 

prohibited since 1982 for over 800 year old Cr. japonica  and since 2002 for 

the all  natural  Cr. japonica  in Yakushima Island (Kanetani and Yoshimaru, 

2007; Kumamoto Regional Forest  Office ,  1982; Sato and Teraoka, 2012).  

These old-growth forests on Yakushima Island have been conserved as 

Forest  Ecosystem Protected Area (FEPA), which includes the world 

heritage-listed area (Tagawa, 1994). FEPA is divided into the core and 

buffer areas under the concept of biosphere reserves ,  which has been 
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evolved by UNESCO's Man and Biosphere Program  (Tagawa, 1994) . In the 

core area,  no human activity such as logging is  allowed. In the buffer area 

surrounding the core area, human activities are restricted, and selective 

logging is allowed only in Cr. japonica  plantations (Kagoshima prefecture, 

2012). Such plantations in the buffer zone are expected to be transforme d to 

naturally regenerated stands (Kyushu Regional Forest  Office, 2013). 

Outside FEPA, there is  production area of Cr. japonica ,  and clearcutting 

system or selection system has  been carried out mainly in plantations  

(Kyushu Regional Forest  Office/Yaku-shima Environment Conservation 

Centre,  1996).  

 

1.5.  Study Area  

During 1973-1974, five permanent plots were established by the 

Kumamoto Regional Forest Office ,  named the Hanayama plot  (HP),  

Kohanayama plot (KP), Futaridake-no-komichi plot (FP),  Shiratani plot  

(SP) and Tenmon-no-mori plot  (TP) (Fig.  1-1). Study plots were covered in 

natural,  uneven-aged, mixed conifer-broadleaved forest dominated by Cr. 

japonica  (Takashima, 2009).  Study plots were located between 850 and 

1,250 m a.s.l . ,  with SP  having the lowest  elevation of the four plots , and SP  

had an area of 0.8 ha (100 m × 80 m), while the other plots had areas of 1.0 

ha (100 m × 100 m) (Table 1-1). All  study plots have previously been 

affected by logging activities (Yoshida and Imanaga, 1990).   

Growing stock within SP  was less than in the other plots (Table 1-1), 

which was possibly the result  of more recent human activity within the area 

and was suggested by a record of the mother tree method having been 

implemented during 1897 within a neighboring section o f forest , after 

which regenerations were rare (Kumamoto Regional Forest Office, 1982).  
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Fig. 1-1  Location of study plots on Yakushima Island.  
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Table 1-1  Study plot attributes  
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All plots,  however,  contained almost the same number of  Cr. japonica  

stumps, and the forest  structure of these plots may have been similar prior 

to large-scale logging activities (Takashima, 2009) .  

All  l iving trees with diameters at breast  height (DBH, approximately 1.2 

m) ≥ 4 cm  were measured three times at  intervals of 10-19 years within each 

study plot (Table 1-1).  
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2. Estimation of Growth Rates Based on Tree-ring Analysis of 

Cryptomeria japonica  on Yakushima Island, Japan  

 

2.1. Introduction  

Previous studies regarding growth of Cr. japonica  on Yakushima Island 

have monitored growth since 1973 (Yoshida and Imanaga, 1990; Takashima, 

2009), while others have examined growth or dynamics of Cr. japonica  over 

a span of 10-20 years (Kimura, 1994; Takyu  et al . ,  2005);  however, 10-30 

years might not be long enough to  understand long-term growth pattern of 

this species,  which can live for over 1000 years.  Furthermore, previous 

research using stem analysis of Cr. japonica  on Yakushima Island employed 

only 3 sample trees aged 45-149 years (Hamaoka, 1933), and no previous  

studies have examined a large enough sample of individuals covering a 

range of ages that spans hundreds of years.  The  long-term growth pattern of 

Cr. japonica  over the course of several hundred years remains poorly 

understood.  

Using variations in tree-ring width,  it  is  possible to extrapolate 

information regarding growth rate.  In fact,  recent studies have used 

tree-ring widths to identify and quantify growth trends (Cherubini et al. ,  

1998; Ota et al. ,  2007).  The time span of monitoring data is limited to only 

several  decades;  however, tree-ring analysis using sample cores enables 

much more long-term growth patterns to be understood. The objective of the 

present study was to understand long-term growth pattern of Cr. japonica  on 

Yakushima Island over the last  several  hundred years. Regenerated Cr. 

japonica ,  which ranged in age from about 200 -300 years,  were examined in 

order to understand the long-term growth pattern within these individuals so 

that  information pertinent to the sustainable management of Cr. japonica  
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forest  on Yakushima Island could be obtained. In the present study, sample 

cores were collected from Cr. japonica  individuals located within four 

permanent study plots on Yakushima Island in order to provide data for use 

in the investigation of long-term growth patterns.  

 

2.2. Material  and Methods 

2.2.1.  Sampling and Cross-dating Trees  

During 2005–2008, sample trees more than 30 cm of DBH classes were 

randomly selected in each plot .  One or two samples from each of the DBH 

classes were cored using an increment borer with 80 cm length and 

diameters were measured where the sampling cores were obtained. Sampled 

cores were glued onto wooden mounts and sanded until  individual tree -rings 

were clearly visible.  Each tree -ring width was measured on a TA Unisl ide 

Velmex machine (0.001 millimeter precision; Velmex Inc. ,  Bloomfield,  NY, 

USA). Dating of raw tree-ring widths and associated measurement errors 

were evaluated using the COFECHA program (Holmes, 1983).  When there 

were two cores from the same tree,  the m ean tree ring width of the two cores 

was used to create a single ring-width series for each tree.  

Four plots ,  HP, KP, FP and SP were used as study sites in th is study (Fig.  

1-1 and Table 1-1). Within study plots, DBH distributions obtained from the 

second measurement interval were normal for Cr. japonica  individuals ≤ 

100-110 cm, which represented trees that  regenerated at  around the same 

time as the gaps were made by large -scale logging activities.  DBH 

distributions were uniform for individuals with DBH greater than 120 cm, 

which represented old-aged trees that  had not been targeted by logging 

operations (Yoshida and Imanaga, 1990).  After the third measurement was 

conducted, certain trees whose DBH class had been 110 cm during the 
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second measurement  interval had grown to a DBH of 120 cm. In the present 

study, sample cores from trees with DBH ≤ 120 cm were used (Fig.  2 -1).  

Cores were taken from 68 trees,  but only 28 trees were analyzed as certain 

cores were broken or too short  for age estimatio n (Table 2-1).  The reason 

for the high proportion of broken cores is unclear,  but may be due to the 

frequent typhoons in the area that shake big trees and may cause them to 

break inside.  

  

2.2.2.  Age Estimation 

Sample cores often lacked pith,  the chronological  center of a tree.  

Missing parts of tree-ring radius were estimated using the two methods 

outlined below. 

1.  Measuring arc of inner tree -ring  

When sample cores passed close enough to the chronological center that 

arcs of the inner rings were visible, missing radius lengths were estimated 

using the equation (Duncan, 1989):  

 

r  = L
2
/  8 h  + h /  2              (1) 

where  r :  length of the missing radius,  L :  length of arc,  h:  height of an arc.  

Estimated lengths of missing radius was divided by the average tree-ring 

width of the innermost 20 rings in order to obtain an estimate of age. When  

the length of the missing radius appears to be within 50 mm, then the mean 

absolute error is ±21 years of age (Duncan, 1989).  In this study, the mean 

length of the missing radius was 30.7 mm.  

2.  Age-diameter model  

When sample cores had no visible inner ring arcs,  the missing lengths,  

which are calculated by subtracting the length of sample core from the  

0 
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Fig. 2-1  Diameter distribution of living Cr. japonica  individuals (3rd 

measurement interval).  SP 

KP 

HP 

0 
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Table 2-1  Sample tree attributes  

  
No.  

(plot
- 1

)  

Mean 
DBH 
(cm) 

Mean 
ring- 
width 
(mm) 

Range of 
estimated 
age (year)  

HP  10 66.3 1.17 206-302 

KP   4 80.6 1.81 186-258 

FP   7 57.6 1.37 170-214 

SP   7 61.6 1.83 100-276 
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radius at  the diameter of the coring height, and then dividing by the average 

tree-ring width of the 20 innermost rings to obtain an estimate of age 

(Norton et al . ,  1987).  When there were two cores from the same tree,  this 

age-diameter model was used to calculate tree age using a mean ring -width 

series. The mean errors are estimated to be less than ±15% where the c ore 

length represents 80% of the radius (Norton  et  al. ,1987).  For this study, the 

mean core length was 80.3%.  

Cores were not taken at  ground level; rather,  most were taken at  1.2 m 

above ground level. The exact age of sampled trees was estimated based on 

stem analysis of Cr. japonica  on Yakushima Island. The age to reach the 

coring height was estimated using the relationship between height and 

tree-ring number of disc from stem analysis (Togo, 1981).  

 

2.2.3.  Growth-rate Calculation  

Basal area increment (BAI) was used to estimate growth rate, since 

growth rates for trees of different ages and sizes should be based on 

ring-area series,  which are less dependent on stem size or age than 

ring-width series and provide an accurate quantification of wood production 

(Phipps 1979; LeBlanc , 1990). BAI is calculated from raw ring -widths as 

follows:  

 

BAI = π (D t  /  2)
2
 –  π (D t -1  /  2)

2  
         (2)  

where  D t  is  the diameter of the coring height  for year  t .  Diameter of the 

coring height  for year  t  was calculated using the diameter value at  coring 

height (without bark) collected in the field or from monitor ing results.  

However, if the measured diameter was shorter than twice sample core 

length, we calculated the diameter as an additional value of length of the 
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core and estimated missing radius.  

BAI results were grouped into each age class and diameter class ,  and 

Tukey's parametric multiple comparison procedure s were applied to test 

whether there are significant differences in pairs of different classes.  

 We compared recent growth rate obtained from 30 -year monitoring data 

with past  growth rate calculated from tree-ring data that was dated from 

1850 to 1900, because sample size was less than 20 individuals that have 

tree rings before 1850. For this comparison, BAI data were grouped into for 

each of diameter classes, and nonparametric Wilcoxon–Mann–Whitney test  

was used to test  whether there are differences in BAI between recent and 

past growth rates  of each diameter class. We did not analyze data from the 

diameter classes more than 70cm because sample size was very small (less 

than 2) in these classes for tree -ring data.  

 

2.3. Results  

Diameter of the coring height  of sampled trees was calculated for each 

year based on tree-ring series (Fig.  2-2),  and age-diameter relationships 

were inferred from estimated age and tree -ring widths for trees of different 

age (Fig.  2-3).  For trees sampled in the present study, diameter classes 

ranged from 30-120 cm, age classes ranged from 100 -300 years,  and 

individual diameter growth curves showed high diversity (Fig. 2-3).  

Standard deviation of tree -ring widths and BAI values also showed a wide 

range (Figs.  2-4 and 2-5),  which suggested a high degree of variabil ity 

between individual growth patterns.   

Tree-ring widths of 28 individuals from four study plots were also 

grouped into 10-year age classes as well as 10 cm diameter classes  and 

averaged for presentation of the results (Fig. 2-4). Tree-ring growth rates  
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Fig. 2-2  Tree diameter growth.  
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Fig. 2-3  Age-diameter relationship.  
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Fig. 2-4  Growth rate of tree-ring width for each of age (A) and diameter 

classes (B). The error bar indicates the standard deviation . 
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Fig. 2-5  Growth rate of basal  area increment for each of age (A) and 

diameter classes (B).  The error bar indicates the standard deviation.  
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increased and peaked within the 20 -50 year age class and the 10 cm 

diameter class, after which growth rate decreased gradually (Fig.  2-4).  

Mean of t ree-ring width was greater than 1 mm in individuals below the 160 

year age class (Fig.  2-4(A)).  

BAI values of 28 individuals from four study plots  were grouped into 

10-year age classes as well as 10 cm diameter classes and averaged (Fig. 

2-5).  Results of multiple comparisons showed significant differences in BAI 

growth rate within individuals in age classes below 50 years and diameter 

classes below 30 cm. In fact,  BAI growth rate  increased rapidly up until  the 

50 year age class and the 30 cm diameter class before it reached a ceiling; 

however, a slow increase in BAI growth rate was observed from the 50 year 

to the 110 year age class before i t gradually decreased (Fig.  2-5(A)). 

Furthermore, a slow increase in BAI growth rate from the 30 cm diameter 

class to the 50 cm diameter class was observed before it  reached a ceil ing 

and subsequently showed an increase between the 70 and 80 cm diameter 

classes; however,  the observation of this secondary increase could have 

been the result of an insufficient number of samp le size more than 70 

diameter classes (Fig.  2-5(B)).   

Comparing recent 30-year monitoring data and tree -ring analysis from 

1850-1900 showed significant differences in  mean BAI growth rate in all  

diameter classes from 10 to  60 cm; the past growth was consistently larger 

that  the recent one  (Fig. 2-6).  

 

2.4. Discussion  

The present study attempted to clarify the  long-term growth patterns of  Cr.  

japonica  on Yakushima Island over last  several  hundred years using 

tree-ring analysis.   
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Fig. 2-6  Growth rate of basal area increment  of tree-ring analysis from 

1850-1900 and monitoring result  during the last  30 years.  The error bar 

indicates the standard deviation.  
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According to the results of tree-ring analysis,  tree-ring width increased 

until the 20-50 year  age class and the 10 cm diameter class, after which 

point growth rate gradually decreased (Fig.  2-4). The decline observed 

within this age class could be typical of tree -ring width growth patterns, 

which are wide rings near the pith and narrower rings toward outside  

(Phipps, 1979). Cr. japonica  on Yakushima Island are known for their slow 

growth, and it  has been reported that tree -ring width was less than 1 mm 

(Numata,  1986);  however, mean of tree-ring widths of sample trees less than 

160 years in age observed in the present study were greater than 1 mm (Fig. 

2-4(A)).  

Generally,  growth rate (m
3  

year
-1

) culmination of art ificial Cr. japonica  

forests occurs after approximately 15-40 years (Otomo, 1983);  however, 

this growth pattern has not been well studied in other natural  Cr. japonica  

forests in Japan. The present study demonstrated that BAI growth rate 

increased rapidly in trees under the 50 year age class and displayed a 

subsequent gradual rise unti l  it  peaked within the 110 year age class ,  after 

which point i t  gradually decreased (Fig.  2-5(A)). Therefore,  the observed 

growth rate peak in age of the natural  Cr.  japonica  forest  on Yakushima 

Island was significantly greater than that of a rt ificial  Cr. japonica  forests. 

However,  individual variation in tree growth patterns is a common 

characterist ic of natural forests,  because the growing conditions of each 

individual tree can differ (Kimura, 1994). Wide standard deviations of 

tree-ring widths and BAI values might also be a characterist ic of natural  

forests (Figs.  2-4 and 2-5).   

BAI growth rate showed an init ial  increase under the 30 cm diameter class,  

a slow increase within the 30 to 50 cm diameter class,  and peaked within the 

70-80 cm diameter class before increasing again; however,  results from 
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more than 70 cm diameter class might have skewed results due to an 

inadequate sample size (Fig.  2-5(B)).  Typically,  in order to make a mean 

tree-ring chronology,  20-30 trees are required (Cook and Kairiukstis ,  1990); 

however, in the present study, the sample size for the 70 cm diameter class 

was below 15 while the sample size for the 80 cm diameter class was below 

10. At least  growth rate increased to the 50 cm diameter class ,  after which 

point BAI growth rate was sti ll  high (approximately 25 cm
2
 year

-1
).  

Monitoring results obtained over the last 30 years have shown that  the 

mean BAI growth rate of Cr. japonica  t rees in all  diameter classes from 10 

to 60cm consistently had significant differences comparing to mean BAI 

growth rate of tree-ring analysis from 1850-1900 (Fig.  2-6).  These results 

indicated that  growth over the last  30 years was much slower than growth 

that  occurred several  hundred years ago, suggesting that growth conditions 

of Cr. japonica  were better in the past . One possible explanation could be 

that large-scale logging activities that occurred about 350 years ago and 

continued about 300 years  encouraged growth by providing better l ight and 

spatial  conditions.  There may be other factors causing growth differences 

over a few hundred years;  differences in microclimate conditions and 

tree-age might be such  factors.  

In conclusion, the results of the present study emphasized that  BAI 

growth of Cr. japonica  on Yakushima Island showed an initial  increase and 

peaked in the 110 year age class and the 50 cm diameter class, while large 

diameter trees maintained high growth rates.  Mean of t ree-ring width was 

greater than 1 mm within individuals below the 160 year age class and 

growth rate was higher 100-150 years ago than i t was within the last 30 

years.  These results clarified  BAI growth patterns of regenerated Cr. 

japonica  after large-scale logging activit ies; past growth was much better 
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than recent one and i t might have been affected mainly by loggi ng activities.  

This suggests that human or natural disturbances may be very important to 

encourage growth of  Cr.  japonica over long-term forest  management 

strategy for old-growth Cr. japonica  forest on Yakushima Island  or other 

regions. Further research should focus on using tree-ring data of stumps and 

fallen logs in order to understand growth patterns prior to extensive logging.
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3. Identifying Dendroecological Growth Releases in Old-growth 

Cryptomeria japonica  Forest on Yakushima Island, Japan 

 

3.1. Introduction 

Conservation of old-growth Cr. japonica  forests requires an 

understanding of the effects of human disturbances on the growth of Cr. 

japonica and dynamics of Cr. japonica  forest, because it may help 

researchers elucidate past  forest structure and provide useful information 

for the long-term forest management strategy in the buffer and production 

areas. Historical descriptions related to logging have been in existence 

since 1563 (Kanetani and Yoshimaru, 2007) .  However scale of logging 

activity,  its effect  on growth of the surviving trees and the germination 

years of  Cr.  japonica  which thrived because of gap formation have not been 

studied.  

Dendroecological  approaches have been proven to be extremely useful in 

evaluating the disturbance history of a stand with complex age structure 

over time and one of the fundamental dendroecological  approaches to 

evaluating the disturbance history is  identification of releases (Lori mer and 

Frelich, 1989). Calculation of releases is a powerful and unique tool that  

reflects disturbances at a high temporal  resolution (Black and Abrams, 

2003). Regional studies of disturbance regimes have been useful in 

understanding species dynamics and have served as guides for restoring 

natural vegetation complexes (Bonnicksen and Stone, 1980).  The objectives  

of the present study were;  1) to pinpoint the time and the scale of 

disturbances to verify ancient records of logging activity,  2) to determine 

the effects of logging on growth of old -aged Cr. japonica  and 3) to reveal 

the germination year of regenerated  Cr.  japonica  through gap formations 
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using dendroecological  approaches and posit ional information.  For this 

study we focused on detecting releases in the FP  study plot .  The FP  area 

has been designated as recreation forest since 1971.  

 

3.2.  Material  and Methods 

3.2.1.  Sampling and Cross-dating Trees  

Four plots,  HP, KP, FP and SP were used as  study site  in this study (Fig. 

1-1 and Table 1-1). The methods of taking sample cores,  measuring 

tree-ring width and evaluating error of measurements  were the same as 

“2.2.1.  Sampling and Cross-dating Trees” .  To detect  releases for the last  

550 years we used tree-ring data from FP  study plot  and succeeded in 

obtaining two long sample cores,  while taking cores from large diameter 

trees was so difficult  that  mostly innermost of cores were broken. In FP  

study plot , two old-aged trees that might be regenerated before the starting 

year of large scale logging activity in 1642 and six regenerated trees that 

were expected to have regenerated after 1642, were us ed to detect releases 

(Tables 3-1 and 3-2).  A large data set  of tree ring measurements was needed 

to calculate species-specific release criteria. Therefore, we supplemented 

our data with 34 tree-ring data sets from the four study si tes  (Table 3-3).  

 

3.2.2.  Standing Tree Monitoring and Mapping  

Diameter and species name of all living trees with DBH ≥ 4  cm have been 

recorded three different t imes since 1973 or 1974 within each study plot  

(Table 1-1).  Elevations were measured on a 20 m grid at  corners of the 

sub-blocks and posit ions of al l softwood and dominant  broad-leafed trees 

were mapped (Takashima, 2009).  For  Cr.  japonica  t rees in the FP  s tudy plot  
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Table 3-1  Sample tree attributes: old -aged sample trees of the FP  study 

plot  
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Table 3-2  Sample tree att ributes:  regenerated sample trees of the  FP  s tudy 

plot  

 



33 

 

Table 3-3  Sample tree attributes  

  
No.  

(plot
- 1

)  

Mean 
DBH 
(cm) 

Mean 
ring- 
width 
(mm) 

HP  13 77.7 1.18 

KP   5 97.9 1.55 

FP   9 66.5 1.19 

SP   7 62.0 1.83 
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regeneration types were also recorded ; trees regenerated from the ground, 

logs or stumps. Within the FP  s tudy plot  Cr. japonica  snags and stumps 

(DBH ≥ 10 cm) were mapped and their DBH were recorded in 2005 

(Takashima, 2009).  Fig.  3-1 shows positions of l iving trees,  snags and 

stumps in the FP  s tudy plot .  

 

3.2.3.  Age Estimation 

The method of age estimation was same as “2.2.2. Age Estimation, 1. 

Measuring arc of inner tree -ring” .  In this study, we estimated age of 7 

sample cores from FP  study plot . The mean length of the  missing radii  was 

28.27 mm. One old-aged sample tree had a core which was too short , thus 

we did not calculate the age to avoid a large margin of error.  

 

3.2.4.  Growth-rate Calculation  

BAI was calculated using the same formation as “2.2.3. Growth-rate 

Calculation” .  

 

3.2.5.  Release Analysis  

Release analysis using tree -ring width is  a useful approach for evaluating 

the disturbance history of a stand with complex age structure (Lorimer and 

Frelich, 1989).  For the analysis, the percentage growth change (%GC),  

which was the percentage difference between preceding and subsequent 

10-yr means of tree-ring width, was calculated using the formula below 

(Nowacki and Abrams, 1997):  

 

%GC = (M2  - M1) /  M1  ×  100      (3) 

where M1 :  preceding 10-yr mean,  M2 :  subsequent 10-yr mean. A 10-yr span  
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Fig. 3-1  Location of living trees,  stumps and snags in the FP  study plot .  A 

and B: old-aged trees.  a-f: regenerated trees .  
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for radial-growth averaging was used to detect sustained growth increases 

in percentage to discount the influence of cl imate and other  short-term 

growth perturbations (Leak, 1987).  %GC of eight Cr. japonica  sample trees 

in FP  s tudy plot were calculated to detect growth increases caused by gap 

formations from human or natural disturbance.   

To obtain release cri teria,  the boundary l ine met hod was used (Black and 

Abrams, 2003) because this method solved the dendroecological problems 

of ring width decreasing caused by aging and narrow ring width showing 

extremely large %GC. This method uses two steps:  (1) empirical  estimation 

of the maximum growth change based on prior growth, and (2) scaling of the 

releases relative to the boundary line (Splechtna et al. ,  2005).  

In the first  step the boundary l ine method is determined based on the 

relationship between %GC and prior growth values,  which was me an growth 

over the prior 10 years.  For calculating the species -specific boundary l ine, a 

large data set of tree ring measurements was needed. Therefore, we 

supplemented tree-ring data from the FP  study site with data from another 

three permanent study plot s on Yakushima Island; total  number of  

individuals used was 34 (Table 3-3). We divided the data set  into nine prior 

growth classes (class width 0.5 mm), averaged the ten highest growth 

change values for every growth class,  and fit  l inear,  power, logarithmi c and 

exponential curves and selected the function that  yielded the highest  R
2
 

value. In the second step, all  the releases were evaluated relative to the 

boundary line.  We identified potential  releases according to a procedure 

developed by Black and Abrams  (2003) as follows. Only %GC values 

greater than 10% were retained. A time series graph of %GC shows 

increases at  points of potential  release,  and only the maximum %GC for 

each ascent was used so that each peak would be considered only once as a 
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potential  release.  Only these potential  releases were then evaluated relative 

to the boundary l ine. We identified any %GC peak more than 20% of the 

boundary line at the given prior growth rate as moderate release and any 

peak exceeding 50% of the value of the bounda ry l ine as a major release.  

 

3.3. Results  

3.3.1.Boundary Line  

The best  fitted equation as the boundary l ine was:  

 

%GC = –91.88 ln (PG) + 137.56      (4) 

where PG: prior growth. The R
2
 value of above equation was 0.96 (Fig.  

3-2(A)).  All  calculated %GC ranged from –77.7 to 277.9% for prior growth 

from 0.12 to 4.71 mm (Fig. 3-2(B)).  Fig.  3-2(B) also includes the lines 

indicating 50% and 20% of the boundary l ine,  which are thresholds used to  

define major and moderate releases, respectively.  

 

3.3.2.  Disturbance History 

Fig. 3-3 shows the distribution of release for sample trees (A) and (B).  

Sample tree (A) showed major releases in 1751, 1774, 1778 and 1996, and 

sample tree (B) showed them in 1629, 1687, 1689, 1691, 1821, 1845, 1892, 

1905 and 1939. The BAI value of sample tree (A) increased from the middle 

of 1700s to the beginning of 1900s. The BAI of sample tree (B) increased 

from the beginning of 1800s to the end of 1900s. These increases of BAI  

value occurred after the frequent major releases from the middle o f 1700s 

for sample tree (A) and from the beginning of 1800s for sample tree (B).  

Table 3-2 shows the estimated age from regenerated l iving trees and  



38 

 

 

Fig. 3-2  Linear approximation of averaged value of ten highest  growth 

change for every growth class  (A). Boundary l ine and plot of percent growth 

change (%GC) values with respect to prior growth for 34 sample trees  (B).  
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Fig. 3-3  Percent growth change (%GC) and basal area increment (BAI) for 

sample trees (A) and (B).  
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regeneration types. Even though the y were located in two different areas 

(Fig.  3-1), regeneration years were within the relatively narrow range 

between the years 1791 and 1835. This t iming was consistent with a major 

release followed by high BAI values for both sample trees (A) and (B).  

Fig.  3-4 shows the number of sample trees showing moderate and major 

releases within each of 10-year class for old-aged and regenerated trees. 

Old-aged trees showed major and moderate releases from the 1450’s to 

1990’s. Regenerated trees showed major and mode rate releases from the 

1820’s to 1990’s.  

 

3.4. Discussion 

The present study attempted to pinpoint  the t ime of disturbance  of  Cr.  

japonica  on Yakushima Island over last several  hundred years using 

tree-ring analysis.  Old-aged sample trees (A) and (B) showed  increasing 

growth although they were approximately 500 to 600 years old, while the 

growth rate of trees normally declines as a tree ages (Gower  et al. ,  1996).  

The sample tree (A) showed major release from the middle of 1700s and the 

sample tree (B) showed major release from the beginning of 1800s (Fig.  

3-3).  Both trees showed a relatively high BAI value for about 150 years 

after these releases (Fig. 3-3). In old growth natural  Cr. japonica  forest in 

Akita, the growth of 160–200 years old Cr. japonica  increased after 

thinning (Nishizono  et al . ,  2006). This study clarified that much older Cr. 

japonica trees on Yakushima Island also increased their growth rate s after  

disturbances.   

Estimated germination years of regenerated trees were between 1791 and 

1835, which were after the major release of old-aged sample trees followed 

by long-lasting high BAI values, and all of them regenerated on stumps or 
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Fig. 3-4  Decadal distribution of major and moderate releases of two 

old-aged and six regenerated trees  for FP  study plot .  Total number of  

release (A),  and release for each sample trees (B).
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logs (Table 3-2).  Hence, these regenerated trees might have grown up in  

improved l ight and better conditions of competition on neighboring trees  

because of logging activity.  Even though the regenerated sample trees were 

located in two separate places, germination year of sample trees centered on 

a short  period of  t ime (Table 3-2 and Fig.  3-1). This result  shows there was 

logging activity in the same time point in both these areas  of the study si te.   

A major release of the old-aged sample tree (A) was detected during the 

1990’s ,  but sample tree (B) did not show release for the 1990’s  (Figs.  3-3 

and 3-4).  Major releases of regenerated trees for the 1970’s  and 1980’s  were 

also detected (Fig.  3-4).  These releases might have been caused by natural 

disturbance, because the FP  study plot  has been strict ly protected  since 

1971. The major natural  disturbance in Yakushima Island might be land 

slide and typhoon. Shimokawa and Jitousono (1984)  reported that  land slide 

may happen every 1000 years in steep or d rainage basin in Yakushima 

Island. In FP  study plot  on gentle slope, however, land slide might not 

happen at least last 600 years,  judging from the number of tree -ring for the 

sample trees (Table 3-1) and the existence of many large trees and stumps 

(Fig.  3-1).  Yakushima Island is susceptible to typhoons , which may cause 

the canopy gaps in the study plot .  The weather station of Yakushima 

recorded wind velocities exceeding 55 m s
-1

 eight times from 1938 to 2012 

(Japan Meteorological  Agency, 2013), meaning powerful typhoons hit about 

every 10 years in Yakushima Island. However,  Takashima (2009) reported 

that  only a few Cr. japonica  have been recruited  in permanent study plots 

including FP  study plot  based on monitoring result s since 1973. In these 

plots,  some losses of apical  parts of the crowns  were observed (Ishii  et al . ,  

2010), while whole crown damaged or uprooted trees are rarely observed, 

especially in larger trees. Only one big Cr. japonica  with a DBH of 250 cm 
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in KP  study plot  was felled by the typhoon (No. 19) in 1997 , but no 

recruitment of  Cr. japonica  was observed. This suggests disturbances since 

1970’s  might have been smaller scale than previous logging activity and 

happened at  the individual tree level.  In addition, such small  scale natural  

disturbance may also occur all the time even before 1970 ’s  and during the 

large scale logging activity.  

There are historical  descriptions showing the earliest  logging occurred in 

1563 and the starting year of systematic logging activity was 1642. In the 

FP  study site some moderate releases were detected since 1450 ’s ,  but no 

major releases  occurred unti l 1629. Based on the tree-ring analysis of 

stumps, there may have been some logging activities bef ore 1642 (Ushijima  

et al . ,  2006), and so these moderate releases before 1642 may have been 

caused by logging as well  as natural  disturbances. However,  these logging 

activities might have been smaller scale than later systematic logging 

activities,  because only moderate releases occurred. 

In conclusion, this study emphasized that systematic large scale logging 

activities of Cr. japonica occurred as part  of the historical  record. In our 

study site,  logging activity started about 1630 and large scale logging  

activity occurred from the middle of 1700s. Large scale logging activity 

encouraged growth rates in older trees about  500 to 600 years old; gap 

formation may be important for regeneration of  Cr. japonica  and small scale 

disturbance associated with individua l tree level might be inadequate to 

stimulate regeneration of  Cr. japonica .  Low levels of disturbances also 

occurred before 1630 and these releases were likely to be caused by logging 

but might have been small scale. These results suggest  past  logging 

activities  are important to encourage  growth and regeneration of  Cr. 

japonica .   
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Currently, logging of Cr. japonica  is basically not allowed in the core 

area in FEPA. However, selective loggings are carried out for Cr. japonica  

plantations in the buffer area in  FEPA and in the production area outside 

FEPA. Our findings suggest  that group selection system is more appropriate  

rather than single-tree selection in order to encourage natural regeneration 

and growth of remaining trees in such areas. Interestingly,  Ima da (1986) had 

already proposed the group selection system with 240 year rotation for 

production area of Cr. japonica  forest  on Yakushima Island, and this system 

has been experimentally implemented. Thus, i t  could be very valuable to 

evaluate such an experimental  practice to further confirm the effects of 

loggings.   
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4. Comparing 30-years Diameter Censuses and Tree-ring 

Chronologies on Old-growth Cryptomeria japonica  from 

Yakushima Island, Japan  

 

4.1. Introduction 

Conservation of the old-growth forest  requires an understanding of 

long-term growth in Cr. japonica ,  because identification of long-term 

patterns in forest growth is needed to understand forest dynamics, with 

direct  implications in forest  management and silviculture (Biondi,  1999). 

However,  growth of natural  forest is  not well  known, because forest  

structure of natural forest is complex and its  growth process is various.  

Continuous diameter census or tree -rings measurements are required to 

estimate long-term patterns in forest  growth . 

The most common method of growth estimation is measuring tree 

diameters repeatedly and calculating diameter change (Clark  et  al. ,  2007).  

This approach has the advantages  that  diameters can be measured rapidly 

(Clark  et  al. ,  2007),  it  is  possible to collect  data in protection area without 

damaging trees, and it is easy to get information about surrounding actual 

situation, but not possible to get  past information before start ing census.  

However there are several disadvantages to diameter measurements. The 

diameter measurements have substantial  error (Barker et al . ,  2002; Kitahara 

et al. ,  2009),  and negative growth could be observed (Clark  et al . ,  2007) 

although positive growth should occur each year.  Annual growth rates are  

often unknown, because intervals between measurements can be long (Clark  

et  al. ,  2007).  Especially i t  is  difficult  to measure  big  Cr.  japonica  t rees 

because of irregular shape, covering thick moos of tree surface,  and poor 

footing caused by many big stumps and logs on forest  floor.  Thus, it  is 
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concerned that  as the diameters are bigger,  measurements may be less 

accurate.  

In comparison, advantage of tree -ring measurement is  that  tree -ring data 

provide an accurate representation of year-to-year growth patterns (Biondi, 

1999), and negative growth can ’t  be observed. Tree-ring information also 

represents past  growth back to the year of germination of the tree.  However,  

there are some disadvantages. Tree -ring data might include false or missing 

rings.  As one or two sample cores are taken generally from one tree,  the 

actual  tree circumference is not known  (Clark  et al . ,  2007).  Sample cores 

shrink after taking from trees and are not be able to be taken from protected 

areas or places where trees do not produce identifiable annual rings.  

Relatively l itt le research has  focused on comparing inventories and 

dendrochronological  records (Biondi,  1999;  Clark  et  al . ,  2007). Biondi 

(1999) reported that tree -ring data was closely matched with repeated forest 

inventories .  We focused on 30 years diameter census and tree -ring 

chronologies on old-growth Cr. japonica  forest  from Yakushima Island, 

which consists of few hundred year old trees.  The objective of this study 

was to compare growth from diameter censuses and tree -ring data to know 

error range in order to consider about the role of census for natural  

old-growth Cr. japonica  forest  on Yakushima Island.  

 

4.2.  Material  and Methods 

4.2.1.  Diameter Census  

DBH of all living trees with DBH ≥  4  cm were recorded three different 

times since 1973 in the five plots  (Table 1-1). DBH measurement was 

conducted using caliper in 0.5 cm round based  up to 90 cm or 100 cm 

caliper size.  Two measurements  from different directions  at  right angles to 
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each other were obtained for each tree, and the measurement values were 

averaged. Diameter tape was used for each tree  that  was not able to be 

measured using caliper, in 0.5 cm round based. Pole was used for each tree  

that  was standing on poor footing caused by many big stumps and logs on 

forest  floor,  in 5 cm round based. At the breast  height  we placed number 

plates and measured DBH every census at  same place.  Furthermore, the rest 

lengths of the nails,  which attached the number plates to the stems  (Fig.  

4-1),  were randomly selected and measured in 0.1 cm round based during at 

third measurement for 224 trees in study plots  of HP ,  FP  and SP  (Fig.  1-1 

and Table 1-1).   

 

4.2.2.  Sampling and Cross-dating Trees  

Tree-ring width of sample cores from 49 individuals from study plots HP ,  

KP ,  FP  and SP ,  were measured (Fig. 1-1 and Table 1-1). The methods of 

taking sample cores, measuring tree -ring width and evaluating error of 

measurements were the same as “2.2.1.  Sampling and Cross-dating Trees” .  

In TP  s tudy plot  (Fig. 1-1 and Table 1-1),  12 sample cores from 11 

individuals were taken in 2012. To know percentage of shrink, cores were 

inserted into straw and the size of core (without bark)  was marked on the 

straw immediately after the taking cores and the length were measured . 

After air dried, length of cores were measured and percentage of shrink is 

calculated.  The results from tree-ring measurement were increased by 

average shrink percentage 1.5%, which were added to the result of tree-ring 

measurement .  

 

4.2.3.  Analysis  

The period between the first  and second measurements  of diameter census   
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Fig. 4-1  Driving a nail  in to the stem (Yoshida, 2007).
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is  termed as ‘first  period’, between the second and third measurements as 

‘second period’ ,  and between the first  and third measurements as ‘all  

period’.  The first period and second period were termed 10 -19 years and all  

period was termed 28-30 years. For first ,  second and all periods,  diameter 

growth per 10 years (without bark) was calculated  from the census records. 

The percentage of bark thickness was estimated using the relationship 

between diameter and bark thickness of disc from stem analysis  (Togo, 

1981). We calculated the diameter growth of 49 individuals, which were 

identical  to trees whose sample cores were taken from 4 study plots (HP ,  KP , 

FP  and SP) (Table 4-1). For the same period, diameter growth per 10 years 

was calculated from the sum of tree-ring widths. Diameter growth per 10 

years from 14 individuals,  for which rest lengths of the nails  were measured 

and also sample cores were taken, was calculated.  

Paired t  test was applied to test the null hypothesis of no difference 

between diameter census/nail measurement and tree -ring measurement. For 

the continuous variables,  we calculated average difference (AD), average 

percentage difference (APD), standard deviation (SD) of the differences, 

which are commonly used measures of random measurement error (Kitahara  

et al . ,  2009). For the calculation tree -ring measurements were defined as 

true value. AD defined as the average of the diameter census/nail 

measurement minus the tree -ring measurement,  and APD defined as the 

average of the absolute difference divided by the tree -ring measurement.  

Diameter growth per 10 years from diameter census,  tree -ring measurement 

and rest  lengths of the nails were grouped into  each diameter class , and AD, 

APD and SD for each diameter class were also calculated.  

From the all  data of rest length of nail,  percentage that  nails have fallen 

away from the stem and nails have been pushed out of the stem, were  
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Table 4-1  Sample tree attributes  at the 3rd monitoring year  
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calculated.  

 

4.3. Results 

4.3.1.  Diameter Census vs.  Tree-ring Measurement 

Fig. 4-2 shows scatter plot  of diameter growth (cm 10
-1

 years) from 

diameter census and tree-ring measurement.  Linear approximation and 

determination coefficient were; for 1st period y =  0.24 x + 1.85 ,  R
2
 = 0.01, 

for 2nd period y = 1.12 x –  1.51, R
2
 = 0.06 and for al l period y = 0.47 x + 

0.73, R
2
 = 0.04. Negative growths were observed at  diameter census for 

every period, and there was great variability between diameter census and 

tree-ring measurement (Fig.  4-2).  The results of paired t  test showed no 

significant differences in diameter census and tree-ring measurement.  Table 

4-2 shows the deviations of diameter census from tree -ring measurement.  

The AD, APD and SD were high, but the values of all  period wer e lower 

than 1st and 2nd period.  Table 4-3 shows the deviations of diameter census 

from tree-ring measurement for DBH class.  About the half of AD of all  DBH 

class were negative differences. The APD and SD were higher for DBH ≥  70 

cm. Fig.  4-3 shows diameter growth (cm 10
-1

 years) from diameter census 

and tree-ring measurement for each of DBH class.  The result  of tree-ring 

measurement showed constant growth for every diameter class for every 

period, but  the result of diameter census showed negative growth an d large 

range of difference especially for diameter class of 80 and 110 cm.   

 

4.3.2.  Nail Measurement vs.  Tree-ring Measurement 

Fig. 4-4 shows scatter plot  of diameter growth (cm 10
-1

 years) from nail  

measurement and tree-ring measurement.  Linear approximation was y = 

1.00 x + 0.68 (R
2
 = 0.25). There was great  variability between nail   
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Fig.  4-2  Scatter plot  of diameter growth  (cm 10
-1

 years)  from diameter 

census and tree-ring measurement , (A) for 1st  and 2nd period and (B) for al l 

period. 
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Table 4-2  Deviation of diameter census from tree -ring measurement (n  = 

49) 
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Table 4-3  Deviation of diameter census  from tree-ring measurement for 

each DBH class  
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Fig. 4-3  Diameter growth (cm 10
-1

 years)  from tree-ring measurement  (A) 

and diameter census  (B) for each of DBH class.  
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Fig. 4-4  Scatter plot  of diameter growth (cm 10
-1

 years) from nail  

measurement and tree-ring measurement.  
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measurement and tree-ring measurement,  but the variability is smaller than 

between the result of diameter census and t ree-ring measurement (Figs. 4-2 

and 4-4). The results of paired  t  test showed no significant differences in 

nail  measurement and tree-ring measurement.  Table 4-4 shows the 

deviations of nail  measurement from tree -ring measurement.  The AD, APD 

and SD were much lower than between diameter census and tree-ring 

measurement (Tables 4-4 and 4-5). Table 4-5 and Fig. 4-5 shows diameter 

growth (cm 10
-1

 years) from nail  measurement and tree -ring measurement 

for each of diameter class.  The tree-ring measurement was consistently 

lower than nail  measurement for al l diameter classes .  

From the all  data of rest length o f nail  from 224 trees,  percentage of that  

nails have fallen away from the stem was 6.7%, and nails have been pushed 

out of the stem, was 2.2%.  

 

4.4. Discussion 

The present study attempted to clarify error of growth from 30-years 

diameter censuses and tree -ring measurement of  Cr.  japonica  on Yakushima 

Island. At diameter census, negative growth was observed , and there was 

great variabili ty between diameter census and tree-ring measurement (Fig.  

4-2).  The reason of the variability and high APD and SD of the differences  

especially for DBH ≥  70 cm might be result ing from the measurement errors  

using diameter tape; differences in tape tension and divergences in tape 

placement from the plane perpendicular to the tree axis (Elzinga et al. ,  

2005) (Table 4-3). Another possible reason for error is  the placement of the 

tape above or below the specified breast height (Elzinga et al. ,  2005), but  it  

might be not a main reason because we measured DBH for diameter census 

at  same posit ion, where number plate was placed. Specific possible reasons  
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Table 4-4  Deviation of nail  measurement  from tree-ring measurement (n  = 

14) 
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Table 4-5  Deviation of nail  measurement  from tree-ring measurement for 

each DBH class  
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Fig. 4-5  Diameter growth (cm 10
-1

 years) from nail measurement and 

tree-ring measurement for each of diameter class.  
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for error of Cr. japonica  on Yakushima Island  might be thick moos covering 

the surface of stem and poor footing caused by many big stumps and logs on  

forest floor;  these might make difficult  to measure correctly.  In some cases, 

it  was impossible to use diameter tape, and pole was used for each tree 5 cm 

round based. The error using pole might be much bigger than using diameter 

tape. Also typical  character for Cr. japonica  with big diameter on 

Yakushima Island is irregular shape. As the sample core for tree-ring 

measurement was taken from just one or two directions, thus the actual tree 

circumference is not known (Clark  et  al. ,  2007).  

Between the nail  measurement and tree -ring measurement, there was great  

variabili ty but  it  is  not as much as between diameter census and tree-ring 

measurement (Figs. 4-2 and 4-4). The deviations of nail measurement from 

tree-ring measurement showed lower APD and SD of the differences than 

between diameter census and tree-ring measurement (Tables 4 -2,  4-3,  4-4 

and 4-5). However there were significantly positive differences, indicating 

that  the tree-ring measurement  is  consistently underestimated (Table 4-5 

and Fig. 4-5). This under estimation might be caused by swelling by wound 

tissue, which can be observed after pinning (Kuroda, 1986).  

Biondi (1999) reported that  tree -ring data was closely matched with 

repeated forest  inventories.  However the deviations of diameter  census from 

tree-ring measurement  for AD, APD and SD were very high (Tables 4-2 and 

4-3).  This high deviation might be caused from error of diameter census 

because of bad condition mentioned before, and also of tree-ring 

measurement, which  used only one or two cores from irregular shape of 

stem. Existence of false or missing rings might no t be one major reason for 

error,  because we evaluated tree -ring data using COFECHA program 

(Holmes, 1983).  
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In the study plots, census was conducted  with 10-19 years intervals.  

However,  this study indicated that  longer monitoring period would be 

necessary especially for  large trees with DBH ≥  70 cm, because the 

deviations were much lower for all  period, which was 28 -30 years intervals 

(Tables 4-2 and 4-3).  The data from nail measurement might be used as 

reference for correction of data from diameter census. Currently, all  

old-growth Cr. japonica  forests are in the protected area on Yakushima 

Island. The diameter census will be a very important tool to know further 

growth dynamics because taking core from natural  Cr. japonica  t ree from 

those forests will be di fficult.  Knowing the results from this study is 

important to understand growth and dynamics  towards natural  old-growth Cr. 

japonica  forests using census data.
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5. General Discussion  

 

This thesis  attempted to clarify the long-term growth dynamics and the 

effects of human disturbances on the growth of Cr. japonica  on Yakushima 

Island based on dendroecological analysis . The growth pattern and 

germination year of regenerated Cr. japonica  on Yakushima Island  that 

regenerated subsequent to the inaugural  ye ar of past  logging activity were 

revealed. I also tried to  pinpoint the time of disturbance over last several 

hundred years  and effects of disturbances on the growth of  old Cr. japonica  

that escaped logging. Additionally,  growth from diameter censuses and 

tree-ring data were compared to know error range.  

 

The long-term growth patterns of  Cr.  japonica  on Yakushima Island over 

last several hundred years  was revealed using dendroecological  analysis in 

Chapter 2.  Tree-ring widths of samples were measured and annual  basal area 

increment (BAI) was calculated from tree -ring series. Tree-ring series  

indicated diversity among individual diameter growth curves.  The individual 

variation in tree growth pat terns  is  a common characterist ic of  natural  forests,  

because the growing conditions of each individual  tree can differ (K imura, 1994). 

Wide standard deviations of tree -ring widths and BAI values might also be a  

characterist ic  of natural  forest s .  Generally,  growth rate (m
3  

year
-1

) 

culmination of art ificial  Cr. japonica  forests occurs after approximately 

15-40 years (Otomo, 1983) . However, the BAI of Cr. japonica  on 

Yakushima Island showed an initial  increase and peaked in the 110 year age 

class and the 50 cm diameter class,  while large trees maintained high 

growth rates.  Therefore,  the observed growth  rate  peak in age of the natural  Cr. 

japonica  forest  on Yakushima Island was signif icantly greater  than that  of  
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art if icial  Cr. japonica  forests .  Mean of t ree-ring width was greater than 1 mm 

below the 160 year age class ,  although  Cr.  japonica  on Yakushima Island 

are known for their slow growth  and it  has been reported that  tree -ring 

width was less than 1 mm (Numata,  1986) . The growth rate was higher 

100-150 years ago than the last 30 years. These results clarified  growth 

patterns of regenerated Cr. japonica  after large-scale logging activit ies; 

past  growth was much better than recent one and it  might have been affected 

mainly by logging activities.   

 

The time and the scale of disturbances and the effects of logging on 

growth of old-aged Cr. japonica  were revealed using dendroecological  

analysis in Chapter 3. The result suggested that  systematic large scale 

logging activit ies of Cr. japonica occurred as part of the historical  record. 

In our study si te,  logging activity might have started about 1630 and large 

scale logging activity occurred from the middle of 1700s. Large scale 

logging activity encouraged growth rates in older trees about  500-600 years 

old,  while the growth rate of trees normally declines as a tree ages (Gower  

et al. ,  1996).  However,  in old growth natural Cr. japonica  forest in Akita, 

the growth of 160-200 years old Cr. japonica  increased after thinning 

(Nishizono  et al . ,  2006). This study clarified that much older Cr. japonica 

trees on Yakushima Island also increased their growth rates after  

disturbances.  Estimated germination years of regenerated trees were 

between 1791 and 1835, which were after the major release of old-aged 

sample trees followed by long-lasting high BAI values,  and all  of them 

regenerated on stumps or logs.  The gap formation may be important for 

regeneration of  Cr. japonica .  The small scale disturbance associated with 

individual tree level might be inadequate to stimulate regeneration of  Cr.  
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japonica, because there were some releases since 1970, but based on 

monitoring results  since 1973 in study si tes ,  only a few Cr. japonica  have 

been recruited (Takashima, 2009).  Low levels of disturbances also occurred 

before 1630 and these releases were l ikely to be caused by logging but 

might have been small scale,  because Ushijima  et  al . ,  2006 suggested some 

logging activities before 1642  based on the tree-ring analysis of stumps. 

These results suggest  past  logging activit ies  are important to encourage 

growth and regeneration of  Cr.  japonica .   

 

In Chapter 4 , growth from 30-years diameter censuses and tree -ring data 

of  Cr.  japonica  on Yakushima Island  was compared.  At diameter census, 

negative growth was observed , and there was great variability between 

diameter census and tree-ring measurement.  The high APD and SD of the 

differences  for DBH ≥  70 cm might be result ing from the measurement  

errors using diameter tape; differences in tape tension and divergences in 

tape placement from the plane perpendicular to the tree axis (Elzinga et al . ,  

2005). Specific possible reasons for error of Cr. japonica  on Yakushima 

Island might be thick moos covering the surface of stem and poor footing 

caused by many big stumps and logs on forest  floor;  these might make 

difficult  to measure correctly.  In some cases,  it  was impossible to use 

diameter tape and pole was used for each tree  in 5 cm round based. The 

error using pole might be much bigger than using diameter tape. Also 

typical character for Cr. japonica  with big diameter on Yakushima Island  is 

irregular shape. As the sample core for tree-ring measurement was  taken 

from just one or two, thus the actual  tree circumference is not known (Clark  

et  al . ,  2007).  In the study plots,  census was conducted 10 -19 years intervals.  

However, this study obtained that longer monitoring period would be 
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necessary especially for  large trees with DBH ≥  70 cm.  

 

In conclusion, this thesis revealed that  growth rate of Cr. japonica  on 

Yakushima Island showed relatively late culmination  compared to art ificial  

Cr. japonica  forests,  and the systematic large scale logging activities 

encouraged growth rates in older trees about  500-600 years old  and 

regeneration of Cr. japonica .  Hence, large scale of  disturbances  as past  

logging activity might  be very important to encourage  growth  and 

germination of  Cr.  japonica .  This paper also suggested the need for larger  

interval of diameter census for large trees with DBH ≥  70 cm, than currently 

adopted one because of large measurement err or for large trees .  Currently,  

logging of natural  Cr. japonica  in Yakushima Island is basically not al lowed.  

The diameter census will  be a very important tool to know further growth 

dynamics because taking core of living natural Cr. japonica  tree from those 

forests will  be difficult . There are Cr. japonica  plantations in the buffer 

area of protection area and in the production area in Yakushima Island , 

where selective loggings  are carried out.  Knowing the results from this 

study will be useful  for forming a long-term forest management strategy in 

these buffer and production area of Cr. japonica  forests.  Further research 

should focus on tree-ring analysis  of stumps and fallen logs to under stand 

growth pattern of more ancient Cr. japonica  t rees and exact time point of  

logging.  
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 Summary 

 

Old-growth Cryptomeria japonica  forest  on Yakushima Island, Japan may 

have been affected by large-scale logging activities that began 

approximately 350 years ago and continued over 300 years. The forest on 

the island currently consist s of 200–300 year-old Cr. Japonica that  

regenerated after logging activities  and 400 to over 1000 year-old trees that 

have survived logging activities.  Thus the Cr. japonica  forest  on Yakushima 

Island is a valuable site that  enables estimation of long-term growth pattern 

and effects of human disturbance. The objectives of this thesis  were; 1) to 

reveal long-term growth patterns of Cr. japonica  on Yakushima Island over 

the last  several  hundred years and the scale and the effects o n growth of Cr. 

japonica  on Yakushima Island of past  disturbances based on 

dendroecologial approach, 2) to reveal error range of growth  estimation 

from diameter censuses in comparison with tree-ring data in old-growth  Cr.  

japonica  forest .  

In Chapter 1,  growth condition and previous studies on Cr. japonica  forest 

on Yakushima Island were summarized.  

 In Chapter 2, long-term growth patterns in regenerated Cr. japonica  on 

Yakushima Island, which ranged in age from about 200 -300 years,  were 

examined. Tree-ring widths of samples were measured and annual basal area 

increment (BAI) was calculated from tree -ring series. Tree-ring series 

indicated diversity among individual diameter growth curves.  BAI 

increased with age until approximately 110 years and the 50 cm dia meter 

class and decreased gradually;  this period of increase is longer than that 

observed in Cr. japonica  in an art ificial forest . Comparison of these results 

with census results suggested that growth rates were higher 100 -150 years  
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ago than they were during the last 30 years.  

In Chapter 3,  tree-ring analysis was employed to understand the scale and 

pinpoint the time of past  disturbances.  To detect release events caused by 

human or natural  disturbances,  annual BAI and growth change from 

tree-ring width were calculated. Sample trees showed release events from 

1600 to 1900s, and showed high BAI values for 150 years after releases. 

The estimated germination t iming of regenerated trees subsequent to the 

inaugural year of logging is consistent with release events followed by high 

BAI values of old-aged trees.  The evidence on all  regenerated samples 

germinating on stumps and logs indicates the detected releases might have 

been caused by large scale of logging activities.  This study clarified that 

large scale of logging activity from 1600 to 1900s encouraged the growth 

rate of approximately 500-600 years old trees, and also large scale of 

disturbance was important for regeneration of  Cr. japonica .  

In Chapter 4, growth of 30-years diameter censuses,  which have been 

conducted three different t imes, and tree -ring data of  Cr.  japonica  on 

Yakushima Island were compared. The results showed variability and large 

range of errors in diameter measurement for trees with diameter at breast  

height (DBH) ≥70 cm, which might be result ing from measuring error using 

diameter tape, etc..  Specific possible reasons for error of old -growth Cr. 

japonica  on Yakushima Island might be thick moos covering the surface of 

stem and poor footing caused by many big stumps and logs on forest  floor ;  

it  might make difficult  to measure correctly.  In the permanent study plots, 

census was conducted 10-19 years intervals. However, this study indicated 

that  longer monitoring interval would be necessary especially for trees  with 

DBH ≥ 70 cm.  

In Chapter 5, the obtained results were totally discussed. This thesis 
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revealed long-term growth dynamics and effects of human disturbance on 

growth of  Cr. japonica  on Yakushima Island. The  Cr.  japonica  forest  in the 

study plot  was affected by large scale of logging activit ies and the logging 

affected growth and germination. In this paper,  also diameter censuses and 

tree-ring data of  Cr.  japonica  on Yakushima Island were compared. 

Diameter census for big tree had large measurement error; it  might have 

been caused by specific reasons in Yakushima Island. Further research 

should focus on using tree-ring analysis of stumps and fallen logs to 

understand growth pattern of more ancient Cr. japonica  t rees and exact time 

point of logging.  
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Summary (in Japanese)  

 

屋久島の老齢スギ天然林では，約 3 5 0 年前に大規模伐採が始

まり，伐採は約 3 0 0 年続いたといわれている。現在，屋久島に

おけるスギ林では，伐採後に更新した樹齢 2 0 0 - 3 0 0 年のスギと，

伐採を免れた樹齢 4 0 0 年から 1 0 0 0 年を超えるスギが混在してい

る。つまり，屋久島のスギ林は，人為活動の影響を含めた長期

成長パターンを解明することができる非常に貴重な研究サイト

である。そこで本研究では， 1）屋久島のスギにおける，数百年

に及ぶ長期成長パターンと，過去の伐採が成長に及ぼす影響を，

年輪生態学的手法を用いて解明すること， 2）屋久島での継続調

査における直径計測結果と年輪解析データを比較・検討し，老

齢な天然林での大径木調査の測定誤差を明らかにすることを目

的とした。  

第 1 章では，屋久島におけるスギの成育概況と，既存の研究

について概説した。  

第 2 章では，更新木である樹齢 2 0 0 - 30 0 年の年輪幅を計測し，

年間断面積成長量を算出した。年輪幅より算出した直径成長曲

線は，それぞれの供試木間で大きなばらつきを示したが，おお

むね断面積成長量は，樹齢と共に樹齢階 11 0 年と直径階 5 0  cm ま

では増加，それ以降は下降する傾向を示し， スギ人工林と比較

するとかなり緩慢な成長を示した。これらの結果と継続調査結

果を比較して，過去 3 0 年間よりも 10 0 - 1 5 0 年前の成長量の方が

大きいことを明らかにした。  

第 3 章では，年輪解析を用いて過去の撹乱時期やその規模を

解明した。人為もしくは自然介入による撹乱を抽出するため，

年間断面積成長量と年輪幅成長量変化の割合を算出した。その
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結果， 1 6 0 0 - 1 90 0 年代にかけての大規模な撹乱が存在し，供試木

は撹乱後 1 5 0 年間，高い断面積成長量を示した。また，スギ更

新木の発生時期は，高い断面積成長量を伴う撹乱の後であった。

さらに，それら更新木は，切り株や伐倒木の上に更新している

ことからも，この様な撹乱は人為撹乱であると推測 された。以

上より， 1 6 0 0 -1 9 0 0 年代の間に大規模伐採が行われ，それによっ

ておよそ樹齢 5 0 0 - 60 0 年という老木の成長が促され，スギ更新に

も重要な役割を果たしたことを明らかにした。  

第 4 章では，屋久島におけるスギの過去 3 0 年に及ぶ継続調査

における 3 回の直径計測結果と，年輪解析による年輪幅データ

を比較した。結果にはばらつきがみられ，特に胸高直径 7 0  cm

以上で誤差が大きかった。これは，直径テープ等による計測 の

際に生じた誤差，大径木を覆う厚い苔の存在，更に林内の大き

な切り株や伐倒木による足場の悪さといった，屋久島並びに老

齢天然林特有の要因が，正確な計測を困難にしていると考えら

れた。屋久島におけるスギ天然林の固定試験地においては，1 0 - 1 9

年おきに直径計測が行われているが，以上より，特に胸高直径

70 cm 以上の大径な個体に関しては，それ以上の間隔での計測が

望ましいことが示唆された。  

第 5 章では，研究結果について総合考察を行った。本研究より，長

期成長動態や，人為介入が屋久島のスギの成長に及ぼす影響について

明らかになった。大規模伐採が，スギの成長と更新を促したことが判

明した。また，直径計測と年輪データを比較した結果，大径木の直径

計測には，大きな誤差が生じることが判明し，それは屋久島特有の要

因が影響していると推測された。今後更に過去に遡った成長パターン

を解明して，伐採年を確定するためには，切り株や伐倒木の年輪を解

析していく必要性がある。  
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