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Supporting Information 

Study localities, tree-ring network, cross-dating and sample selection. 

Study localities. The age of studied trees was not uniform along the gradient as it is basically 

impossible to compare forests with similar age structure across such a large gradient. It is 

important to realize that disturbances are responsible for the age structure of the forests. 

Subjective selection of forest stands or subset of data with similar size or age structure would 

bias analyses (75). However, we did not find significant relationships between the age structure 

and the length of period preceding canopy disturbance (mean age for all individuals and mean 

age for trees established before and after 1920 at individual localities was tested; p>0.05). We 

performed intercorrelations tests between the canopy disturbance chronologies (Fig. S4) and 

we found significant correlations between some of them, especially between the localities on 

the Korean peninsula (Table S5). This was expected as TC activity is higher in the southern 

latitudes and thus there is higher probability to show similar TC imprint, especially in 5-year 

intervals (5- or 10-years intervals are commonly used for release detection (61)). There is a 

natural decrease in correlation between more distant localities. However, lower correlation 

values towards the north are induced by lower TC activity at the northern latitudes leading to 

higher variability in TC tracks affecting these latitudes (compared to southern localities where 

TC tracks have more similar trajectories). 

 

Tree-ring network, cross-dating and statistical analyses. During the 2004-2016 period, core 

samples were collected from all stems (>10 cm DBH) in permanent research plots at a height 

of 0.5-1 meter above the ground surface using a steel increment borer. This sampling strategy 

is free of bias induced by sampling design (75). As we aimed to reconstruct the length of period 

preceding the canopy disturbance, which enables individual trees to reach the canopy, only 

canopy trees were sampled and analysed in this study. The cores were dried and a thin layer of 
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wood was sliced from each core using a core microtome (76) to highlight the tree-ring 

boundaries. Rings were counted from pith to bark and tree-ring widths were measured to the 

nearest 0.01 mm using the TimeTable measuring device and PAST5 software 

(http://www.sciem.com). Ring sequences were first visually cross-dated (77) and consequently 

statistically verified by the percentage of parallel variation (p < 0.05, Gleichläufigkeit; see 

Eckstein and Bauch (78)) and the similarity of growth patterns between individual series 

(Baillie-Pilcher’s t-value; see Baillie and Pilcher (79)).  

 

Sample selection. The main objective of this study was to determine the length of period 

preceding canopy disturbances, which enable individual trees to reach the canopy, and to 

investigate if the length of period varied in space (latitudinal gradient) and time (before and 

after 1920). It was therefore critical to use only samples with preserved inner tree rings, i.e. the 

tree rings formed shortly after tree establishment, as this is the crucial part of tree life for the 

identification of canopy accession strategies. Thus, for this study we used increment cores: 1) 

reaching the pith or 2) with an arc of the inner rings. Consequently, partial cores (which did not 

contain either pith or an arc) were excluded from this study as information about the early stage 

of individual tree growth was missing and it is impossible to precisely determine growth 

patterns of missing inner rings (80). Thus, for final analyses 1207 tree cores were selected from 

canopy trees and containing the pith or the arc. 

 

Supporting Methods 

Growth release identification. The used technique of radial-growth averaging criteria 

developed by Nowacki and Abrams (59) is one of the most common and generally used 

dendroecological techniques for the reconstruction of canopy disturbances by the detection of 
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growth-release events (61), i.e. an abrupt and sustained increase in the radial growth induced 

by improved light conditions after the death of neighbouring tree(s). This method was selected 

for several reasons despite the existence of newer methods developed in the last decades (e.g. 

62, 81-83):   

1) The radial growth averaging method (59) did not require a large number of tree-ring 

measurements per individual species (± 50.000 ring width measurements) (84) compared to the 

boundary-line method (62, 85). This will lead to removing less abundant species from analyses 

and consequently loosing important information and introducing unwanted noise with species 

selection.  

2) Detail knowledge of growth responses of individual species, which naturally includes 

subjectivity, is not required compared to the absolute-increase method (82).  

3) Open source software (61) is available for the selected method compared to the time-

series analysis with intervention detection (81), which limits examination of this method over 

larger areas and higher number of species to increase confidence for reliable and wider 

application of this method. 

4) International Tree-Ring Data Bank (86) does contain only one record for our study 

area compared to thousands records available for North America or Europe. Such records could 

eventually help to fulfil requirements of dataset for computation of absolute-increase threshold 

(82) or boundary-line (84). However, even if such records were available, there would be other 

problems which would eventually prevent utilization of these methods (see 84, 87-90)). 

In the selected approach (59), 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) were calculated. The percentage growth change 

(%GC) is obtained by: %GC = [(M2–M1)/M1] * 100. To cover whole life-span (tree-ring record) 
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of individual trees, we combined radial-growth averaging criteria (59) with gap origin detection 

(60, 91) for detection of canopy disturbances (63), which enabled individual trees to reach the 

canopy. A rather strict threshold (83) of 100% growth change was applied for release 

identification and it was considered as release only if it was sustained above the given threshold 

for ≥ 7 years (63). The most intense release was considered as indication of disturbance 

responsible for canopy accession of trees (60), i.e. canopy disturbance. There are also trees 

which did not show an abrupt growth increase in radial growth, i.e. with flat or ambiguous 

growth patterns (60, 64). These individuals did not fulfil our criteria for two reasons: 1) the 

interpretation of such trends is not unequivocal (64) and 2) it is impossible to determine the 

year of canopy accession. Thus, such trees were excluded from subsequent analyses. 

 We aimed to categorize trees with imprint of past canopy disturbance according to the 

length of period needed for the canopy accession. Previous studies working with long-term 

growth trends defined individual growth trends but did not usually use categorization according 

to the year of detected disturbance with regard to the tree age. Hence, there are no generally 

accepted thresholds to classify trees for the purpose of our study. Thus, we adopted a threshold 

of 50 years as previously done by Rentch, Fajvan and Hicks (92) and we added a threshold for 

the gap origin trees of 15 years to have three distinct groups reflecting different disturbance 

conditions. 

Division of the dataset for investigation of temporal stability. Only locations with > 10 trees 

present in individual periods (before and after 1920) were included in the analyses of temporal 

stability. Minimum sample size of 10 trees was previously shown as sufficient in dendroecology 

for obtaining the community response (63, 93-95) (even the lower sample size shows 

meaningful results for community level (96)). It is important to note that this study did not aim 

to identify the exact year when TC change started. Our goal was to compare two longer periods 

(one which includes the documented changes in TC activity (66) and another which precedes 
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the first period and represents “pre-documented stage” of TC activity) and identify the 

stability/variability in the growth response between these two periods, which will reflect the 

long-term change in TC activity. As we applied radial-growth averaging criteria (59) using 

running means over two 10-year periods (see section above), we could not calculate the 

disturbance history for the last 10-years of the individual tree-ring series (there is the same 

limitation for the first 10-years of the series, however, this part was covered by including gap 

origin detection (60, 91) to our analysis; see section above). In addition, we based our analyses 

on strict criteria and release was identified only for abrupt growth change sustained for at least 

7 years (see section above). Hence, a disturbance chronology could not be calculated for the 

last 17 years and thus last 5-year interval in our disturbance chronologies for all sites was 1980-

1984 (this is typical for tree-ring based disturbance detection studies (see 27, 61, 63, 97)) and 

this is also the last year of period after 1920. Thus, our study provides information for time span 

preceding previously documented poleward migration of TCs based on reliable, but short-term, 

instrumental records (16-18). 
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Supporting Figures 

 

Fig. S1. The relationship between latitude and TC intensity for our study area. Individual study 

sites (dots) fitted by robust fitting of linear models (blue line) with 95% two-side confidence 

intervals (shading) are shown as well as Pearson's correlation coefficient (R) and level of 

significance (p). Similarly, a significant relationship was found for TC frequency (p < 0.05, R 

= 0.843). TC intensity shows 250-year return period windspeeds based on “Cyclone Wind 50-

year return period” dataset (compiled by UNEP/GRID-Geneva on the basis of IBTrACS source 

data (74)). TC frequency was derived from the “Tropical cyclones best tracks 1970-2011” 

dataset, showing the number of TC events scaled to 100 years.  
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Fig. S2 Schema with basic information about the study area, data set and data analyses. (A) The 

green area shows the distribution of biome temperate broadleaf and mixed forests in NE Asia 

(adapted from Olson, et al. (52) and Kuennecke (53)) and black triangles indicate the study sites 

along the gradient of decreasing TC activity. Numbering of the study sites refers to the locality 

information on the right site (for more information see Table S4). (B) Summary of the main 

steps of data analyses with (1) an example of an individual tree-ring series showing canopy 

disturbance, (2) three groups of trees according to the length of period preceding canopy 

disturbance reflecting different TC activity, and (3) division of the dataset for investigation of 

temporal stability of TC activity. 
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Fig. S3 Climate-growth relationships for the two most abundant species per locality. Two 

dominant species were selected as rare species with low sample replication are not suitable for 

the development of a robust chronology needed for reliable climate-growth relationship 

analysis. Pearson correlation coefficients (R) between tree-ring width chronologies and 

seasonal precipitation, temperature, and SPEI (standardised precipitation-evapotranspiration 

index) are shown, calculated over the period 1950-2004. Correlation coefficients were 

calculated for previous year autumn (October-December; oct…dec) to current year winter 

(January-March; JAN…MAR), spring (April-June; APR…JUN) and summer (July-September; 

JUL…SEP). Significant relationship (altogether three with p < 0.05) are marked with *. One 

should note that even the significant correlations are still relatively low with maximal 

correlation coefficient -0.27 in the case of Kerdovaya pad NR for relationship between Quercus 

mongolica chronology and temperature. Climatic data were gained from KNMI climate 

explorer  (http://climexp.knmi.nl/). 
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Fig. S4 Canopy disturbance chronologies for individual localities (see Table S4 for details about 

localities) showing the percentage of trees with release at 5-year intervals (see Table S5 for 

correlations between individual chronologies). CD is canopy disturbance derived from growth 

release analysis. Sites are sorted from south (bottom panel) to north (top panel). 
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Fig. S5. Average growth trends (thick black curves) over all trees and sites divided to categories 

according the length of period preceding canopy disturbance. First group is represented by trees 

experiencing canopy disturbance (CD) at the early stage of their life and include trees with rapid 

early growth followed by a long and gradual decline (gap origin trees) (a) and trees with canopy 

disturbance during their first 15 years (b). To the second group belong trees with canopy 

disturbance after their 15th and before their 50th year (c) and the last group is represented by 

trees with canopy disturbance after their 50th year (d). To allow the presentation of the overall 

growth trends of various species with disturbance occurring in various calendar years, trees are 

ordered according the relative dates (with first measured ring at year 1) to highlight general 

pattern of occurrence of canopy disturbances. Grey lines show mean raw tree-ring width series 

of trees belonging to individual groups, dashed lines show the sample depth (here we truncated 

chronologies when sample size dropped below 10 trees per group), vertical red lines and arrows 

delimit the period of detected canopy disturbances for individual groups (the period is not 

marked for trees with gap origin as it is occurring during very first years of growth). For 

examples of individual growth series see Fig. S6. 
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Fig. S6. Examples of individual growth series representing categories according the length of 

period preceding canopy disturbance. Trees experiencing canopy disturbance at the early stage 

of their life with rapid early growth followed by a long and gradual decline (gap origin trees) 

(a) were for the purpose of this paper grouped with trees with canopy disturbance during their 

first 15 years (b). Trees with canopy disturbance after their 15th and before their 50th year (c), 

and trees with canopy disturbance after their 50th year (d). Black lines show raw tree-ring width 

series for individual trees, dashed grey lines represent percentage growth change (59), vertical 

red lines mark the detected year of canopy disturbance, arrows indicate the length of the period 

preceding the disturbance (the precise number of years is written in red above the arrow) and 

locality and species (in italic) for selected individuals are displayed. 
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Supporting Tables 

Table S1. Relationship between canopy disturbance chronologies (5-year intervals) for 

individual localities (see Table S4 for details about localities) and maximum wind speed during 

TCs for 5-year intervals. R = Pearson correlation coefficient. Not all relationships are significant 

(although at least very close to marginal significance) despite the high correlation coefficients, 

which is induced by a) short TCs data (starting 1945) and b) 5-year resolution of disturbance 

chronologies, limiting the pairs of degree of freedom for calculation of correlations. p = 

significance level of individual correlations. TC maximum wind speed data were gained from 

KNMI climate explorer  (http://climexp.knmi.nl/). 

 

  

R p

Hallasan NP 0.82 0.01

Jirisan NP 0.53 0.11

Seoraksan NP 0.58 0.09

Kedrovaya pad NR 0.48 0.11

Verkhneussuriisky RS 0.93 0.01

Sikhote-Alin NR 0.79 0.02

max. wind TC

file:///C:/Users/Honza/Dropbox/grant%20tajfuny%202017-2019/manuscripty/manuscript%20trendy/manuscript/PNAS%20resubmission/(http:/climexp.knmi.nl/
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Table S2. Relationship between latitude and the proportion of trees in individual groups 

according to the length of period preceding canopy disturbance (CD) reflecting TC activity. 

Results are shown for whole dataset and two time periods, trees established before (P1) and 

after (P2) 1920. Coefficients from generalized linear mixed-effect models (binomial family, 

logit link) with latitude and time-period as interacting fixed effect and localities as random 

effects are shown. Latitude was centered, therefore intercept refers to latitude of ~39.1° N. P2-

P1 coefficients represent changes between time periods. Significance of intercept and latitudinal 

trend (= slope of linear mixed-effect models) and their change between time periods is indicated 

using significance codes: n.s.: non-significant; (*): p < 0.1; *: p < 0.05; **: p < 0.01; ***: p < 

0.001. 

 

  

Intercept p
Latitudinal 

trend
p Intercept p

Latitudinal 

trend
p Intercept p

Latitudinal 

trend
p Intercept p

Latitudinal 

trend
p

CD within first 15 yr -0.331 *** -0.206 *** -0.255 ** -0.228 *** -0.348 *** -0.191 *** -0.093 n.s. 0.036 n.s.

CD between 15-50 yr -1.171 *** 0.142 *** -1.407 *** 0.066 * -0.811 *** 0.233 *** 0.596 *** 0.166 ***

CD after 50 yr -2.253 *** 0.242 *** -1.737 *** 0.263 *** -3.756 *** 0.145 * -2.020 *** -0.118 (*)

Before 1920 (P1) After 1920 (P2) P2 - P1Whole dataset
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Table S3. The relationship between latitude and the proportion of trees in individual groups 

according the length of period preceding canopy disturbance (CD) for four abundant species. 

Significance of intercept and latitudinal trend (= slope of linear mixed-effect models) is 

indicated using significance codes (p): n.s.: non-significant; (*): p < 0.1; *: p < 0.05; **: p < 

0.01; ***: p < 0.001. 

 

  

Intercept p
Latitudinal 

trend
p Intercept p

Latitudinal 

trend
p Intercept p

Latitudinal 

trend
p

Abies nephrolepis -0.517 ** -0.221 *** -0.481 ** 0.12496 ** -2.415 *** 0.20364 **

Pinus koraiensis -0.168 n.s. -0.276 *** -1.545 *** 0.12885 (*) -1.382 *** 0.14498 *

Quercus mongolica 0.531 ** -0.0754 (*) -1.588 *** 0.0846 n.s. -2.973 *** 0.21988 *

Acer pseudosieboldianum -1.024 * -0.326 ** -0.882 n.s. 0.4027 * -1.221 (*) 0.5615 *

CD within first 15 yr CD between 15-50 yr CD after 50 yr
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Table S4. Basic characteristics for individual localities and the part of tree-ring network 

meeting all above described criteria. NP = national park, NR = nature reserve, RS = research 

station. 

 

  

locality number locality name latitude N longitude E number of trees mean age oldest tree CD < 15 yrs CD 15-50 yrs CD > 50 yrs no CD

1 Hallasan NP 33°22' 126°35' 303 74 236 212 30 3 58

2 Jirisan NP 35°20' 127°40' 158 87 195 98 26 7 27

3 Seoraksan NP 38°10' 128°20' 313 97 351 144 80 27 62

4 Kedrovaya pad NR 43°10' 131°30' 117 160 242 30 39 23 25

5 Verkhneussuriisky RS 44°10' 134°10' 126 199 384 23 23 65 15

6 Sikhote-Alin NR 45°10' 135°50' 190 86 332 35 99 31 25
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Table S5. Relationship between canopy disturbance chronologies for individual localities. 

Pearson correlation coefficients are shown, in case that relationship was significant, one of the 

following significance codes is behind correlation coefficient: (*): p < 0.1; *: p < 0.05; **: p < 

0.01; ***: p < 0.001. 

 

  

Hallasan NP Jirisan NP Seoraksan NP Kedrovaya pad NR Verkhneussuriisky RS Sikhote-Alin NR

Hallasan NP × 0.41* 0.58** 0.04 0.07 -0.12

Jirisan NP 0.41* × 0.38* -0.06 0.08 0.17

Seoraksan NP 0.58** 0.38* × 0.27 0.30* 0.22

Kedrovaya pad NR 0.04 -0.06 0.27 × 0.34(*) -0.19

Verkhneussuriisky RS 0.07 0.08 0.30* 0.34(*) × -0.25

Sikhote-Alin NR -0.12 0.17 0.22 -0.19 -0.25 ×
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