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Abstract
Ongoing global warming increases the frequency and severity of tropical typhoons 
and prolonged drought, leading to forest degradation. Simultaneous and/or succes-
sive masting events and climatic extremes may thus occur frequently in the near fu-
ture. If these climatic extremes occur immediately after mass seed reproduction, their 
effects on individual trees are expected to be very severe because mass reproduction 
decreases carbohydrate reserves. While the effects of either a single climate extreme 
or masting alone on tree resilience/growth have received past research attention, un-
derstanding the cumulative effects of such multiple events remains challenging and is 
crucial for predicting future forest changes. Here, we report tree hazards compound 
by two successive climate extremes, a tropical typhoon and prolonged drought, after 
mass reproduction in an endemic tree species (Distylium lepidotum Nakai) on oceanic 
islands. Across individual trees, the starch stored within the sapwood of branch-
lets significantly decreased with reproductive efforts (fruit mass/shoot mass ratio). 
Typhoon damage significantly decreased not only the total leaf area of apical shoots 
but also the maximum photosynthetic rates. During the 5- month period after the ty-
phoon, the mortality of large branchlets (8– 10- mm diameter) increased with decreas-
ing stored starch when the typhoon hit. During the prolonged summer drought in the 
next year, the recovery of total leaf area, stored starch, and hydraulic conductivity 
was negatively correlated with the stored starch at the typhoon. These data indicate 
that the level of stored starch within branchlets is the driving factor determining tree 
regrowth or dieback, and the restoration of carbohydrates after mass reproduction is 
synergistically delayed by such climate extremes. Stored carbohydrates are the major 
cumulative factor affecting individual tree resilience, resulting in their historical ef-
fects. Because of highly variable carbohydrate levels among individual trees, the re-
sultant impacts of such successive events on forest dieback will be fundamentally 
different among trees.
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1  |  INTRODUC TION

In recent decades, climate- driven forest degradation has been 
widespread over multiple biomes (e.g., Abrams & Nowacki, 2016; 
Allen et al., 2010; Anderegg et al., 2020; Bennett et al., 2015), re-
sulting in severe damage to forest ecosystems globally. Climate 
extremes have intensive effects on gross primary production, 
structure, and function in terrestrial forest ecosystems (Hoffmann 
et al., 2011; Reichstein et al., 2013; Williams et al., 2013; Xu et al., 
2019). Climate models project increases in the frequency and in-
tensity of droughts and tropical typhoons/cyclones (Oouchi et al., 
2006). Global warming thus brings new hazards through the novel 
combination of prolonged droughts and more frequent and intense 
typhoons.

Many tree species undergo masting phenology for regeneration, 
and relatively long nonflowering periods may occur in individual trees 
(e.g., Ascoli et al., 2017; Bogdziewicz et al., 2020, 2021; Fernández- 
Martínez & Peñuelas, 2011; Kelly & Sork, 2002; LaMontagne et al., 
2020; Pearse et al., 2017; Vacchiano et al., 2017). In masting years, 
blooming trees pay huge resource costs for massive seed production, 
requiring nonnegligible investments in stored carbohydrates and 
nitrogen (Han et al., 2011, 2014; McDowell et al., 2000; Miyazaki, 
2013; Newell, 1991). In addition, some masting trees also frequently 
reduce subsequent annual ring growth and reproduction as delayed 
costs (Bell, 1980; Kabeya et al., 2017; Miyazaki, 2013; Obeso, 2002). 
In contrast, negative trade- offs between vegetative or radial growth 
and reproduction are not detected in some tree species (Fernández- 
Martínez et al., 2012; Koenig et al., 2020; Vergotti et al., 2019) or 
such phenomena are due to apparent trade- offs (not causal; Knops 
et al., 2007). In addition, the effects of climate change on masting 
frequency are predicted to be diverse (Pearse et al., 2017), including 
increases (Shibata et al., 2020) and no change or decreases (Kelly 
et al., 2013) in the fecundity frequency. The controversy also in-
volves biotic effects, such as the capacity of acclimating to climate 
change (Bogdziewicz, Fernández- Martínez, et al., 2020) and forest 
stand ageing (Pesendorfer et al., 2020).

Therefore, we currently have a poor understanding of how and 
where frequency of masting will decrease or increase, whereas cli-
matic extremes are expected to increase in frequency with the pro-
gression of ongoing climate change (Ascoli et al., 2017). However, 
if massive seed reproduction largely decreases the carbohydrate 
reserves, climate extremes that occur after masting are likely to 
lead to intensive tree declines. Such successive events may increase 
forest degradation and inhibit regeneration and reforestation. The 
impact of a single extreme climate event or a single masting event 
on adult tree growth/resilience has been widely studied. In contrast, 
the compound effects of climate extremes after masting in forest 
ecosystems and their underlying physiological mechanisms remain 

unclear, hindering the prediction of the impacts of multiple events 
caused by long- term climate change.

Understanding the physiological mechanisms of tree decline 
caused by climate extremes is crucial for predicting forest degrada-
tion and improving global models. To date, two major nonpathogen- 
related hypotheses concerning drought- induced tree death have 
been proposed: (1) hydraulic failure; and (2) carbon starvation. The 
hydraulic failure hypothesis postulates that tree die- offs are largely 
a result of dysfunctional water transport caused by xylem embo-
lism, creating high tension in xylem conduits when water loss from 
leaves is higher than soil water uptake (Anderegg et al., 2012; Davis 
et al., 2002; McDowell et al., 2008; Nardini et al., 2013; Rowland 
et al., 2015; Sperry et al., 1988). The carbon starvation hypothesis 
suggests that tree die- offs are caused by shortages of carbohydrate 
reserves resulting from a decline in photosynthesis when stomata 
are entirely closed under drought (Kono et al., 2020; McDowell 
et al., 2008; O'Brien et al., 2014; Saiki et al., 2017). Although the 
two hypotheses have been debated, recent advances offer a cou-
pling of both hypotheses due to reciprocal physiological processes 
(Hartmann, 2011; Hillabrand et al., 2019; Sala et al., 2010; Sevanto 
et al., 2014; Yoshimura et al., 2016; Zeppel et al., 2013), propos-
ing an integrated schematic model for the physiological process of 
drought- induced tree death (Kono et al., 2020). Here, we ask the 
following questions: (1) How do different types of disasters after 
masting cause physiological tree damage? (2) How does lingering 
damage caused by successive climate extremes after masting lead 
to tree decline?

Recently, subtropical evergreen forests in the Ogasawara 
(Bonin) Islands immediately experienced two types of disasters, 
typhoons and prolonged drought, after mass flowering over a pe-
riod of 2 years (Figure 1a). The Ogasawara Islands, a World Natural 
Heritage site in Japan, are small oceanic islands located in the 
subtropical North Pacific Ocean approximately 1000 km south of 
Tokyo (Figure S1). On the islands, a small endemic evergreen tree 
species, Distylium lepidotum Nakai (Hamamelidaceae), had the mass 
flowering in winter from 2018 to 2019, and the fruits ripened in 
autumn to winter of 2019 (Figure 1c,d). During this masting, we 
found a large variation in the degree of seed production among 
individual trees. When their fruits were maturing, typhoon “Bualoi” 
hit the evergreen forests of the islands on October 24, 2019 
(Figure 1b; Figure S1). An instantaneous maximum wind speed of 
52.7 m s−1 was recorded on the islands, adding major damage to 
the forests due to the intense wind and salt spray from sea water. 
Subsequently, a prolonged drought struck the forests in the early 
summer in 2020 (Figure S2).

Here, we report the compound deadly tree hazards caused by 
two successive climate extremes, a tropical typhoon and prolonged 
drought, after mass flowering on oceanic islands. In individual 

K E Y W O R D S
carbon starvation, drought, hydraulic failure, masting, oceanic islands, tropical storm, water 
relations
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trees of D. lepidotum, we have periodically examined the parame-
ters related to hydraulic failure and carbon starvation over 2 years. 
Therefore, tree regrowth or dieback was determined by the res-
toration of carbohydrate levels which was synergistically delayed 
by climate extremes after masting. Stored carbohydrates are thus 
the major factor of cumulative historical effects on individual tree 
resilience.

2  |  METHODS

2.1  |  Method overview

Distylium lepidotum Nakai (Hamamelidaceae) is a small endemic tree 
species with typical masting phenology in the Ogasawara (Bonin) 
Islands. Our long- term forest survey (1987– 2020) of the Ogasawara 
(Bonin) Islands (a World Natural Heritage site) indicated that this 
species has a clear masting phenology (personal communication). 
During fruiting in the early summer of 2019 (before the typhoon 
hit), we first selected nine individual trees of D. lepidotum with dif-
ferent levels of seed production. The top canopy heights above the 
ground were less than 2.6 m (Table S1). In each selected tree, the 
seed production levels (i.e., reproductive effort) and the degrees of 

typhoon damage were evaluated. Since then, we have periodically 
examined the nonstructural carbohydrates (NSCs) within sapwood 
and the hydraulic conductivity in branchlets, the dark respiration 
rates by standardized at 26°C, and the total leaf areas (as new leaf 
production) in the apical canopy shoots. To examine the effects of 
typhoon damage after masting on tree dieback, the mortality rates 
of branchlets of the apical shoots among different diameter classes 
were also examined in early April 2020 (approximately 5 months 
after the typhoon).

2.2  |  Study site, plant materials, and 
seed production

The Ogasawara Islands are oceanic islands in the northern Pacific 
Ocean. The study site (27°06′N, 142°13′E, elevation 130– 160 m 
above sea level) was set on Chichi- jima Island, one of the territorial 
islands of Ogasawara. This study site is located on a southeast- facing 
slope (Figure 1b). The bedrocks are exposed in several places. From 
2011 to 2020, the mean air temperature of the islands was 23.5°C, 
and the mean annual precipitation was 1014 mm (observations by 
the Japan Meteorological Agency). The soil in the study site is of 
volcanic origin. The soil pH ranges from 4.6 to 5.3 (Morita, 1981). 

F I G U R E  1  Time schedule of field 
surveys in relation to masting, the 
typhoon, and prolonged drought. (a) 
Time schedule. Mass flowering started 
in the winter of 2018– 2019, and the 
fruits ripened from autumn to winter in 
2019. Typhoon “Bualoi” hit the evergreen 
forests of the Ogasawara (Bonin) Islands 
on October 24 2019. Under prolonged 
drought, the dry days (<7 mm in daily 
precipitation) continued from May 
30 to July 19 in summer 2020. The 
light blue bars show the days of field 
observation. (b) Overview of the study 
site approximately 1 month after the 
typhoon hit (photograph on November 28, 
2019), indicating damaged branches and 
leaves (brown- colored areas). The right 
direction is the windward sea side. (c, d) 
Mass flowering and fruiting, respectively, 
in Distylium lepidotum Nakai trees [Colour 
figure can be viewed at wileyonlinelibrary.
com]

2019 2020

Typhoon 
Bualoi

Prolonged
drought

J     J      A     S    O   N     D    J     F    M    A    M    J     J    A

(a)

(b)

(c) (d)
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There are no records of snow falling on the islands. Forest fires do 
not occur on the islands.

A field survey was conducted four times: in summer (July and 
August) and winter (November and December) in 2019 and in spring 
(April) and summer (July and August) in 2020 (Figure 1a). D. lepido-
tum trees exhibited mass flowering in winter from 2018 to 2019, and 
the fruits ripened in autumn to winter of 2019 (Figure 1c,d). Nine 
individual trees with different amounts of seed production were 
selected in summer in 2019 before typhoon “Bualoi” hit (Table S1).

To examine the seed production levels among the individual 
trees, three to six apical shoots were collected from each tree (Figure 
S3a). The collected shoots were dried (60℃, >72 h). The ratio of fruit 
mass to the total shoot mass was measured as the reproductive ef-
fort for each shoot (Figure S3c,e). The mean values for the apical 
shoots were used as the reproductive effort for each individual tree.

2.3  |  Subsequent typhoon damage

On October 24, 2019, Typhoon “Bualoi” hit the Ogasawara 
Islands (Figure S1). During the event, the minimum air pressure 
was 963.5 hPa and the instantaneous maximum wind speed was 
52.7 m s−1 on Chichi- jima Island. The top canopies received inten-
sive damage caused by strong winds and intense salt spray from sea 
water, especially on the windward sea sides (Figure 1b; Figure S3b). 
However, the degrees of typhoon damage varied visually among the 
individual trees according to the differences in micro- locations and 
top canopy heights.

To evaluate the effects of typhoon and salt spray damage on the 
individual trees, we compared the values of electrolyte leakage in the 
top canopy leaves before and after the typhoon (Figure S3d). We col-
lected the top canopy leaves from three apical shoots per tree, and the 
electrolyte leakage in each leaf was measured to evaluate cell mem-
brane damage (Blum & Ebercon, 1981). Whole leaves were put into a 
10- ml vial bottle one by one, and the bottles were filled with deionized 
water until the leaf samples were completely soaked. Approximately 
24 h later at room temperature, the electrical conductivity in the 
solution was measured with a compact electrical conductivity meter 
(LAQUAtwin- EC- 33B; HORIBA Co. Ltd.). Subsequently, the bottles 
were placed into a chamber (HR- P07; KOM Corporation) and then 
heated for 40 min at 70 kPa to breck all leaf cells. After heating, the 
bottles were cooled for approximately 2 h in the laboratory room, and 
then the electrolyte conductivity in the solution was measured again. 
The values of electrolyte conductivity for completely damaged leaves 
were not known. Thus, using completely broken leaves, we further 
corrected the values of leaf electrolyte leakage as follows.

Ten leaves were randomly collected from the field, and the 
leaves were placed in a freezer (−20°C, >48 h) to break all leaf cells. 
Then, the ratios of electrolyte conductivity before and after heating 
(ECRs) were obtained using freshly frozen leaves. Even in completely 
broken leaves, the ratio was 0.755 ± 0.048 (mean ± 1 SD), resulting 
in a correlation efficiency of 1.325 (=1/0.775). Therefore, the "cor-
rected" electrolyte conductivity ratio (ECR) was given as follows: 

Based on correlation efficiency, the value of the electrolyte con-
ductivity ratio of completely broken leaves is 1. The typhoon damage 
caused to individual trees was evaluated as the average values of the 
corrected electrolyte conductivity ratio for six leaves collected from 
three apical shoots. No significant correlation was found between 
reproductive effort and the typhoon damage among the examined 
trees, indicating that reproductive effort and typhoon damage were 
independent of each other (Figure S3f).

2.4  |  Leaf water potential and soil depth

To evaluate soil drying in the summers of 2019 and 2020, the 
predawn (3:30– 5:00) leaf water was periodically measured with a 
pressure chamber (1505D- EXP; PMS Instrument Company; Figure 
S2). The soil thickness around the nine surveyed trees was also eval-
uated with a manually operated dynamic cone penetrometer (S06- 
M; TUKUBA- MARUTO Co., Ltd.; Figure S4). The apparatus consisted 
of four parts: a top cone with a sharp (60°) angle and a diameter of 
25 mm, a guide rod, a knocking head, and a 5- kg weight. The top 
cone was set on the ground surface beside the stem base of the 
individual trees, and the weight was continuously dropped at 0.5- m 
depths along the guide rod every time. Then, the depth (length) at 
which the top cone went down into the soil was measured for each 
drop of the weight until the top cone did not drop when it reached 
the base rock. The range of soil thickness was 0.07– 1.02 m (Table 
S1). Because the length of the guide rod exceeded 1 m, we were fully 
able to measure the soil thickness.

2.5  |  Leaf gas exchange

To examine the effects of reproductive effort and typhoon dam-
age on leaf gas exchange, the maximum photosynthetic rates were 
measured in summer in 2019 (before the typhoon) and winter 
2019 (after the typhoon) with a portable open gas exchange sys-
tem (LI- 6400; LI- COR Inc.). To avoid midday depression, all meas-
urements were conducted before noon under near saturated light 
(2000 µmol m−2 s−1 photon flux density with red– blue light- emitting 
diodes) with 400 µmol mol−1 CO2 in the inlet gas streams. The rela-
tive humidity in the outlet gas stream was adjusted to the relative 
humidity of the ambient air.

2.6  |  Hydraulic conductivity and the percent loss of 
conductivity in branchlets

To examine the effects of reproductive effort, typhoon damage, 
and prolonged drought on branch hydraulics, the hydraulic conduc-
tivity was measured three times in summer in 2019 (before the ty-
phoon), winter 2019 (after the typhoon), and summer in 2020 (under 

ECR=1.325×ECR (1)
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prolonged drought), following the method of Sperry et al., (1988). 
Shoot samples were cut as long as possible before dawn (3:30– 5:00) 
and were recut under water in the field to avoid the possibility of 
artificially induced embolism. The collected shoots were immedi-
ately transported to our laboratory with the cut ends submerged 
in water and were enclosed in black plastic bags for approximately 
2 h to relax the xylem tension. We then recut the cut ends of the 
shoots in water to obtain branch segments as long as possible with-
out branching (approximately 8– 20- cm length). After removal of the 
bark and phloem at both cut ends, each branch segment was con-
nected individually to the tubing system. A hydraulic pressure of 
5 kPa was applied to the end of the segment by placing a water bag 
containing 20 mM KCl solution at a height 0.5 m above the sample. 
The other end was connected to a plastic bottle on an electronic 
balance (MS204S; Metra Toledo Co. Ltd.) by a Tygon tube, and then 
the water flow rates from the segment were automatically measured 
with an electronic balance. Based on the water flow rates, the sap-
wood area, and the branch length, we calculated the hydraulic con-
ductivity of the branchlets (Kbranch; kg s−1 m−1 MPa−1) of each tree. 
All measurements were performed under a constant temperature of 
approximately 26℃ in the laboratory.

Subsequently, the percent loss of conductivity (PLC) was exam-
ined in the same branch segments to evaluate the role of air- induced 
embolism in decreasing Kbranch. The branch segments were flushed 
with 20 mM KCl solution under 0.15 MPa for 15 min to remove air- 
induced xylem embolism, and then the water- flow rates were mea-
sured again to obtain the maximum xylem hydraulic conductivity 
(Kmax). The values of PLC were calculated as follows:

After the hydraulic measurements, the photographic images of 
the sapwood cross- section on the upper side of the cut end were 
obtained using a digital microscope (Dino- Lite; AnMo Electronics 
Corporation), and then the cross- sectional area of xylem sap-
wood was measured with the image processing software ImageJ 
(Schneider et al., 2012).

2.7  |  Dark respiration rates

To evaluate the effects of reproductive effort and typhoon dam-
age on the respiratory consumption of stored carbohydrates, the 
dark respiration rates of the shoots were measured in summer 2019 
(before the typhoon), winter 2019 (after the typhoon), and summer 
2020 (under prolonged drought). The other branches on the same 
shoots as those used for the measurements of hydraulic conductiv-
ity were used to evaluate the respiration rates to reduce additional 
damage to the examined trees. The dark respiration rates were eval-
uated in each tissue (leaves, fruits, and branchlets) as follows. First, 
the respiration rates of the whole shoots including leaves, fruits, and 
branchlets, were measured. Next, the leaves were removed from the 
shoots with scissors, the respiration rates were measured again, the 

fruits were removed and the rates were measured again. The plant 
samples were put into a closed plastic box (5 or 14.5 L in volume) 
with a small fan. The size of the plastic box was selected accord-
ing to the volume or length of the plant samples, and then the box 
was covered with black cloth. To measure the temperature, chromel- 
alumel thermocouples were placed into the box together with the 
plant parts. We assumed that the plant temperature was in equilib-
rium with the air temperature in the box. The increasing rates in air 
CO2 concentration in the box were measured for 5– 10 min, using a 
nondispersive infrared CO2 gas analyzer (GMP343, Vaisala Inc.) con-
nected to a data logger (GL240; Graphtec Co. Ltd.). The dark respira-
tion rates were measured at a room temperature of approximately 
26°C in our laboratory. From the increasing rates of CO2 concentra-
tion and the box volume, the dark respiration rates were calculated.

After the measurements, the plant samples were dried (60°C, 
>72 h), and then the dry mass was weighed. Dry mass- based res-
piration rates of leaves, fruits and branchlets were separately de-
termined by subtracting the respiration rates in each measurement. 
Furthermore, the obtained values were standardized at 26℃ by 
using Q10 = 2 to eliminate the possible errors caused by the varia-
tions in room temperature.

2.8  |  Non- structural carbohydrate storage 
within sapwood

To examine the effects of reproductive effort, the typhoon, and 
prolonged drought on the source– sink balance of carbohydrates, 
the NSCs (starch and soluble sugars) stored within the sapwood in 
branchlets (8– 10- mm diameter) were examined three times in sum-
mer and winter in 2019 and in summer in 2020 (Table S2). The same 
branchlets used for the hydraulic conductivity and dark respira-
tion measurements were also used for evaluating NSCs. The bark 
and phloem were swiftly removed with a blade before drying in 
our laboratory. The pieces of collected sapwood were dried (60°C, 
>72 h), and then ground to a fine powder with a vibrating mill (Hi- 
speed Vibrating Sample Mill TI- 100; CMT Co., Ltd). The powdered 
samples were extracted in 80% ethanol (v/v), the supernatant was 
extracted via centrifugation and the soluble sugar contents were 
quantified with the phenol– sulfuric acid method (Dubois et al., 
1951). To determine the amount of starch, the remaining pellets 
were depolymerized to glucose by the addition of KOH, acetic acid, 
and amyloglucosidase buffer, and the extracted glucose was quan-
tified with the mutarotase– glucose oxidase method (Glucose C- II 
test; Wako).

2.9  |  Mortality rates of branchlets

The effects of reproductive effort and typhoon damage on branchlet 
mortality were examined in 3- diameter classes of branchlets (1– 2- , 
3– 4- , and 8– 10- mm diameters). At approximately 1 month following 
the typhoon, 100 shoots with 1– 2- mm diameters, 100 shoots with 

(2)PLC =

(

1 −

Kbranch

Kmax

)

× 100.
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3– 4- mm diameters, and 30 shoots with 8– 10- mm diameters were 
labeled in each tree. Approximately 5 months after the typhoon hit-
ting (spring in 2020), we investigated whether the labeled branchlets 
were dead or alive. The mortality rates during the 5- month period 
following the typhoon were calculated for each diameter class. The 
branchlets broken by intense wind were eliminated from the mortal-
ity rate calculations.

2.10  |  Statistics and GLMs

All statistical analyses were conducted with the software package 
“R” (Ver. 3.5.3; R Development Core Team, 2019). The effects of re-
productive effort (Figure 2) and typhoon damage (Figure 3) and the 
effects of stored starch (Figures 4c and 5) were statistically examined 
by linear regressions. Regression lines in these figures were drawn, 
depending on the significance levels (solid lines: p < 0.05; dashed 
lines: 0.05 ≤ p < 0.08 in marginal). The r-  and P- values in regression 
analysis are shown in Table S4. Statistical differences in the respira-
tion rates among the tissues (Figure 2h) and in the branchlet mortal-
ity rates among the diameter classes (Figure 4b) were analyzed using 
the Steel- Dwass test (nonparametric multiple comparison).

To identify the significant effects of reproductive effort, ty-
phoon damage, and starch reserves on the branchlet mortality rates 
in each size class (1– 2- , 3– 4- , and 8– 10- mm diameter), generalized 
linear models (GLMs) were constructed assuming Gaussian error 
distributions with identity link function (Figure 4a). The averaged 
values among branchlets for each individual tree were used for the 
reproductive effort and typhoon damage (n = 9), and the mortality 
rates were obtained for each individual tree (n = 9; Table S5). We 
could test only the effects of reproductive effort, typhoon damage, 
and starch reserves on the branch mortality of three size classes by 
GLMs because of sample size limitations (nine trees). We could also 
not test the four interactive terms among reproductive effort, ty-
phoon damage, and starch reserves. We also could not test all the 
measured traits, such as photosynthesis, respiration, branch hydrau-
lics, total leaf area, soluble sugar, and NSCs. The branchlet mortality 
rates in each diameter class (1– 2, 3– 4, 8– 10 mm) were the response 
variables, and reproductive effort, typhoon damage, and the starch 
concentrations within sapwood after the typhoon hit (winter in 
2019) were the explanatory variables (Table S3a). In best subset re-
gressions, the most plausible models with the lowest Akaike's infor-
mation criterion values were selected to explain the mortality rates 
(Table S3b).

3  |  RESULTS

The effects of reproductive effort (before the typhoon) were investi-
gated across the examined trees (Figure 2). Maximum photosynthetic 
rates were not significantly correlated with the reproductive efforts 
(Figure 2f). However, the leaf color of shoots with a high reproduc-
tive effort often changed to yellowish, showing low photosynthetic 

rates (Figure S5). The total leaf area of shoots decreased significantly 
with increases in the reproductive effort of individual trees, result-
ing from a decrease in the area of individual leaves rather than in the 
number of leaves attached to the shoots (Figure 2a– c). On the other 
hand, the overall shoot (including leaves, twigs, and fruits) respira-
tion rates increased marginally (p = 0.058) with reproductive effort 
(Figure 2g), because of significantly higher respiration rates of im-
mature fruits than those of leaves and stems (Figure 2h). Although 
the soluble sugar concentrations within sapwood increased mar-
ginally with reproductive effort (p = 0.063; Figure 2d), the stored 
starch concentrations decreased significantly with reproductive ef-
fort (Figure 2e). The negative effects of massive seed production on 
carbohydrate reserves were thus mainly due to both the decrease 
in total leaf area and the increase in shoot respiration. The hydraulic 
conductivity and the PLC in the branchlets (8– 10- mm diameter) and 
leaf mass per area were not affected by seed production (Figure 2i; 
Figure S6).

Approximately 1 month after the typhoon, its damage was es-
timated by the differences in traits before and after the typhoon 
(Figure 3). The total leaf area of shoots and the maximum photosyn-
thetic rates in the remaining leaves exhibited significant decreases 
together with typhoon damage (evaluated by the increase in leaf 
electrolyte leakage) across the examined trees (Figure 3a,b). These 
decreases were due to intense wind and salt sprays, evidenced by 
the fact that the typhoon damage observed in the top canopies was 
obviously more severe on the windward sea side than on the lee-
ward land side (Figure 1b). The starch stored within the sapwood 
decreased in most of the trees examined; however, the decrease in 
starch was not correlated with typhoon damage (Figure 3c) because 
individual trees with low starch reserves when the typhoon hit did 
not show further decreased starch concentrations. Typhoon damage 
decreased the hydraulic conductivity (Kbranch) of branchlets (8– 10- 
mm diameter; Figure 3d); however, this was not associated with an 
increase in the PLC, indicating that the decrease in Kbranch was not 
related to air- induced embolism in xylem conduits (Figure S7b).

In the next spring, we examined the mortality rates of branch-
lets during the 5- month periods following the typhoon (Figure 4). 
The branchlets broken by intense winds were not included in the 
current mortality. The mortality rates gradually decreased with 
branch diameter (Figure 4b). The statistical results of GLM models 
(see Table S3; Section 2) showed that the factors causing mortality 
varied among diameter classes, depending on the reproductive ef-
fort and disasters. Reproductive effort was significantly correlated 
with the mortality of the distal branchlets (1– 2- mm- diameter class; 
Figure 4a). The typhoon damage caused to leaves was significantly 
correlated with the mortalities of the branchlets of both the 1– 2-  
and 3– 4- mm- diameter classes (Figure 4a). The mortality of larger 
branchlets (8– 10- mm- diameter class) was not correlated with either 
reproductive effort or typhoon damage but decreased significantly 
with the stored starch concentrations across the individual trees 
(Figure 4c). These data indicate that the mortality of larger branch-
lets was due to indirect effects of carbon starvation, rather than to 
direct effects caused by mass seed production and the typhoon.
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Approximately 8 months following the typhoon, a prolonged 
drought occurred in the early summer in 2020. The severe summer 
drought was evident from an extraordinary decrease in the predawn 
leaf water potential: the minimum value of −1.2 MPa in 2019 was 
recorded on August 3, while that of −3.3 MPa in 2020 was recorded 
on July 14 in the examined D. lepidotum trees (Figure S2). Persistent 
damage was still obviously observed in the top canopies at that 
time. Furthermore, large variations in new leaf emergence were 

found among the individual trees. The stored starch concentrations 
varied largely over time, as follows: the mean values (±1 SD) of the 
nine examined trees were 22.1 (±16.3) mg g−1 before the typhoon, 
4.0 (±2.1) mg g−1 1 month after the typhoon, and 11.2 (±8.8) mg g−1 
at 8 months after the typhoon (Table S2). Thus, typhoon damage 
largely decreased the stored starch, and the starch concentrations 
did not entirely recover even in the next summer. During the 8- 
month period after the typhoon, the amounts of increases in the 

F I G U R E  2  The seed production effects of nine individual trees examined before the typhoon hit. The reproductive effort on the x- axes 
indicates the ratio of fruit dry mass to total shoot dry mass (g g−1). (a) The area of individual leaves. (b) The sapwood- area based total leaf 
area of shoots. (c) The number of leaves attached to shoots. (d) The concentrations of soluble sugars within the sapwood of the branchlets 
(8– 10- mm diameter). (e) The concentrations of starch within the sapwood of the branchlets (8– 10- mm diameter). (f) Amax: the leaf area- based 
maximum photosynthetic rates. (g) The dark respiration rates of shoots, including leaves, twigs, and fruits. The values are standardized to 
26°C by using Q10 = 2. (h) Mass- based dark respiration rates of each tissue, including immature fruits, leaves, and twigs. Different letters 
show significant differences among the tissues. (i) Kbranch: the sapwood area- based hydraulic conductivity in the branchlets (8– 10- mm 
diameter). Mean and ±1 SD in each parameter for individual trees are shown. The solid lines show significant correlations (p < 0.05), and the 
dashed lines show marginal correlations (0.05 ≤ p < 0.08). **p < 0.01, *p < 0.05, n.s., non- significant (p ≥ 0.08). Black circles show trees with 
no or almost no fruits [Colour figure can be viewed at wileyonlinelibrary.com]
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total area of leaves attached to shoots, the starch reserves, and the 
hydraulic conductivity in branchlets with 8– 10- mm diameter (Kbranch) 
were significantly (p < 0.05) or marginally (p = 0.052) correlated with 
the starch concentrations within branchlets 1 month following the 
typhoon across the examined trees (Figure 5). Because PLC margin-
ally increased with decreasing stored starch (p = 0.059, Figure S6b), 
the decrease in Kbranch during the severe summer drought could be 
related to air- induced xylem embolism. The long- term recoveries of 
leaf area, starch reserves, and hydraulics after typhoon damage were 
thus dependent on the starch reserves when the typhoon hit. The 
recovery of new leaf production was interrupted if the starch level 
was less than 1.8 mg g−1 (Figure 5a); the recovery of hydraulic con-
ductivity was disrupted if the starch level was less than 5.4 mg g−1 
(Figure 5c). These data show that there are starch concentration 
thresholds for the recovery of tree health. Therefore, drought resil-
ience is dependent on carbohydrate reserves and is highly variable 
among individual trees. As a result, the recoveries of new leaf areas, 
starch reserves, and hydraulics after disasters are restricted by the 
previously stored starch levels. After the subsequent typhoon and 
drought events, even whole- plant death was found in several trees 
at the study site, especially in isolated D. lepidotum plants (Figure 6). 
Drought- induced tree death in D. lepidotum on islands is mainly due 
to carbon starvation (Saiki et al., 2017).

4  |  DISCUSSION

Our findings are summarized in a schematic diagram describing the 
physiological processes of tree decline caused by the compound 

effects of typhoons and prolonged drought after masting (Figure 7). 
Representation of the physiological processes underlying tree de-
cline by multiple climate extremes is a major priority for predicting 
the near- future compound hazards of forest ecosystems caused by 
long- term climate change and for developing global models. Massive 
seed production increased the mortality of distal canopy shoots (1– 
2- mm diameter) only and reduced the leaf size of individual leaves. 
Typhoon damage increased the mortality of larger canopy shoots 
(3– 4- mm diameter) and decreased the total leaf area and photosyn-
thetic capacity. These data show that climate extremes after masting 
resulted in decreases in the subsequent net carbon gain and stored 
starch within sapwood. If the levels of stored starch decreased below 
the corresponding thresholds, new leaf expansion and/or the recovery 
of branch hydraulics were completely interrupted. Consequently, their 
restoration of carbohydrate reserves was hindered, especially in trees 
with previously low starch reserves (see Figure 5b). We expect that 
tree death will occur if the stored starch becomes lower than these 
thresholds during recovery processes over the long term. Resprouting 
is important for tree survival after severe disturbance (Clarke et al., 
2013; Pausas et al., 2015). However, resprouting requires a huge con-
sumption of stored carbohydrates to compensate for their high carbon 
construction cost until trees have recovered their photosynthetic ca-
pacity (Chapin et al., 1990; Clarke et al., 2013). The cessation of new 
leaf expansion due to carbon starvation results in lingering damage; 
trees are not easily able to escape carbon starvation. If plant regrowth 
is disrupted, the physiological faculty of leaf photosynthesis and root 
water uptake decrease due to cell ageing, and living cells continuously 
reduce the stored carbohydrates by mitochondrial respiration in dam-
aged trees (Saiki et al., 2017).

F I G U R E  3  The typhoon damage 
of nine individual trees examined at 
approximately 1 month after the typhoon 
hit. The typhoon damage for each tree 
(x- axes) was measured by the differences 
in leaf electrolyte leakage before and 
after the typhoon. The y- axes indicate the 
differences in each trait before and after 
the typhoon. Negative values indicate 
the damage, not yet recovered, caused 
by the typhoon. (a) The total leaf area per 
sapwood area in shoots. (b) The leaf area- 
based maximum photosynthetic rates. 
(c) The concentrations of starch within 
the sapwood of the branchlets (8– 10- 
mm diameter). (d) Sapwood area- based 
hydraulic conductivity in the branchlets. 
The solid lines show significant 
correlations (p < 0.05). **p < 0.01, 
*p < 0.05, n.s., non- significant (p ≥ 0.08). 
Black circles show trees with no or almost 
no fruits [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Stored carbohydrates are also used for physiological metabolism 
against various stresses and defense against pathogens and insects 
(Dunn et al., 1990; Old et al., 1990). With increasing drought condi-
tions in the soil, the conversion from starch to soluble sugars pro-
gresses within sapwood in branchlets (Yoshimura et al., 2016), and 
soluble sugars are used to avoid dehydration through processes such 
as osmoregulation (Merchant et al., 2006) and the energy- driven re-
filling of embolized vessels under negative pressure in xylem con-
duits (Hacke et al., 2001; Liu et al., 2019; Nardini et al., 2011; Salleo 
et al., 2004; Secchi & Zwieniecki, 2011; Zwieniecki, & Holbrook, 
2009). For the effective transport of carbohydrates from storage 
cells to metabolically active tissues during drought, the shrinkage of 
phloem cells caused by turgor collapse should be avoided (Dannoura 
et al., 2019; Hartmann, 2011; Sala et al., 2010; Salmon et al., 2019; 
Sevanto et al., 2014). Large defoliation decreases both water and 
carbon transport efficiencies, because of misshapen xylem ves-
sels and the reduced diameter of phloem sieve tubes, respectively 

(Hillabrand et al., 2019). It has been shown that the level of starch 
within sapwood determines the “point of no return” for tree mortal-
ity in Trema orientalis (L.) Blume trees under drought on the islands 
(Kono et al., 2020). Carbohydrate reserves are thus crucial for miti-
gating stress and enhancing resilience. We hypothesize that delayed 
restoration of carbohydrate reserve levels fundamentally leads to 
synergistic impacts hindering the recovery of trees following com-
pound damage by successive climate extremes after massive seed 
production.

The physiological mechanisms for masting signals are still con-
troversial (Pearse et al., 2016). Based on a theoretical approach, a 
resource budget model regarding resource storage and reproduc-
tive costs has been proposed (Isagi et al., 1997). As the cue of mass 
flowering, some recent studies have indicated the role of storage of 
nitrogen rather than carbohydrates (Han et al., 2014; Miyazaki et al., 
2014). The present study shows a negative correlation between re-
productive efforts and stored starch (Figure 2e) but no significant 

F I G U R E  4  The mortality rates of branchlets during the approximately 5- month period after the typhoon hit. (a) The statistical results of 
the adequate general linear models with the lowest Akaike's information criterion values; the response variables were the mortality rates in 
each diameter class (1– 2, 3– 4, 8– 10 mm) and the explanatory variables were the reproductive effort, the degrees of typhoon damage, and 
the starch concentrations in the 8– 10- mm- diameter branchlets of the individual trees. (b) The mortality rates of branchlets in each diameter 
class. Different letters show significant differences among the classes. Mean and ±1 SD in each diameter class in all trees are shown. (c) The 
linear correlation between the mortality rates and the starch concentrations approximately 1 month after the typhoon within the sapwood 
of the branchlets of the 8– 10- mm- diameter class (p < 0.05). Mean and ±1 SD in each parameter for individual trees are shown. Black circles 
show trees with no or almost no fruits [Colour figure can be viewed at wileyonlinelibrary.com]
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correlation with photosynthetic rates (Figure 2f). However, canopy 
shoots with extreme seed production often have yellowish leaves 
with low photosynthetic rates (Figure S5; Figure 2f). Thus, even if 
masting is not directly connected with carbohydrate reserves, re-
duced photosynthetic capacity with depression of nitrogen within 
leaves can decrease the whole- plant carbohydrate reserves together 
with high seed respiration rates (Figure 2).

Our data indicate that the resilience of trees is ensured by the 
maintenance of high starch reserve levels. However, the faculty for 
storing carbohydrates within sapwood varies largely across tree spe-
cies in relation to xylem anatomy because starch is mainly reserved 
within living parenchyma cells. The spatial trade- off among vessel, 
fiber, and parenchyma cells constrains various functions among tree 
species (Pratt & Jacobsen, 2017). Across angiosperm species, the 
increased parenchyma abundance is likely to lower the vessel and 
fiber abundance because of the trade- off constraint. With regard to 
hydraulics, across tree species, wood density is positively correlated 
with cavitation resistance against more negative pressure in xylem 
vessels (Hacke et al., 2001; Hoffmann et al., 2011). Therefore, there 
are functional trade- offs among hydraulic efficiency, cavitation 
resistance, storage function, and mechanical strength associated 
with different carbon and water use strategies across tree species 
(Ishida et al., 2008). Such trade- offs related to sapwood anatomy 
may suggest fundamental paradigms in physiological processes be-
tween carbon starvation and hydraulic failure to determine whether 
trees can survive under stressful environments (Kono et al., 2020). In 
the literature, the hydraulic failure hypothesis has been largely sup-
ported by evidence from mature trees (Davis et al., 2002; Rowland 
et al., 2015), whereas the carbon starvation hypothesis has been 
supported by evidence from tree seedlings (O'Brien et al., 2014) or 
small trees (Kono et al., 2020; Saiki et al., 2017; this study). However, 
why both hypotheses are supported in different cases remains un-
clear (Kono et al., 2020). In the present study, we used a small tree 
species, showing that the seed production significantly decreased 
carbohydrate reserves and that the level of stored starch strongly 
regulated tree growth and dieback. The significant negative correla-
tion between seed production and starch in this study (Figure 2e) 
may be due to the small size of the trees with a low capacity for 
carbohydrate reserves, mostly leading to carbon starvation. Thus, 
tree size variations and ontogeny may also strongly affect the trade- 
offs between seed production and tree behavior, such as vegetative 
growth and stored carbohydrates.

Regrowth requires high carbon consumption for new shoot 
construction, especially after the trees undergo intensive defolia-
tion. Therefore, the seasonal and yearly variations in carbohydrate 
reserve levels may be more dependent on the timing of growth 
and masting in individual trees than on functional types associated 
with the xylem anatomy and life- history strategy in angiosperm 
trees. This study also showed that the amount of stored starch 
varied largely among the individual trees before the typhoon hit 
(Figure 2; Table S2). The NSCs stored within sapwood in temperate 
woody plants vary widely seasonally and yearly (Furze et al., 2019; 
Richardson et al., 2012). These facts indicate that the mortality 

F I G U R E  5  The recovery of leaf area, hydraulics, and starch reserves 
during the approximately 8 months after the typhoon. The x- axes 
are the starch concentrations within the sapwood of the branchlets 
(8– 10 mm diameter) at approximately 1 month after the typhoon. The 
y- axes are the differences between approximately 1 and 8 months after 
the typhoon. Positive values show the recovery from typhoon damage, 
and negative values show a decline. (a) The sapwood- area based total 
leaf area. (b) The starch concentrations within the sapwood in the 
branchlets (p = 0.052). (c) The hydraulic conductivity in the branchlets 
(8– 10 mm diameter). Mean and ±1 SD in each parameter for individual 
trees are shown. The solid lines show significant correlations (p < 0.05). 
**p < 0.01. Black circles show trees with no or almost no fruits [Colour 
figure can be viewed at wileyonlinelibrary.com]

−0.02

0.00

0.02

0.04

0.06

0.08

0.10

0 0.005 0.01 0.015

−0.01

0.00

0.01

0.01

0.02

0.02

0.03

0 0.005 0.01 0.015

−0.3

−0.2

−0.1

0

0.1

0.2

0 0.005 0.01 0.015

D
iff

er
en

ce
 in

 to
ta

l l
ea

f a
re

a 
pe

r s
ap

w
oo

d 
ar

ea
  (

m
2

cm
−2

)

Starch measured 1
month after typhoon (g g−1)

D
iff

er
en

ce
 in

 s
ta

rc
h

(g
 g

−1
)

D
iff

er
en

ce
 in

 K
br

an
ch

(a)

(b)

(c)

p = 0.058

(k
g 

s−1
m

−1
M

Pa
−1

)

**

**

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



5104  |    NAKAMURA et Al.

of trees following successive climate extremes will be dependent 
on the stochastic timing of the amount of carbohydrate reserves 
when disasters occur in forests. If masting largely reduces carbo-
hydrate reserves and is entirely synchronized in almost all trees 
of a species, the subsequent climate extremes may intensively de-
grade the tree species in the forests. It has been demonstrated 
that repeated droughts cause more deleterious damage to gym-
nosperm trees than to angiosperm trees globally (Anderegg et al., 
2020). The high resilience of angiosperm trees may be due to their 
high carbohydrate storage faculty, attributed to their rich con-
tent of parenchyma cells. Although angiosperm trees are usually 
globally predominant in temperate and tropical forests, we have 
little knowledge about the interspecific differences in vulnera-
bility or resilience to global warming among angiosperm trees. 
Physiological comparisons among many angiosperm trees with re-
spect to drought- induced forest dieback are still rare, especially 

in natural forests (Hoffmann et al., 2011; Rowland et al., 2015). 
Our data highlight that even in angiosperm trees, the compound 
hazard posed by successive climate extremes after masting is con-
spicuous, especially when tree carbohydrate reserves are lower 
than the threshold levels for resprouting and hydraulic recovery. 
Tree dieback in response to multiple events can diverge from that 
induced by a single event. Unfortunately, increased forest degra-
dation may occur in the future because of the given projections 
of increases in the frequency and severity of tropical typhoons/
cyclones and drought under ongoing global warming. Our results 
suggest that predictions regarding future changes in forest ecosys-
tems are difficult because stored carbohydrate levels vary largely 
among individual trees over time and the synergistic impacts of 
climate extremes on tree health/resilience are dependent on the 
varying levels and the timing of carbohydrate reserves. The mon-
itoring of carbohydrate reserves should thus be crucial for the 

F I G U R E  6  Photos of dead trees in the 
survey area on the Ogasawara (Bonin) 
Islands. After the prolonged drought 
in summer in 2020, whole- plant death 
was found in several trees, especially 
in isolated plants of Distylium lepidotum 
Nakai. These photographs were taken on 
March 4 or 6, 2021 [Colour figure can be 
viewed at wileyonlinelibrary.com]

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



    |  5105NAKAMURA et Al.

early detection of forest die- offs. Masting in predominant trees 
is often synchronized on a continental scale (Ascoli et al., 2017; 
Bogdziewicz et al., 2021; Vacchiano et al., 2017). With respect 
to masting and plant size, large trees have higher synchrony than 
small trees (Bogdziewicz, Szymkowiak, et al., 2020). If such masting 
largely decreases carbohydrate reserves even in large adult trees, 
climate extremes may lead to forest degradation in broad areas. 
Long- term monitoring of masting intervals and synchrony, carbo-
hydrate reserves, and multiple climate extremes in various forests 
and biomes is thus important for detecting and predicting forest 
impacts under global climate change.
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Tree hazards compounded by successive climate extremes after masting in a small 

endemic tree, Distylium lepidotum, on subtropical islands in Japan 

 

TOMOMI NAKAMURA, ATSUSHI ISHIDA, KIYOSADA KAWAI, KANJI 

MINAGI, SHIN-TARO SAIKI, KENICHI YAZAKI, JIN YOSHIMURA 

 

 

Table S1. Sizes of individual Distylium lepidotum Nakai trees, the thickness of their 

surrounding soils, reproductive effort, and the typhoon damage. The top-canopy heights 

above the ground surface, the stem diameters at 10% height of the top-canopy heights, 

the soil thickness near the stem bases, the masting level (mean ± 1 S.D.), and typhoon 

damage were observed for the individual trees examined. 

 

 

 

 

 

 

Individual tree No. The top-canopy height Stem diameter Soil thickness Reproductive effort Typhoon damage

(m) (cm) (cm) (g g-1)

No. 1 2.51 6.21 25 0.202 ± 0.070 0.178

No. 2 2.37 5.97 25 0.422 ± 0.102 0.340

No. 3 2.17 5.17 85 0.191 ± 0.088 0.193

No. 4 2.35 5.63 102 0 0.242

No. 5 1.93 5.60 30 0 0.282

No. 6 1.52 6.18 7 0.089 ± 0.070 0.373

No. 7 2.09 4.53 14 0.324 ± 0.074 0.031

No. 8 2.40 5.34 14 0.009 ± 0.012 0.039

No. 9 1.16 5.24 11 0.305 ± 0.051 0.204
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 2 

Table S2. The concentrations of soluble sugar, starch, and nonstructural carbohydrates 

(NSCs) within the sapwood of 8-10 mm diameter branchlets, the hydraulic conductivity 

(Kbranch) of 8-10 mm diameter branchlets, the shoot dark respiration rates, and the ratio 

of total leaf area to sapwood area. (a) The mean values (1 SD) before the typhoon in 

2019. (b) The mean values (1 SD) one month after the typhoon (typhoon effects) in 

2019. (c) The mean values (1 SD) eight months after the typhoon under prolonged 

drought in summer in 2020. 

 

(a) Stored carbohydrates before the typhoon hit in 2019.  

 

 

(b) Stored carbohydrates approximately one month after the typhoon in 2019 (typhoon 

effects).  

 

 

Individual tree

No.
Soluble Sugar Starch NSCs Kbranch

Shoot

respiration

Leaf	area/

Sapwood	area

g g
-1

g g
-1

g g
-1

kg s
-1

 m
-1

 MPa
-1

nmol g
-1

 s
-1

m
2

 cm
-2

No. 1 0.0163 (0.0019) 0.0170 (0.0034) 0.0334 (0.0016) 0.6274 (0.2854) 1.2126 (0.4283) 0.2162 (0.0677)

No. 2 0.0216 (0.0057) 0.0028 (0.0016) 0.0243 (0.0064) 0.8194 (0.2054) 1.3986 (0.2945) 0.1190 (0.0430)

No. 3 0.0228 (0.0047) 0.0330 (0.0280) 0.0558 (0.0255) 0.7941 (0.2979) 1.0737 (0.1995) 0.1297 (0.0298)

No. 4 0.0206 (0.0039) 0.0139 (0.0063) 0.0345 (0.0081) 0.5873 (0.3573) 1.1185 (0.2274) 0.3677 (0.1131)

No. 5 0.0150 (0.0018) 0.0393 (0.0076) 0.0543 (0.0078) 0.7000 (0.2967) 1.0781 (0.2591) 0.4144 (0.2173)

No. 6 0.0157 (0.0030) 0.0271 (0.0097) 0.0428 (0.0103) 0.6717 (0.2576) 1.2778 (0.2112) 0.2995 (0.1847)

No. 7 0.0200 (0.0018) 0.0038 (0.0007) 0.0238 (0.0021) 0.3482 (0.2085) 1.1135 (0.0390) 0.0612 (0.0517)

No. 8 0.0129 (0.0016) 0.0498 (0.0151) 0.0627 (0.0146) 0.3685 (0.1505) 0.7410 (0.1715) 0.1862 (0.1300)

No. 9 0.0222 (0.0041) 0.0117 (0.0036) 0.0338 (0.0070) 1.1534 (0.1238) 1.4468 (0.1033) 0.2547 (0.1111)

Mean (1 S.D.) 0.0185 (0.0047) 0.0225 (0.0185) 0.0410 (0.0168) 0.6879 (0.3145) 1.1712 (0.2971) 0.2389 (0.1598)

Individual tree

No.
Soluble Sugar Starch NSCs Kbranch

Shoot

Respiration

Old-leaf area

/Sapwood area

New-leaf area

/Sapwood area

Total leaf area

/Sapwood area

g g
-1

g g
-1

g g
-1

kg s
-1

 m
-1

 MPa
-1

nmol g
-1

 s
-1

m
2

 cm
-2

m
2

 cm
-2

m
2

 cm
-2

No. 1 0.0146 (0.0009) 0.0070 (0.0019) 0.0216 (0.0020) 0.6622 (0.2071) 0.8423 (0.2020) 0.0173 (0.0177) 0.0000 (0.0000) 0.0173 (0.0177)

No. 2 0.0170 (0.0030) 0.0023 (0.0005) 0.0193 (0.0031) 0.5957 (0.2274) 0.5344 (0.1674) 0.0065 (0.0050) 0.0000 (0.0000) 0.0065 (0.0050)

No. 3 0.0194 (0.0019) 0.0032 (0.0008) 0.0226 (0.0013) 0.5972 (0.1699) 1.2504 (0.1727) 0.0244 (0.0164) 0.0031 (0.0027) 0.0274 (0.0154)

No. 4 0.0116 (0.0048) 0.0022 (0.0007) 0.0138 (0.0052) 0.5828 (0.1731) 1.2150 (0.4791) 0.0482 (0.0464) 0.0059 (0.0033) 0.0541 (0.0488)

No. 5 0.0123 (0.0017) 0.0070 (0.0016) 0.0194 (0.0032) 0.4789 (0.0739) 1.0962 (0.3602) 0.0048 (0.0033) 0.0049 (0.0034) 0.0097 (0.0048)

No. 6 0.0114 (0.0012) 0.0021 (0.0004) 0.0135 (0.0012) 0.4113 (0.2279) 1.2220 (0.4859) 0.0072 (0.0125) 0.0104 (0.0119) 0.0176 (0.0244)

No. 7 0.0186 (0.0026) 0.0036 (0.0015) 0.0222 (0.0035) 0.4977 (0.0221) 1.1674 (0.2592) 0.1557 (0.0702) 0.0050 (0.0045) 0.1607 (0.0742)

No. 8 0.0170 (0.0021) 0.0062 (0.0074) 0.0232 (0.0088) 0.5032 (0.1520) 1.2204 (0.2643) 0.3123 (0.0426) 0.0674 (0.0523) 0.3797 (0.0949)

No. 9 0.0157 (0.0096) 0.0022 (0.0007) 0.0178 (0.0099) 0.8211 (0.2226) 1.0316 (0.1249) 0.0379 (0.0163) 0.0023 (0.0027) 0.0402 (0.0185)

Mean (1 S.D.) 0.0153 (0.0044) 0.0040 (0.0030) 0.0193 (0.0056) 0.5722 (0.1878) 1.0644 (0.3420) 0.0683 (0.1026) 0.0110 (0.0254) 0.0792 (0.1233)
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(Table S2 continued.)  

 

(c) Stored carbohydrates approximately eight months after the typhoon under prolonged 

drought in summer in 2020. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Individual tree

No.
Soluble Sugar Starch NSCs Kbranch

Shoot

respiration

Leaf	arae/

Sapwood	area

g g
-1

g g
-1

g g
-1

kg s
-1

 m
-1

 MPa
-1

nmol g
-1

 s
-1

m
2

 cm
-2

No. 1 0.0232 (0.0049) 0.0162 (0.0074) 0.0394 (0.0055) 0.7336 (0.1704) 0.8347 (0.0755) 0.0522 (0.0079)

No. 2 0.0283 (0.0050) 0.0025 (0.0034) 0.0307 (0.0066) 0.5124 (0.1186) 0.4996 (0.1786) 0.0067 (0.0073)

No. 3 0.0329 (0.0079) 0.0149 (0.0067) 0.0478 (0.0104) 0.3814 (0.1492) 0.5781 (0.1133) 0.0138 (0.0081)

No. 4 0.0297 (0.0080) 0.0067 (0.0057) 0.0364 (0.0090) 0.3739 (0.1071) 0.8507 (0.1067) 0.0699 (0.0462)

No. 5 0.0238 (0.0039) 0.0153 (0.0140) 0.0392 (0.0173) 0.5218 (0.1183) 0.8980 (0.1006) 0.0908 (0.0802)

No. 6 0.0238 (0.0073) 0.0003 (0.0005) 0.0241 (0.0070) 0.1230 (0.1103) 1.2548 (0.2175) 0.0135 (0.0089)

No. 7 0.0292 (0.0053) 0.0133 (0.0070) 0.0425 (0.0028) 0.4282 (0.1077) 1.2923 (0.0687) 0.1823 (0.0423)

No. 8 0.0217 (0.0024) 0.0280 (0.0194) 0.0497 (0.0175) 0.6329 (0.1020) 1.2731 (0.1212) 0.3811 (0.0854)

No. 9 0.0255 (0.0040) 0.0035 (0.0040) 0.0291 (0.0049) 0.7234 (0.1919) 1.2143 (0.1592) 0.0469 (0.0284)

Mean (1 S.D.) 0.0264 (0.0063) 0.0114 (0.0122) 0.0378 (0.0125) 0.4940 (0.2247) 0.9691 (0.3259) 0.0982 (0.1228)
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Table S3. The results of GLMs to explain branchlet mortality rates. For response 

variables, the mortality rates of the branchlets with different diameter classes of 1-2 

mm, 3-4 mm, and 8-10 mm are shown as Mort_1, Mort_2, and Mort_3, respectively. 

The explanatory variables include reproductive effort (Seed), typhoon damage 

(Typhoon), and starch concentrations one month following the typhoon (Starch). The 

best GLMs with the lowest AIC (blue colour) were selected for the mortality rates in 

each diameter class, and the estimated coefficients, standard error, T values, and P 

values are shown (**: P < 0.01, *: P < 0.05, marginal: 0.05 ≤ P < 0.08, n.s.: P ≥ 0.08). 

(a) All models and (b) the selected models for each diameter class.  

(a) All models 

 

Response variable Unit Model AIC

Mort_1 (1-2 mm) % Mort_1=Seed+Typhoon 77.4

Mort_1 (1-2 mm) % Mort_1=Seed+Typhoon+Starch 78.0

Mort_1 (1-2 mm) % Mort_1=Typhoon+Starch 81.1

Mort_1 (1-2 mm) % Mort_1=Typhoon 82.2

Mort_1 (1-2 mm) % Mort_1=Starch 85.9

Mort_1 (1-2 mm) % Mort_1=Seed+Starch 87.0

Mort_1 (1-2 mm) % Mort_1=Seed 87.8

Mort_1 (1-2 mm) % Mort_1=Intercept 88.1

Mort_2 (3-4 mm) % Mort_2=Seed+Typhoon 81.5

Mort_2 (3-4 mm) % Mort_2=Seed+Typhoon+Starch 82.0

Mort_2 (3-4 mm) % Mort_2=Typhoon+Starch 82.8

Mort_2 (3-4 mm) % Mort_2=Typhoon 83.9

Mort_2 (3-4 mm) % Mort_2=Starch 85.4

Mort_2 (3-4 mm) % Mort_2=Seed+Starch 86.7

Mort_2 (3-4 mm) % Mort_2=Seed 87.7

Mort_2 (3-4 mm) % Mort_2=Intercept 87.7

Mort_3 (8-10 mm) % Mort_3=Seed+Typhoon+Starch 72.7

Mort_3 (8-10 mm) % Mort_3=Typhoon+Starch 72.9

Mort_3 (8-10 mm) % Mort_3=Starch 73.7

Mort_3 (8-10 mm) % Mort_3=Seed+Starch 74.9

Mort_3 (8-10 mm) % Mort_3=Seed+Typhoon 78.1

Mort_3 (8-10 mm) % Mort_3=Typhoon 79.9

Mort_3 (8-10 mm) % Mort_3=Seed 81.3

Mort_3 (8-10 mm) % Mort_3=Intercept 81.7
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(Table S3 continued.)  

 

(b) The selected GLMs for the branchlet mortality rates for each diameter class. Blue-

coloured traits are effective factors for mortality. **: P < 0.01, *: P < 0.05, marginal: 

0.05 ≤ P < 0.08, n.s.: P ≥ 0.08. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Response variable Unit AIC
Explanatory

variables

Estimated

coefficients

Standard

error
T-values P-values

Intercept 8.58 11.27 0.76 n.s.

Seed 82.28 31.51 2.61 *

Typhoon 176.65 41.69 4.24 **

Intercept 1.38 14.13 0.10 n.s.

Seed 77.80 39.50 1.97 n.s.

Typhoon 156.58 52.26 3.00 *

Intercept 32.71 15.64 2.09 n.s.

Seed 30.47 26.34 1.16 n.s.

Typhoon 59.44 34.49 1.72 n.s.

Starch -5224.31 2080.73 -2.51
0.054

(marginal)

Mort_1 (1-2 mm)    % 77.4

81.5

72.7   %Mort_3 (8-10 mm)

Mort_2 (3-4 mm)    %
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Table S4. List of r- and P-values in each linear regression analysis. 

 

 

 

 

 

 

 

 

 

 

Explanatory variables Response variables Figure No. r  value P value

Reproductive effort Individual leaf area Fig. 2a -0.854 0.003

Reproductive effort Leaf area/sapwood area Fig. 2b -0.719 0.029

Reproductive effort Number of leaves Fig. 2c -0.191 0.622

Reproductive effort Souble sugar Fig. 2d 0.640 0.063

Reproductive effort Starch Fig. 2e -0.755 0.019

Reproductive effort Amax Fig. 2f -0.589 0.095

Reproductive effort Shoot respiration rates Fig. 2g 0.649 0.058

Reproductive effort Kbranch Fig. 2i 0.366 0.333

Typhoon damage Difference in leaf area Fig. 3a -0.771 0.015

Typhoon damage Difference in Amax Fig. 3b -0.837 0.005

Typhoon damage Difference in starch Fig. 3d 0.097 0.803

Typhoon damage Difference in Kbranch Fig. 3e -0.779 0.013

Starch Branch mortality Fig. 4c -0.817 0.007

Starch Difference in leaf area Fig. 5a 0.821 0.007

Starch Difference in starch Fig. 5b 0.660 0.053

Starch Difference in Kbranch Fig. 5c 0.843 0.004

Shoot dry mass Fruit dry mass Fig. S3e 0.628  <0.001

Reproductive effort Leaf mass per area Fig. S6a 0.356 0.347

Reproductive effort PLC Fig. S6b -0.189 0.626

Typhoon damage Difference in PLC Fig. S7a 0.227 0.556

Starch Difference in PLC Fig. S7b -0.648 0.059
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Table S5. The parameter list for each tree used for the generalized linear models 

(GLMs). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Individual tree No. Reproductive effort Typhoon damage Starch Mort_1 (1-2 mm) Mort_1 (3-4 mm) Mort_1 (8-10 mm)

(g g-1) (g g-1) (%) (%) (%)

No. 1 0.202 0.178 0.0070 61.957 60.000 22.222

No. 2 0.422 0.340 0.0023 93.939 82.653 51.724

No. 3 0.191 0.193 0.0032 79.000 62.245 48.276

No. 4 0 0.242 0.0022 65.263 58.586 36.667

No. 5 0 0.282 0.0070 47.475 17.172 3.333

No. 6 0.089 0.373 0.0021 81.443 70.707 43.333

No. 7 0.324 0.031 0.0036 44.330 26.531 13.793

No. 8 0.009 0.039 0.0062 0.000 1.010 3.448

No. 9 0.305 0.204 0.0022 62.921 48.000 43.333
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Fig. S1. The time course of typhoon “Bualoi”. The typhoon hit the Ogasawara (Bonin) 

islands on 24 October 2019. The minimum air pressure was 963.5 hPa, and the 

instantaneous maximum wind speed on the islands was 52.7 m s-1. This typhoon 

reached its peak intensity on 22 October, with 10-minute sustained winds of 51.4 m s-

1, 1-minute sustained winds of 72.2 m s-1
, and a central pressure of 935 hPa, 

consistent with a major Category 5 hurricane. 

 

 

 

18 Oct. 2019

26 Oct. 2019

25 Oct. 2019

24 Oct. 2019

23 Oct. 2019

22 Oct. 2019

21 Oct. 2019

20 Oct. 2019

19 Oct. 2019

Ogasawara
(Bonin) 
Islands

Tokyo

18 Oct. 2019

26 Oct. 2019

25 Oct. 2019

24 Oct. 2019

23 Oct. 2019

22 Oct. 2019

21 Oct. 2019

20 Oct. 2019

19 Oct. 2019

Ogasawara
(Bonin) 
Islands

Tokyo

Longitude

L
a
ti
tu

d
e

120   E 130   E 140   E 150   E 170   E160   E

0   

10   N

20   N

30   N

50   N

40   N

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 9 

 

 

Fig. S2. The time course of predawn leaf water potential in the nine individual trees 

examined. The measurements were periodically conducted from early July to mid-

August in the summers of 2019 (a) and 2020 (b). 
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Fig. S3. Several measurements of shoots with various levels of masting and typhoon 

damage. (a) A photograph of a masting shoot with fruits (a cut shoot). (b) Photograph 

of leaves damaged by salt spray from sea water approximately one month after the 

typhoon. (c) The reproductive effort (fruit dry mass/total dry mass of shoots; g g-1) 

for the individual trees. (d) The degree of typhoon damage (red bars: leaf electrolyte 

leakage before the typhoon; blue bars: leaf electrolyte leakage approximately one 

month after the typhoon). The differences in leaf electrolyte leakage before and after 

the typhoon were indicators of typhoon damage in the individual trees. (e) The 

correlations between the fruit dry mass and the total shoot dry mass in all cut shoots. 

The fruit mass-to-shoot mass ratio (i.e., slope) was used to represent the masting level 

of each shoot. (f) The relationship between reproductive effort and typhoon damage 

among the examined trees. There were no correlations between reproductive effort 

and typhoon damage. Black circles show trees with no or almost no fruits (No. 4, 5, 

and 8). (c), (d), (f) Mean and ± 1 S.D. in each parameter for individual trees are 

shown. 
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Fig. S4. The individual trees examined and their surrounding soil thickness. (a) A 

photograph of the field measurements of soil thickness. (b) The relationship between 

the soil thickness near the stem base and the minimum values of predawn leaf water 

potential in the dry summer of 2020. (c) The relationship between the soil thickness 

and the top-canopy heights above the ground surface among the examined trees. Blue 

circles show the fruiting trees, and black circles show trees with no or almost no 

fruits. 
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Fig. S5. The leaf colour of shoots with a high reproductive effort (fruit mass/shoot 

mass) changed to yellowish, showing low photosynthetic rates. 

 

 

 

 

 

 

 

 

 

 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 13 

 

 

Fig. S6. The effects of reproductive effort were examined before the typhoon hits. The 

ratios of fruit dry mass to total shoot dry mass (x-axes) indicate the reproductive 

efforts of individual trees. (a) Leaf mass area (leaf dry mass/leaf area) of individual 

leaves. (b) The percent loss of conductivity in the branchlets (8-10 mm diameter). 

Black circles show trees with no or almost no fruits. Mean and ± 1 S.D. in each 

parameter for individual trees are shown. 
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Fig. S7. The change in the percent loss of conductivity (PLC). (a) The differences in 

PLC before and one month after the typhoon. The x-axis indicates the degree of 

typhoon damage in the individual trees. (b) The differences in PLC between one 

month and eight months after the typhoon. The x-axis shows the starch 

concentrations approximately one month after the typhoon. Mean and ± 1 S.D. in 

each parameter for individual trees are shown. Black circles show trees with no or 

almost no fruits. 
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