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E N V I R O N M E N T A L  S T U D I E S

Tree dynamic response and survival in a category-5 
tropical cyclone: The case of super typhoon Trami
Kana Kamimura1*, Kazuki Nanko2, Asako Matsumoto3, Saneyoshi Ueno3, 
James Gardiner4, Barry Gardiner5,6

In the future with climate change, we expect more forest and tree damage due to the increasing strength and 
changing trajectories of tropical cyclones (TCs). However, to date, we have limited information to estimate likely 
damage levels, and nobody has ever measured exactly how forest trees behave mechanically during a TC. In 2018, 
a category-5 TC destroyed trees in our ongoing research plots, in which we were measuring tree movement and 
wind speed in two different tree spacing plots. We found damaged trees in only the wider spaced plot. Here, we 
present how trees dynamically respond to strong winds during a TC. Sustained strong winds obviously trigger the 
damage to trees and forests but inter-tree spacing is also a key factor because the level of support from neighbor-
ing trees modifies the effective “stiffness” against the wind both at the single tree and whole forest stand level.

INTRODUCTION
Trees in forests suffer damage from severe meteorological events 
such as tropical cyclones (TCs) and extratropical cyclones; however, 
some trees survive even if almost all other trees are blown down by 
the wind (1). How do these trees survive even during a category-5 
TC on the Saffir-Simpson scale (2)? Until now, no one has measured 
and reported tree dynamic behavior during such intense winds and 
shown why trees fail or survive in TCs. Therefore, tree response has 
been hidden in a “black box,” which has made our understanding 
of the tree wind damage process in severe TCs and storms purely 
conjectural.

Large-scale wind damage in forests brings economic, social, and 
environmental losses such as reducing timber production, disrupt-
ing human activities, and changing forests from carbon sinks to car-
bon sources (3–7). In the near future, we will face more tree and 
forest damage due to global warming. Category 4 and 5 TCs will 
increase in number and migrate further north in the north hemi-
sphere (8–11). Hence, forest damage will be found not only in the 
current TC-affected regions, mainly in East Asia and the Caribbean-
Central American region, but also in forests at higher latitudes that 
are not acclimated to TCs.

To minimize future damage in forests, we need to be able to pre-
dict where, how, and when trees will fail during strong winds. To 
date, researchers have assumed a three step process: First, strong 
winds create a large pressure difference across the tree canopy; sec-
ond, this pressure difference leads to branch oscillations and these 
oscillations are transferred to the stem and down into the roots (12); 
and last, the accumulated strain energy from the bent stem and 
roots creates cracks in the stem and roots and either breaks the 
root-soil plate causing uprooting or leads to stem breakage (3, 13). 
Previous research has collected data to explain these steps by field 

and/or laboratory experiments and post-storm measurements; the 
knowledge is then used to develop mechanistic (14–16) and tree dy-
namic (17, 18) models of tree response to strong winds. These models 
also provide the possibility to predict wind damage in forests under 
changing TC behavior.

However, the current knowledge and models still contain many 
assumptions and we do not know how closely their predictions re-
late to real damage events. For example, the field measurements to 
develop these models have all been conducted under normal to strong 
wind conditions (mean wind speed of <10 ms−1 at canopy top), 
which is much lower than the wind speed leading to tree damage 
(19). The natural frequency of the tree has in the past been regarded 
as the main energy transfer mode from the wind to the tree, and this 
leads to damage (3, 20). On the other hand, a number of researchers 
have not found any resonant response between the main energy 
containing eddies in the wind and tree movement (21, 22). To re-
duce the uncertainty between our assumptions on tree response and 
actual tree behavior, together with understanding the factors that 
control this behavior, we need to monitor trees during the intense 
meteorological conditions, such as during a TC, that lead to damage.

In 2018, we finally succeeded in monitoring the dynamic response 
of trees to wind during a TC that left both damaged and undamaged 
trees. A category-5 TC, typhoon Trami, made landfall in Japan and 
destroyed trees in two ongoing research plots that were being moni-
tored for tree movement, wind loading on the trees, and wind speed 
in and outside the plots. The plots consisted of genetically similar 
Cryptomeria japonica trees (full siblings), planted at the same time. 
One of the plots had been thinned by 50% stem removal in the pre-
vious year (named as P-50), and the other had no treatment (all 
stems remained from the initial planting and named as P-100). We 
found damaged trees only in P-50 (see movie S1). Here, we address 
how the trees failed or survived under these different stand condi-
tions during the TC. We also give answers to two questions: whether 
the observed tree failure mechanism was a unique feature of strong 
TCs or is common during any strong winds, even non-TC storms, 
and whether tree resonant response leads to wind-caused damage in 
forests. Our findings are a substantial step in reducing the gaps be-
tween our current understanding of tree damage and the actual damage 
process and will improve our ability to predict forest wind damage 
and to manage forests at risk under the changing climate.
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RESULTS
In 2017, we created two plots within a research compartment (fig. 
S1) with strain gauges attached to 36 trees and inertial measurement 
unit (IMU) sensors attached to 33 trees. In 2018, typhoon Trami 
damaged eight trees in the thinned area of the compartment only, 
including six in the P-50 plot, and we were able to obtain data from 
three damaged and 26 undamaged trees. We focus on the period 
from 2000 on 30 September 2018 to 0700 on 1 October 2018, which 
included the peak in wind speed during the TC.

Temporal changes of wind and tree stem angles
The wind speed started to increase after 2000 (30 September 2018; 
Fig. 1A), and the large-scale sweep-ejection events (23), transferring 
momentum into the canopy, increased in intensity (fig. S2). After 

0110 (1 October 2018), the momentum flux (u′w′) suddenly increased 
in magnitude (a negative u′w′ indicating transfer of momentum down-
ward into the canopy from the higher momentum air above the can-
opy; Fig. 1A). This rapid wind speed increase caused all the tree stems 
to lean much more than previously (Fig. 1B). Some of the P-50 trees 
started oscillating from 2030 (30 September 2018), but they still re-
turned to their vertical rest position when the wind speed dropped 
(2220 to 2230 and 2300 to 2310). Trees s10, s14, and s15 in P-50 were 
damaged between 0110 and 0120 (Fig. 1C), matching the sudden change 
of the wind speed. After 0430 (1 October 2018), the P-100 trees returned 
to their rest position as the wind speed started to decrease, whereas 
the P-50 trees still reacted to even small increases in wind speeds and 
never returned to their vertical rest positions even after the TC had 
passed (they remained on average at approximately a 2% lean angle).

Fig. 1. Wind speeds and tree lean angles during typhoon Trami. (A) Ten-minute mean and SD (transparent-colored cloud behind the lines) of wind speed outside the 
plots (measured with a three-cup anemometer) and instantaneous momentum flux (u′w′) inside the plots (measured with an ultrasonic anemometer); (B) A 10-min aver-
aged stem angles to the ground, which were compared to the vertical rest position (assessed between 0100 and 0200 on 28 September 2018); (C) A 10-min averaged stem 
angles of the damaged trees, which were also compared to the vertical rest positions. One-hundred percent indicates that the stem vertical position was the same as the 
rest position. We determined the trees as damaged if their minimum stem angles to the ground were below 83% (detailed justification is provided in Materials and Methods). 
The u′w′ line ends at 0150 because the ultrasonic anemometer was torn off the mast by the wind.
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Similarity and differences in tree oscillation within 
and between the plots
The two-sample Kolmogorov-Smirnov tests indicated whether the 
trees oscillated in a similar or different manner within or between 
the plots by comparing all available tree-pair oscillation frequencies 
at the height of the crown center in two directions: north-south and 
east-west (Fig. 2). The height of the crown center was determined as 

the height from the ground surface to the initially estimated crown 
base at 6 m plus crown length/2. Almost all the P-100 trees oscillated 
similarly over the strong wind period. After 0110, 10 to 20% of 
the trees oscillated differently to other trees in the plot, but after 
0320, when the wind speed started to decrease, they again oscillated 
similarly (Fig. 2B). The P-50 trees, on the other hand, started oscil-
lating in an individual manner earlier than the P-100 trees did 

Fig. 2. Similarity or difference of tree oscillation within or between the plots. All paired trees (see the images on the left side) were tested using the two-sample 
Kolmogorov-Smirnov tests (at the 0.05 significance level) with the frequencies of the tree movement (at 0.1-m distance intervals during every 10 min in two directions), 
north-south and east-west, from 2000 (30 September 2018) to 0700 (1 October 2018): (A) 10-min mean wind speed outside the plots (same as in Fig. 1A); (B) tested P-100 
tree pairs [the numbers of tree pairs every 10 min (npair) being between 55 and 91]; (C) tested P-50 tree pairs (npair between 6 and 21); (D) tested between the P-100 and 
P-50 trees (npair between 24 and 49). The graphs indicate if the tree pair oscillated in a different manner in one direction (orange color), if the tree pair oscillated in a dif-
ferent manner in both directions (red color), and if the tree pair oscillated similarly in both directions (no color).
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(Fig. 2C). In particular, tree s15 (damaged tree) started oscillating 
differently when the mean wind speed reached approximately 10 ms−1 
outside the plots. After 0000, most of the P-50 trees behaved differ-
ently from the P-100 trees (Fig. 2D) except trees s01 and s13 (both 
undamaged in P-50), which tended to oscillate in a similar manner 
to the P-100 trees.

Dynamics of individual tree oscillations
Focusing on the time with the rapid increase in wind speed (every 
10 min from 0100 to 0130 on 1 October 2018), we observed that 
when wind speeds declined in the first period (0100 to 0110), the 
crown centers moved only within 1 m of the tree vertical rest posi-
tions (the origin in the plots in Fig. 3). The maximum turning mo-
ments (TMs) measured at the tree stem base were also lower than 
those in the other periods (<0.5 × 104 Nm). When the wind speeds 
increased rapidly in the second period (0110 to 0120), all the trees 
started to oscillate with a large magnitude. In particular, trees s14 
and s15 (both in P-50) oscillated more erratically than the other trees 
(see movie S2). Tree d13 had increased TMs with increasing dis-
tance from its rest position, but it always returned to its rest position 

(yellow color pixels close to the origin in the bivariate histogram 
plots) between the strong gusts (Fig. 3C). Tree s13 also seemed to 
return to its rest position, but the crown center moved slightly to 
the east (Fig. 3F). Tree s15 had more constant TMs (no clear peaks) 
in the north-south direction (close to the wind streamwise direc-
tion); this continued over time, which suggests that the wind force 
was not fully transferred from the crown to the stem base after 0110 
(Fig. 3, K and L). Tree s14 had a similar pattern except for a single 
TM peak at 1 m from the rest position in the north-south direction 
during the second period (Fig. 3H).

Such varying crown center positions resulted from how much an 
individual tree crown collided with its neighboring trees. For example, 
one of the P-100 trees, tree d05 collided with each of two neighbors 
in the streamwise direction (north-south) approximately 17,700 times 
(counted every 0.1 s) between 0100 and 0200 (≈50% of the time; 
Fig. 4A). The P-100 trees collided with each other also in the cross-
flow direction (east-west) approximately 40% of the time (Fig. 4B). 
The P-100 trees, thus, had a very high chance to collide even at lower 
wind speeds (0000 to 0100). On the other hand, the P-50 trees collided 
less than 20% of the time even between 0200 and 0300, including 

Fig. 3. Bivariate histogram plots of crown center displacement together with the maximum TMs. Displacements were calculated at a resolution of 0.1 m at the 
height of the crown center. The height of the crown center of d13 (A to C) is 9.62 m, s13 (D to F) is 10.15 m, s14 (G to I) is 9.50 m, and s15 (J to L) is 9.78 m. Plots of the 
maximum TMs at the stem base (max TM) for the north-south and east-west directions are shown as red points on the side and top from 0100 to 0130 (every 10 min). Trees 
d13 (in P-100) and s13 (in P-50) were undamaged, whereas trees s14 and s15 (both in P-50) were damaged.
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the peak wind speeds during the TC (Fig. 4, E to G). In the stream-
wise direction, the crowns hardly ever collided simply because of the 
longer distance between trees (twice the P-100 inter-tree distance; 
Fig. 4E). The collision ratios showed the high level of support from 
neighboring trees in P-100 and the very low level of support in P-50. 
Therefore, the P-50 trees did not have a reduction in the force trans-
fer from the crown to the stem base due to crown collisions, and this 
led to longer period of higher TMs (Fig. 3).

Power spectrum densities of wind components and TM
To determine the turbulent characteristics of the wind in the TC, we 
calculated the normalized power spectra (NPS) of the wind compo-
nents (u, v, and w) and u′w′ every 10 min from 0100 to 0130 (Fig. 5). 
When the wind speed decreased in the first period (0100 to 0110; 
green lines), the peak frequencies became unclear especially for the 
u and w wind components. In the critical period (0110 to 0120; red 
lines), the u and v spectra peaked between 0.07 and 0.08 m−1 and 
u′w′ peaked at 0.1 m−1. All spectra show a rapid decrease in power 
spectral density between 0.1 and 0.14 m−1, and the turbulent decay 
was much steeper than the theoretical Kolmogorov decay (−2/3), 
within the inertial subrange (22). In the third period (0120 to 0130), 
the NPS lines (blue lines) for u and v moved to lower normalized 
frequencies (but stayed at the same absolute frequency; fig. S3), whereas 
those for w and u′w′ stayed at the same normalized frequency. The 
u′w′ spectra peaked at a similar frequency as in the previous period 
(0110 to 0120). When the wind speeds were lower than in this period, 
the peak frequencies were more likely to vary and to have a lower 
value, especially for u (fig. S4).

The NPS patterns of TM changed with changing wind speeds, 
and the P-50 trees seemed to vary more than the P-100 trees. When 
wind speeds initially increased (2100 to 2200), the highest NPS 
peaks appeared between 0.27 and 0.32 Hz (with a moving average of 
0.05 Hz) in P-100 (fig. S5A). The NPS peaks in P-50 were found 
between 0.27 and 0.33 Hz (fig. S5B), which were less sharp than 
those in P-100. At frequencies above the first peak, there was a 
drop-in power spectral density especially in P-100, followed by a 
secondary peak. With increasing wind speeds (0000 to 0100), the 
NPS patterns became more varied for both experimental plots and 
the peaks were between 0.25 and 0.50  Hz in P-100 and 0.19 to 
0.31 Hz in P-50. However, some of the NPS lines do not show con-
sistently clear peaks and/or sudden decreases (fig. S5, C and D). In 
the critical period (0110 to 0120), on the other hand, the NPS peaks 
became clearer than during the previous time periods: approxi-
mately 0.42 Hz for P-100 and 0.36 Hz for P-50 (Fig. 6). Not only did 
the trees sway differently with the increase in wind speeds, but also 
the manner of sway appeared to be different between the plots. The 
P-50 trees tended to oscillate slowly at all times except when the wind 
was extremely strong, and then the peaks exceeded the previous range 
of peaks in the NPS during the period of lower wind speeds. How-
ever, the peaks of the P-100 trees remained at all times within the 
range found before the rapid increase in wind speed.

DISCUSSION
We have presented data showing how C. japonica trees responded 
to intense winds during a category-5 TC (typhoon Trami) in 2018. 

Fig. 4. Hourly ratios of crown collisions. The ratios indicate how many times the trees collided with neighboring trees over a 3-hour period (0000 to 0300 on 1 October 2018). 
The directions of tree collision are N-S (A and E), W-E (B), NE-SW (C and F), and NW-SE (D and G). The length in parentheses is the between tree distance. The collisions 
were determined when the distance between two tree positions at 11-m height (in the crown) was less than 0.9 m in the P-100 plot and less than 2 m in the P-50 plot. 
Ratios are calculated as the total number of collisions (each 0.1 s) to the total data in the hour (approximately 59 min, n ≈ 35,400). In the tree maps (images on the left 
side), subject trees having 3-hour continuous data are shown with the tree ID; the red-colored trees indicate damage; and the transparent trees were excluded from 
this analysis due to the lack of 3-hour continuous data. NE, northeast; SW, southwest; N-S, north-south; W-E, west-east.
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Sustained strong winds obviously trigger damage to trees and for-
ests, but inter-tree spacing (distance between trees) also changes the 
probability of failure and survival because of the different level of 
support provided by neighboring trees. Inter-tree spacing can be 
controlled through forest management, and it is also known that the 
risk of wind damage increases immediately after thinning treatments 
(24–26), although the exact reasons for this increase are unknown. 
Our findings, therefore, not only reveal tree mechanical behavior to 
strong winds but also provide information helpful in developing 
strategies for forest management to reduce the damage risk.

Different tree oscillations in different tree spacings
The trees oscillated and were displaced in a different manner be-
tween the two plots (different tree spacings) when the wind speed 
rapidly increased after 0110 on 1 October 2018. However, tree oscil-
lation was very similar in the two plots when the wind speed was 
below 15 ms−1 (outside the forest, before 0110). The P-50 trees, having 
less support from neighboring trees than the P-100 trees, were sen-
sitive to the rapid change of wind speed and responded quickly when 
the 10-min mean wind speed increased to over 25 ms−1 and eventu-
ally peaked at around 30 ms−1 in 11 hours (Figs. 1 and 2). The rapid 
change in wind gave rise to a sudden strong applied force, which 
caused the P-50 trees (wider inter-tree spacing) to oscillate with larger 
amplitudes, resulting in a rather irregular motion (27–29). On the 
other hand, these sudden increase in wind forces did not change the 
pattern of oscillations in the P-100 trees where neighboring trees 

helped to dampen the oscillations. Therefore, in P-50, the trees had 
to individually “resist” the wind pressure so that damage depended 
on individual tree “stiffness.” In P-100, the whole plot had an en-
hanced stiffness due to the support of the entire group of trees, which 
effectively helped to reduce the transfer of wind-induced loads down 
into the roots of each individual tree.

Wind force transfer from the crown to roots
A tree crown is subjected to wind loading toward the top of the tree 
(in the crown), creating a TM at the stem base (30), with the tree 
stem working as a lever arm attached to a root system embedded in 
the soil. Therefore, the TM at the stem base should increase with an 
increase in crown displacement if the roots are undamaged and well 
attached to the soil. From 0110 to 0120, the maximum TM of tree 
s13 (P-50) linearly increased in the streamwise direction (north-south), 
indicating that the roots were still attached to the soil (Fig. 3E). Tree 
d13 (P-100) also had an increase in the maximum TM but nonlinearly 
because four neighboring trees (1.8-m distance and at 90° to each 
other) provided good support to the tree (Fig. 4).

On the other hand, the maximum TM did not increase for trees 
s14 and s15 (both in P-50) with an increase in stem displacement. 
We assume that the wind loading (transferred from the crown to 
the roots through the stem) broke the roots aligned with the wind 
direction during the critical period (0110 to 0120). In particular, 
tree s14 suddenly had a reduced TM at 1 m from its rest position in 
the streamwise direction, suggesting the breakage of the main roots 

Fig. 5. NPSs of wind components. NPSs of wind components u (A), v (B), and w (C) and momentum flux u′w′ (D) are plotted against frequencies normalized by the mean 
streamwise wind speed ​​ _ u ​​ (m−1) every 10 min from 0100 to 0130 (​​​ _ u ​​ 0100−0110​​​ = 1.47 ms−1, ​​​ _ u ​​ 0110−0120​​​ = 2.62 ms−1, and ​​​ _ u ​​ 0120−0130​​​ = 4.04 ms−1) on 1 October 2018 (moving average 
over an interval of 0.01 m−1).
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at this point (Fig. 3H). Tree s15 had a relatively constant TM over 
time probably due to gradual root breakage (Fig. 3, K and L). We 
were working with genetically similar trees planted in a small area 
(homogeneous soil conditions) on flat terrain; therefore, the trees 
had minimum variation in the proportion of large roots and root-
soil plate cross-sectional area. Nevertheless, root architecture still 
varies (31) and even small difference in root architecture might 
change the manner of failure and alter the tree survival period in 
strong winds. For example, compared to the gradual root breakage 
of a tree such as tree s15, the main root breakage of a tree such as 
tree s14 allows more energy from the wind to be transmitted to the 
rest of the root system and leads to an increase of tree stem defor-
mation and more rapid overturning.

Possible damage of the other P-50 trees
Before the sudden change of wind speed, the P-50 trees had already 
begun moving 2 hours earlier when the 10-min mean wind speed 
reached 10 to 13 ms−1 outside the forest (Figs. 1 and 2). This was 
much lower than the wind speed in the critical period from 0110 to 
0120. Following the rapid increase in wind speed, all P-50 trees 
failed to return to their rest positions even after the wind had weak-
ened (after 0500 on 1 October 2018; Fig. 1B). Probably their roots 

had partly broken, resulting in their sustained displacement from 
their original rest positions. For example, the maximum TM of tree 
s13 linearly increased with an increase in distance from the rest po-
sition from 0110 to 0120 (north-south direction; Fig. 3E). However, 
the maximum TM became nonlinear in the next period, similar to 
tree d13 (Fig. 3F), although tree s13 had little support from neigh-
boring trees unlike tree d13, which had a lot of support. Some roots 
of tree s13 were probably broken like trees s14 and s15, but there 
were not enough broken roots to allow complete overturning of the 
tree. Nevertheless, once trees are leaning without any support, like 
the P-50 trees, it is not possible to return their rest position due to 
the partly broken roots and the additional TM from the overhang-
ing stem and crown. It takes time to recover vertical orientation 
through the growth of new roots (32), and this could partly explain 
why some trees that survive a specific TC or storm fail under much 
lower wind speeds in a subsequent TC or storm (33).

Unique to TCs or a general representation of tree damage  
in non-TC storms
We obtained tree damage data from a specific tree species during a 
particular TC. Do we also find similar dynamic behavior in differ-
ent tree species and weather conditions (e.g., extratropical cyclones)? 
TC wind dynamics resemble non-TC winds (34), although TC wind 
fluctuations are larger than in extratropical cyclones (35). The NPS 
of the u component (and w component) decreased in magnitude 
very rapidly at the normalized frequencies above the peak (Fig. 5) 
and then increased again at higher normalized frequencies. Above 
the first spectral peaks, the slopes were steeper than the theoretical 
decay slope (−2/3), which agrees with research in a Sitka spruce [Picea 
sitchensis (Bong.) Carr.] forest (36), because this rapid roll-off in 
energy results from the spectral shortcut created by the tree canopies 
and tree stem that absorb energy at low frequencies and convert it 
to energy at higher wake and waving frequencies (36–38).

On the other hand, our spectral results somewhat differed from 
the spectra in the (undamaged) Sitka spruce forest showing steeper 
slopes above the peak and a narrower frequency range for the ener-
gy shortcut than in the Sitka spruce forest during an extratropical 
cyclone (36). Not only could forest and terrain conditions (e.g., tree 
species, tree size, tree densities, or terrain conditions) alter the 
spectral pattern, but also the wind speed in this TC was changing 
very rapidly and resulted in nonstationarity over the period of the 
cyclone. Nonstationary in the wind conditions might explain why 
the peaks in the u and v spectra unexpectedly shifted to lower nor-
malized frequencies in the period 0120 to 0130 (Fig. 5 and fig. S3). 
The degree of energy transfer differs due to meteorological, tree, and 
forest conditions but the overall tendency of energy transfer seems 
a general phenomenon, especially the transfer of energy from low to 
high frequencies by the canopy, resulting in two visible spectral 
peaks with a relatively low-energy region between the two peak fre-
quencies (36). The NPS also suggests that the interaction between 
the wind and trees is a biomechanical coupling that results in an energy 
exchange from the trees back into the airflow, rather than the wind 
spectrum within the canopy purely being controlled by the turbu-
lent structure of the wind (38).

Relationship between tree resonance and damage
Does resonance between the wind and tree fundamental frequency 
increase the oscillation of trees and ultimately lead to tree failure in 
the same way as it can for man-made structures (39)? We did not 

Fig. 6. Ten-minute mean NPSs of TM in the critical time period (0100 to 0130). 
NPSs of the 10-min mean TMs in P-100 (A) and P-50 (B) are plotted against the 
frequency (moving average over 0.05 Hz).
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find resonance to cause tree damage, but rather there was strong 
coupling between the passage of dominant energy-carrying turbu-
lent eddies and tree movement when the trees have little support 
from neighboring trees. Individual trees have their own natural fre-
quency (17), and the trees in the plots swayed around the natural 
frequency at moderate wind speeds (fig. S5). However, once the 
wind speed rapidly increased with a sudden increase in the intensity 
of u′w′ (0110 to 0120), the peak frequency, especially in the P-50 
trees, exceeded the range of previous frequencies, although it was 
slightly lower (0.36 Hz) than the peak frequency in u′w′ (about 
0.43 Hz; see fig. S3). The peak in energy in u′w′ forced a new primary 
frequency of the P-50 tree movements, which led to efficient force 
transfer from the canopy to the roots and some of the P-50 trees 
were subsequently damaged. On the other hand, the peak frequency 
in the P-100 trees (0.42 Hz) stayed within the range of previous fre-
quencies but did move closer to the peak frequency in u′w′. The 
similar peak frequencies of u′w′ and the P-100 trees might have 
produced stronger sway amplitudes through resonance, but none of 
the P-100 trees were damaged because of the increased forest “stiff-
ness” created by strong interconnection between the individual tree 
canopies (Fig. 4). Therefore, resonance appears to be unimportant 
in terms of wind-caused tree damage in forests.

Main findings and future challenges
We monitored tree dynamic failure and survival during a TC and 
identified four key points:

1) Support from neighboring trees determined which trees failed 
and which trees survived, and sufficient crown interaction can in-
crease the effective stiffness of individual trees and a whole for-
est stand.

2) Without support (larger between tree distances), trees oscil-
late individually and become more sensitive to wind speed change, 
transferring more wind force from the crown to the roots and re-
sulting in soil and root fracture.

3) Resonance between the wind and tree natural frequencies ap-
pears not to be the key to tree damage in forests, but rather trees 
move in response to the arrival frequency of the main energy and 
momentum carrying gusts in the wind.

4) Tree failure in strong winds results from not only the wind 
turbulent structure but also the level of support that trees receive 
through crown collisions with neighbors, and this will be true for 
other tree species and forest types during any strong winds.

Understanding the dynamic nature of tree response to the wind 
can improve the currently available risk models (14–16), which in-
corporate tree and wind characteristics but not their full dynamic 
behaviors. In particular, incorporating key factors such as crown 
collisions, oscillation dynamics, strong wind duration, and sudden 
wind speed increases would improve risk model predictions. Improved 
models can help design damage mitigation strategies, for example, 
by controlling crown size and inter-tree spacing.

Our findings are also related to a long-term discussion in forestry 
concerning the different levels of wind damage risk for trees ac-
climated and unacclimated to their wind environment, and why 
planted trees just after thinning are more vulnerable to strong winds 
(40,  41), whereas trees following a long period after thinning are 
more resilient than unthinned trees (1). We examined trees accli-
mated (P-100) and unacclimated (P-50) to the wind but not trees 
acclimated after a long-period following thinning. The effective for-
est stiffness is a function of tree growth if no strong management 

interventions occur. Trees suddenly losing their neighbors have 
only superficial crown contact with neighbors and rely on their in-
dividual stiffness to resist the wind rather than the collective stiff-
ness of the forest. There is also increased wind penetration into the 
canopy. After thinning, the crown size begins to enlarge, resulting 
in an increasing chance of crown collision, and the stems and roots 
begin to acclimate to the change in wind environment. Understand-
ing the speed of transition from a highly vulnerable forest, immedi-
ately after thinning, to a more resistant forest, following a period of 
adjustment and growth, is a key to developing more resilient forests 
in the changing climate.

MATERIALS AND METHODS
Study site
We established two research plots (figs. S1 and S6) in Chiyoda Ex-
perimental Forest of the Forestry and Forest Products Research In-
stitute (FFPRI) in Japan (36.184°N, 140.216°E; 42  m above sea 
level). In 2005, 2-year-old genetically similar C. japonica trees (full 
siblings) were planted in a compartment at 1.8-m spacing (3000 trees/ha, 
25 m by 22 m in size) (42). As a windbreak, 55 C. japonica trees 
were also planted at the compartment edge; they were genetically 
unrelated to the subject trees. In November 2017, we thinned some 
trees in half of the compartment and created two plots with a size of 
15 m by 6 m: P-100 [total 24 trees, unthinned since planting, 1.8-m 
tree spacing, 15.7-cm mean diameter at a breast height of 1.3 m 
(dbh) with 2.7 cm SD] and P-50 (total 12 trees, thinned every other 
tree, 3.6-m mean tree spacing, 15.3-cm mean dbh with 3.3-cm SD). 
The means of dbh of the plots in 2017 were not significantly differ-
ent at the 5% significance level (P = 0.7360) based on a two-sample 
t test without assuming equal variance between the plots. We also 
measured the tree heights of the cut trees in P-50: 13.5-m mean tree 
height with 1.2-m SD (n = 32). A buffer zone with a similar treat-
ment surrounded each plot. When the plots were created, all trees 
were cut down in the other compartments located in a northeast 
and east direction. Subsequently, our compartment was surrounded 
by an open field and a 3.5-m-width paved road (on the south to 
southwest side; see fig. S6).

Data collection
We attached two aluminum strain transducers (43) at 0.25-m height 
on 36 trees in the north and east direction (or the west direction 
when we could not attach the transducer in the east direction due to 
the stem shape). The transducers had one active and one dummy 
strain gauge (KFGS-5-120-C1-23, Kyowa Inc., Tokyo, Japan) to make 
reliable measurements of the strain values in the tree stem without 
becoming detached from the growing trees. The other half of the 
Wheatstone bridge was completed on a circuit board with balanced 
precision resistors, and the whole bridge was then attached to a 
PhidgetBridge 1046 (Phidgets Inc., Calgary, Canada), which sup-
plied power to the strain gauges and converted the strain to voltage. 
We also attached an IMU (PhidgetSpatial 3/3/3 Basic: 1042, Phidgets 
Inc., Calgary, Canada) to 33 tree stems in the north direction at 6-m 
height, which was the height from the ground surface to the initially 
estimated crown base. We avoided the three smallest trees due 
to the risk of climbing up to 6 m. The IMU includes three sensors: 
accelerometer, gyroscope, and magnetometer. Because the IMU 
uses the magnetic field, we first obtained the calibration parameters 
based on the local magnetic field (PhidgetSpatial User’s guide; 
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https://phidgets.com/?&prodid=32). The signals from four strain 
transducers and one or two IMUs, recorded at 10 Hz, were logged 
by a Raspberry Pi3 (Raspberry Pi Foundation, Cambridge, UK). We 
used the Linux “cron” utility in the Raspberry Pi3 to control the data-
logging Python codes. Data logging started running at 0 min and 
stopped at 59 min every hour, and the gyroscope in the IMU was reset 
to zero at the start of each recording period to compensate for drift.

An ultrasonic anemometer (CYG-81000, R. M. Young Co., 
Traverse City, USA) was attached to the top of a mast (12.5-m height: 
about 1.3 m lower than the mean tree height). The position was 
12.6 m from the north edge and 10.8 m from the west edge of the 
compartment (fig. S1). It measured three orthogonal components 
of the wind, u, v, and w, at 1-Hz frequency, which was logged by a 
Graphtec data logger midi LOGGER GL240 (Graphtec Co., Yokohama, 
Japan). The anemometer fell off the mast at around 0210 on 1 October 
2018, and we confirmed that there was useful data until 0150. We 
installed a three-cup anemometer (S-WSB-M003, Onset Co., Bourne, 
USA) at 11-m height on an electronic pylon tower (50 m north of 
the sonic anemometer) and recorded at 0.1 Hz. The locations are 
shown in fig. S6.

Wind from TC (typhoon Trami)
The Japan Meteorological Agency reported that a category-5 TC, 
super typhoon Trami, made landfall in Japan at approximately 2000 
on 30 September 2018, and tracked north over the main island and 
changed to a tropical storm by 1200 on 1 October 2018 (www.data.
jma.go.jp, in Japanese). The three-cup anemometer measured 29.71 ms−1 
between 0200 and 0210 (the highest 10-min mean wind speed), and the 
ultrasonic anemometer recorded 4.67 ms−1 between 0140 and 0150 on 
1 October 2018 (10-min mean wind speed inside the canopy) (fig. S7).

Field survey
After the passage of typhoon Trami, we surveyed all trees in the 
compartment (26 October to 21 November 2018; table S1) and 
found eight damaged trees including seven uprooted trees (leaning 
on neighboring trees) only in the area that had been thinned in the 
previous year. One tree, shaped like a two-tine fork, was broken at 
the connection between the two separate stems at 4.25-m height. 
We categorized trees as damaged if the minimum ratio of its angle 
to the ground (these calculations are explained in the following sec-
tion) was less than 83% between 0600 and 0700 on 1 October 2018 
(low wind speed period). For our ongoing research project, we con-
ducted tree-pulling experiments on 37 undamaged trees in the un-
thinned side of the research compartment including P-100 in 2019 
(see data S1). Using the averaged stem angles (recorded at 0.25- and 
3-m height) at the maximum TM from the 32 uprooted trees, we 
determined the threshold angle for damage, which was the ratio of 
a mean lean angle of 14.9° (4.8° SD) away from the vertical rest po-
sition (assumed as 90°). Stem angles were based on assuming that 
the tree stems were always straight without any curvature due to the 
wind force.

We cut and logged all P-50 trees (including the buffer trees) 
and measured dbh, tree height, crown width and length, and stem 
diameter at 0.25-m height. We did not cut the P-100 trees and only 
measured dbh and stem diameter at 0.25-m height to continue mea-
suring tree oscillations in the following year. We could not measure 
the single tree heights in P-100 from inside the plot because of the 
high stem density, so we measured the tree heights of three trees 
from outside the P-100 plot using a Vertex (Haglöf Sweden Co., 

Långsele, Sweden) in November 2018. We estimated the single tree 
heights in P-100 using the mean tree height of the three trees in 
2018, single tree heights measured in November 2019 (data S1), and 
mean tree heights of the genetically related trees planted in other com-
partments (next to our compartment) measured in November 2017 
(42). Assuming more sunlight reaching P-100 due to the absence of 
the thinned area and windbreak trees in the growing season in 2019, 
we estimated one-third growth rate from 2017 to 2018 and two-thirds 
from 2018 to 2019. The estimated mean tree height in 2018 showed 
a good agreement with the measured mean tree height of the three 
trees. Despite some technical problems during the TC, in total tree 
movement and TM data from 29 trees were successfully obtained: 
20 trees in P-100 and 9 trees (including three damaged trees) in 
P-50 (see fig. S1); 12 trees had both the strain gauge and IMU data 
(some hourly datasets were missing due to the power conditions 
during the TC). The mean dbhs of the instrumented trees in the 
two plots measured after the typhoon were not significantly different 
at the 0.05 significance level (P = 0.8852).

Data processing
The strain gauge data were filtered and calibrated. First, we filtered 
the strain gauge output voltages using a high-pass Butterworth filter 
method with a 10-min cutoff frequency (44) and inserted 10-min 
dummy data in the first and last row of the data to avoid overfitting. 
The filtered data were then transformed to TMs (Nm) at the stem 
base using conversion parameters, which we had previously obtained 
in field experiments. We pulled the trees with a small non-damaging 
force (March and May 2018) or mechanically compressed the at-
tached transducers (November 2018) to find the linear relationship 
between the strain and TM.

We rotated the IMU outputs to correct their installed x, y, and z 
position, which were confirmed by IMU behavior tests in the labo-
ratory (August 2020). The three-sensor data (9-axis) were then fused 
using the three-sensor orientation method, which calculates quater-
nions of every dataset to reduce errors and noise from the local 
magnetic conditions. The Euler ZYX convention then computed x, 
y, and z coordinates at the given height. Here, we chose the center of 
gravity (mass) of the crown (assumed as 6 m + crown length/2) to 
describe the tree oscillation. Since the trees had already begun oscil-
lating at the beginning of the study period (2000 on 30 September 2018), 
we used outputs from 0100 to 0200 on 28 September 2018, with no 
measured wind outside the plots, as the reference data to calculate 
the tree vertical rest positions. The stem angles to the ground were 
estimated by comparing the reference x, y, and z coordinates and 
those during the TC. The detailed calculation procedure is found 
in the documentation of the MATLAB Sensor Fusion and Tracking 
Toolbox (MathWorks Inc., Natick, USA; https://uk.mathworks.com/
products/sensor-fusion-and-tracking.html).

The u, v, and w wind components, measured by the ultrasonic 
anemometer (2000 on 30 September 2018 to 0150 on 1 October 2018), 
were rotated to reduce bias from the changeable wind conditions 
during a strong wind. We used the double-rotation method in 
the coordinate rotation methods (45) to obtain the best value of 
the vertical component (w) (46). The process was based on 10-min 
averages because of the lack of stationarity in the wind conditions 
during the typhoon. We calculated the instantaneous momentum flux 
(u′w′) using the second rotated streamline vector u2 and vertical 
vector w2 along with ​​_ ​u​ 2​​​​ and ​​‾ ​w​ 2​​​​ (​​u ′ ​  = ​ u​ 2​​ − ​_ ​u​ 2​​​​ and ​​w ′ ​  = ​ w​ 2​​ − ​‾ ​w​ 2​​​​) 
(22, 45).

https://phidgets.com/?&amp;prodid=32
http://www.data.jma.go.jp
http://www.data.jma.go.jp
https://uk.mathworks.com/products/sensor-fusion-and-tracking.html
https://uk.mathworks.com/products/sensor-fusion-and-tracking.html
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Data analysis
We computed the crown gravity center positions in 0.1 m–by–0.1 m 
grids every 10 min from 2000 on 30 September 2018 to 0700 on 
1 October 2018 and accumulated them in each north-south 
(streamwise) and east-west (crossflow) direction. The two-sample 
Kolmogorov-Smirnov test, which examines differences or similarity 
of two samples in location, dispersion, and skewness (47), compared 
the two-direction nonparametric data of paired trees within or be-
tween the plots (P-100 and P-50). We rejected the null hypothesis 
(two trees oscillating similarly) at the 0.05 significance level. All 
possible paired trees, having complete data in two directions over 
11 hours, required 44,112 tests in total.

We assumed that the crowns collided when the distance between 
two stems at 11-m height was less than the initial open space be-
tween two crowns at the rest position. Eleven meters was deter-
mined using mean stem length to the lowest live branch after the 
TC (8 m), which was calculated using the measured lengths from 
the trees in P-50, plus half of the mean crown length, 5.86/2 m. In 
P-100, the threshold distance of crown collision occurrence was de-
termined as less than 0.9 m, which was half of the stem spacing of 
1.8 m, because the crowns were almost touching each other due to 
the close tree spacing (movie S3). We used 2.0 m for the P-50 trees, 
which was two times the mean crown radius of 1 m measured after 
the TC. We also assumed the stems to be always straight (no curva-
ture due to the wind).

The fast Fourier transform algorithm in the MATLAB Signal 
Processing Toolbox (MathWorks Inc., Natick, USA) computed 
power spectral densities of the wind and TM at the stem base over 
10-min segments to avoid errors due to nonstationarity of the data 
(48). All spectra of TM were then averaged on the basis of these 
10-min segments. We then normalized the power spectrum densities 
as frequency-weighted power spectrums divided by the signal SD (49).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abm7891

View/request a protocol for this paper from Bio-protocol.
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