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Fig. 1-1 Seawater flooded spot in a coastal forest after tsunami (Chiba 
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Fig. 1-2 The flowchart of study 
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 2-1 EC 

 

Table 2-1 Soil EC after submergence, after rinse and before harvest of and

Values indicate mean  SE (dS/m .  

 
  

Species Treatment Submerged
period (h)

After
Submergence After Rinse Before Harvest

0 0.09 ± 0.01 0.10 ± 0.01
3 1.66 ± 0.14 0.65 ± 0.09 0.15 ± 0.04
6 2.07 ± 0.13 0.77 ± 0.07 0.21 ± 0.01
12 2.48 ± 0.24 0.91 ± 0.09 0.07 ± 0.00
24 2.51 ± 0.16 1.24 ± 0.08 0.11 ± 0.01
0 0.07 ± 0.00 0.20 ± 0.01
3 1.78 ± 0.25 0.98 ± 0.12 0.25 ± 0.04
6 1.62 ± 0.13 0.72 ± 0.08 0.09 ± 0.01
12 1.95 ± 0.12 0.98 ± 0.07 0.24 ± 0.03
24 2.33 ± 0.20 1.22 ± 0.05 0.24 ± 0.02

0 0.10 ± 0.01 0.09 ± 0.01
3 1.69 ± 0.12 1.03 ± 0.09 0.08 ± 0.01
6 2.08 ± 0.18 1.26 ± 0.12 0.18 ± 0.02
12 2.27 ± 0.09 1.16 ± 0.09 0.09 ± 0.01
24 2.57 ± 0.18 1.36 ± 0.11 0.10 ± 0.01
0 0.10 ± 0.01 0.22 ± 0.03
3 1.89 ± 0.18 0.98 ± 0.06 0.26 ± 0.04
6 2.36 ± 0.13 1.12 ± 0.07 0.09 ± 0.01
12 2.23 ± 0.14 1.29 ± 0.15 0.16 ± 0.02
24 2.96 ± 0.22 1.49 ± 0.08 0.16 ± 0.01

Flooded

Soil Electrical Conductivity (dS/m)

Unflooded

Unflooded

Flooded
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Table 2-2 Mortality rate of  and saplings at the time of 
harvest 

 
 

 

 
 2-1  

UF: F: hr

 

Fig. 2-1 Changes in leaf length increment of  saplings of each treatment 

In the figure, UF indicates Unflooded and F indicates Flooded. Each number in the 

legend indicates hours of submergence, and error bars indicate standard errors. 

 

Submerged period (h) Unflooded Flooded Unflooded Flooded
0 0   29  0  0
 3  0   57  0  0
 6   14   71  0   29
  12  0   86   29   57
  24   14    100   86   010

Mortality rate (%)
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 2-2 

 

UF: F: hr  

Fig. 2-2 Changes in ratio of dieback (upper) and bud sprouting (lower) in  saplings 

grown under unflooded (left: UF) and flooded (right: F) conditions after submergence 

treatments 
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 2-3  

Mann-Whitney U test (*p < 0.05, **p < 0.01  

Fig. 2-3 Shoot elongation (upper) and stem diameter increment (lower) in left) and 

right) saplings at the end of experiments. 

Error bars indicate standard errors, and asterisks indicate significant difference between 

unflooded and flooded conditions for curing. (Mann-Whitney U test (*p < 0.05, **p < 0.01)  
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 2-4  

Mann-Whitney U test (*  < 0.05, **  < 0.01  

Fig. 2-4 Dry weights of the leaves of left) and right) saplings in each 

treatment. 

Error bars indicate standard errors, and asterisks indicate significant differences 

between unflooding and flooding conditions for curing (Mann-Whitney U test (*  < 0.05, 

**  < 0.01  
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 2-5  

GB -AB -

0 h: 

Steel test (*  < 0.05, **  < 0.01  

Fig. 2-5 Contents of betaines in leaves of  (left) and right) saplings in 

each treatment 

GB and -AB in the figure indicate glycine betaine and -alanine betaine respectively. 

Error bars indicate standard errors, and asterisks indicate significant differences from 

values of control (0 h: unsubmerged, unflooded) (Steel test (*  < 0.05, **  < 0.01 . 
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 3-1 2011 1  

Precip. , Air Temp. , ASD , 

Water Temp. , PSS-78 , DO

3 5 7 9 12 1

 

Table 3-1 Weather and environmental condition around sampling site by month, and for the last 

week before sampling 

Each abbreviation indicates Precip., integrating precipitation; Air Temp., mean air 

temperature; ASD, integrating actual sunshine duration; Water Temp., mean water 

temperature; PSS-78, practical salinity scale; DO, dissolved oxygen; respectively. Each 

weather conditions for the last week before sampling are put in parentheses. The 

hyphen indicates data does not exist.   

 

Water Temp.
[°C] PSS-78 DO

Jan. 85.5 14.3 65.3 21.9 34.725 217.1
Feb. 95.0 17.0 116.5 - - -
Mar. 17.0 (4.0) 16.2 (16.5) 90.7 (9.2) - - -
Apr. 71.5 19.5 190.4 - - -
May 340.5 (114.5) 22.9 (21.7) 71.7 (0.9) - - -
Jun. 130.0 27.0 221.7 - - -
Jul. 28.5 (18.0) 28.0 (27.4) 268.4 (74.4) 28.7 34.695 196.4
Aug. 156.0 27.5 239.8 - - -
Sep. 147.0 (94.5) 26.9 (27.4) 215.1 (72.1) - - -
Oct. 291.5 24.4 134.5 - - -
Nov. 279.5 23.0 79.8 26.6 34.507 202.2
Dec. 89.5 (57.0) 17.9 (17.4) 69.3 (1.1) - - -

Precip.
[mm]

Air Temp.
[°C]

ASD
[hour]
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 3-1  

Ko Bg Rs Am

Lr

TukeyHSD test, < 0.05  

Fig. 3-1 Seasonal variation of cation contents in leaves 

The abbreviations of the species name indicate Ko, ; Bg, ; Rs, 

; Am, ; Lr, respectively. The legend shows the months, 

and the error bars in the figure indicate standard errors. The different uppercase 

alphabets indicate statistically significant differences between tree species. The different 

lowercase alphabets indicate statistically significant difference between months in the 

tree species (Tukey HSD test, < 0.05 . 
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 3-2  

Ko Bg Rs Am

Lr

TukeyHSD test, < 0.05  

Fig. 3-2 Seasonal variation of total soluble sugar (upper) and total polyol (lower) contents in 

leaves 

The abbreviations of the species name indicate Ko, ; Bg, ; Rs, 

; Am, ; Lr, respectively  The legend shows the months 

and the error bars in the figure indicate standard errors. The different uppercase 

alphabets indicate statistically significant differences between tree species, and the 

lowercase alphabets indicate between months (Tukey HSD test, < 0.05 . 
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 3-2 GLM AIC

 

Ko Bg Rs Am

Lr GLM

GLM AIC AIC AIC

Estimate Std  Error  value Wald

Pr(>|z|) Wald

Sugar Polyol Tempavg Precip

1 Na: K Na+ K+ Ca Ca2+  

Table 3-2 The estimated coefficient of explanatory variables of GLM having lowest AIC and using the total

soluble sugar content (upper) and the total polyol content (lower) as objective variable. 

The abbreviations of the species name indicate Ko, ; Bg, ; Rs,

; Am, ; Lr, respectively. The GLM column shows the 

lowest AIC GLM with total soluble sugar content and total polyol content as response 

variables, and the AIC column shows the AIC of each model. The Estimate column 

indicates the coefficient of each explanatory variables, the Std. Error column indicates 

standard error of the coefficient, the z value indicates Wald statistics, and the Pr(>|z|)

column indicates the probability of including zero in the Wald CI of the coefficient 

estimate. Each explanatory variable abbreviation indicates Sugar: total soluble sugar 

content, Polyol: total polyol content, Tempavg: average of temperature per a day, Precip:

total precipitation for a week before sampling, Na: K: Na+: K+ ratio, Ca: Ca2+ content. 
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Lovelock 2015 Krauss et al. 2008; Lang et al. 2014

 

Krauss et al. 2008
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4.2.1  
3 4 16.5±1.0 cm

8±0.3 ±
27.6±1.0 cm 5±0.3 ±  

2   016  2   28  3  2

    2016  3  4  5   21
   20 , 40%

2016 5 21 8 21  1/5,000a

29 65 % The Salt 
Industry Center of Japan. NaCl 99 % 0.5 g/100 gAq (%

HYPONeX JAPAN CORP. 0.05 g/100 gAq (%

 
4.2.2  

2016 8 21 9 19 4
27.5 70.0 % 26.4 

 
0.5 g/100 gAq (% 85 mmol/dm3 NaCl

Ct
HP 6 g/100 gAq (% 1024 mmol/dm3 NaCl

SL
H S 4 =5, 20 /  

4-1 75×40×75 cm3 2
 

4.2.3  
EC Em 50 5TE Decagon Devices, Inc., 

USA DO ORP
pH pH/DO Meter: D-55 DO

9551-100D HORIBA, Ltd., Japan ORP pH AS700 pH/mV Meter 
(AS ONE Corporation., Japan) ORP 301PT-S AS ONE Corporation.

pH 201T-S AS ONE Corporation.  
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4.2.4  
1 3 5  7   10   14   21   28  9

 1  2

  
 6   10   14   21   28

  

  80 48
gAq/gFW  

4.2.5  
LI6400 LI-COR, Inc., USA. 9:00 12:00

PPFD 9:00 12:00
2/s

3
2 3

3 0  
4.2.6  

80%
Shake Master ver.1.2 BMS-12 Bio Medical Science 

Inc., Japan 5,000 rpm, 15 15
60 RY-120HL, ALP Co., Inc., Japan

RF-10 AxL, Shimadzu Co, Japan
Murata  2010

 
4.2.7  

2010 SSRI: 
Social Survey Research Information Co., Ltd., Japan

Levene
2 2
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 4-3
Shirley-Williams  < 0.05

 4-2  4-5  
4-3 Steel-Dwass  < 0.05

 
 

4.3.1  
EC pH DO  4-1

6 %
 

4.3.2  
 4-2

 
 4-2

Steel-Dwass test > 0.05  

Steel-Dwass test > 0.05  

 4-3 1
4 Shirley-Williams test < 0.05

3 2
Shirley-Williams test < 0.05  

4.3.3  
 4-4

 4-3

3
 4-3,  4-4

Steel-Dwass test > 0.05  
4.3.4  

 4-5.
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Steel-Dwass > 0.05
Steel-Dwass 

test > 0.05  

Steel-Dwass test > 0.05
Steel-Dwass test > 0.05  

 
4.4.1  

Kozlowski 1997; He et 
al. 2007

 

2014
 et al. 1995  

NaCl
200 mmol/dm3 1.2 %  et al. 1995

6 g/100 gAq %) (1,024 mmol/dm3) 4
 

4.4.2  
Kozlowski 

1997
Luzhen et al. 2005; Suárez 

and Medina 2006; Tada et al. 2008; Ru et al. 2009; Wang et al. 2014, 2015

 4-3, 4-4 3
 4-4

 

 4-3, 4-4 4
Pezeshki et al. 1997
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4.4.3  

McKee and Mendelssohn 1987; Sairam et al. 2008; 
Ferner et al. 2012

Ferner et al. 2012
 

Khan 2016

Zhu et al. 
2011  

 

4
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 4-1  

4 Control Hypoxia Saline Hypoxia 

& Saline Ct, HP, SL, H&S

Aerated  not-Aerated, 0.5  6 % saline  

Fig. 4-1 Diagram of experimental design 

The four boxes represent each treatment: Control, Hypoxic, Saline and Hypoxic and 

Saline, and the parentheses indicate the abbreviation and the detail of each treatment. 

 4-1 EC DO pH 

Table 4-1 Soil electrical conductivity (EC , dissolved oxygen concentration (DO) and pH in 

flooding water during the experiment 

 

. n. d.
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 4-2  

Table 4-2 Photosynthetic rate of  and  at the end of experiment 

 
n.s. Steel-Dwass  > 

0.05 * 3 0  

Mean values of three seedlings for observation are presented ±SE. Multiple comparisons 

between treatments were conducted by Steel-Dwass test, and the significance level was set at

< 0.05. *Mean values were calculated include the photosynthetic rate of the dead individual 

as 0 since the number of surviving seedlings is less than 3.  
 

 
 4-2  

n. s. 

Steel-Dwass test, > 0.05  

Fig. 4-2 Dry weight of  and 

-

Dwass test (  > 0.05 . 
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 4-3  

Shirley-Williams test, < 0.05  

Fig. 4-3 Relative leaf number per seedling to the start of the experiment  

Asterisks indicate significant difference with the value of the start of the experiment by 

Shirley-Williams test (  < 0.05 . 

 
 4-4

 
Fig. 4-4 Relative value of photosynthetic rate to the control during experiment of  and 
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 4-5  

n. s. 

Steel-Dwass test, > 0.05  

Fig. 4-5 Sugar contents in leaves and roots of  and  

Steel-

Dwass test (p > 0.05 . 
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1
Kozlowski 1997; Kozlowski and Pallardy 2002; Dangremond et al. 2015; 

Copini et al. 2016; Loreti et al. 2016

Kozlowski 1997; Pezeshki 2001

pH

NAD
1 ATP

18 1 Lee et al. 2014; Kordyum et al. 2017  

Na Cl

Parida and Das 2005; 
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Flowers and Colmer 2008, 2015; Liang et al. 2008; Parida and Jha 2010; Nemati 
et al. 2011; Wang et al. 2011; Maimaiti et al. 2014; Sreeshan et al. 2014; Flowers 
et al. 2015; Reef and Lovelock 2015

Shabala et al. 2014; Flowers et al. 2015; Kotula 
et al. 2015

 

 

 
 

5.2.1  
2

26°20'24.5" 127°51'12.7" 13
Spalding et al. 2014;  2015a

2017 3

2017 5 1/5000a
N: P: K= 6: 10: 5, 

1000 1 200ml
4 5

K N: P: K: Mg 6: 40: 6: 15 
1 5g  
2017 10 3

88
: 19.1  0.4 cm : 9.1  0.2 mm, : 3.8  0.1 mm, 

: 7  0.2 80 : 25.2  3.3 cm
: 14.0  0.2 mm, : 4.7  0.1 mm, : 10  0.3

45
5 9 10 4
5 40
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5.2. 2    

    2017   10  5   10   16
 04 3 %
1, 3, 6, 12 5

 
5.2.3  

: TR-74Ui UV : ISA-3151 : THA-
3001 T&D Corporation., Japan

PPFD
https://www.hoshi-lab.info/env/light-j.html

pH/DO Meter: D-55 DO 9551-100D
HORIBA, Ltd., Japan ORP pH

AS700 pH/mV Meter (AS ONE Corporation., Japan) ORP
301PT-S AS ONE Corporation. pH 201T-S AS ONE Corporation.

 
5.2.4  

GC-17A FID Pora PLOT 
U Agilent Technologies; 10 m  0.53 mm capillary column with 20 m film

4ml/min, 80ml/min 200
160  

5.2.5  

R version 3.3.2, base
multcomp, psycho, mycor, scales R Development Core Team 2014

TukeyHSD test < 0.05  

GLM
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GLM
GLM ElasticNet

GLM

6
ORP PPFD

0 1

10  

 
5.3.1  

:23.4 :22.6 3 : 
24.6 6 : 27.3 12 : 18.5 :316.7 
µmol/m2/s :241.9 µmol/m2/s 3 : 211.5 µmol/m2/s 6 : 284.3 
µmol/m2/s 12 : 50.5 µmol/m2/s 5-
1  

PPFD
6 12

3
 

5.3.2  

5-1
5-2

 

Tukey HSD test,
> 0.05 3 3 6

Tukey HSD test, > 0.05
12

Tukey HSD test, > 0.05 12



 

45 
 

Tukey HSD test,
> 0.05  

6
12 12 1
6 Tukey HSD test, < 0.05

Tukey HSD test, > 0.05
6 1

Tukey HSD test, < 0.05

Tukey HSD test, > 
0.05

Tukey HSD test, > 0.05
12

Tukey HSD test, < 0.05
 

5.3.3  

5-2 5-3  
1

3 6
3

 

1

1
 

12
1 6 1 3 6

12

1
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5.3.4 GLM Elastic Net  

GLM

Elastic Net 0.5 1.0
GLM Elastic Net 5-4

 
GLM Elastic Net

3 GLM

GLM

GLM
PPFD PPFD

PPFD

GLM PPFD
PPFD  

GLM

GLM PPFD
PPFD

GLM

GLM

 
 

5.4.1  
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Kennedy et 
al. 1992; Kreuzwieser and Papadopoulou 2004; Yamanoshita et al. 2005; Kang 
et al. 2009; Ferner et al. 2012; Kordyum et al. 2017

6

12 PPFD

Voesenek et al. 2006; Colmer and 
Flowers 2008; Parolin 2009; Colmer et al. 2013; Mangora et al. 2014

30  2003

GLM
PPFD

 
5.4.2  

1 McKee and Mendelssohn 1987; Perata and Alpi 1991; 
Kreuzwieser and Papadopoulou 2004; Maricle et al. 2014

10
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Kreuzwieser et al. 1999; Kreuzwieser 
and Papadopoulou 2004; Jardine et al. 2009; Kreuzwieser and Rennenberg 
2014 GLM

PPFD

 
5.4.3  

GLM

1
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 5-1  

Salt Conc. DO ORP

Temperature  

Table 5-1 Environmental data of treatment water during the experiment 

Abbreviations in the table indicate Salt Conc., salt concentration; DO, dissolved 

oxygen; ORP, oxidation-reduction potential; Temperature, water temperature, 

respectively. 

 
  

Past days Salt Conc. DO pH ORP Temperature
Treatment (days) (%) (mg/L) (mV) ( )

Control 0 (Before) 0.1 4.66 6.4 94 23.5
1 0.1 3.68 6.6 83 24.5
3 0.1 5.56 6.9 103 24.7
6 0.1 5.62 6.5 96 29.6

12 0.1 3.27 5.8 99 22.1

Saline 0 (Before) 3.1 3.64 5.9 63 23.3
1 2.9 2.70 6.2 81 24.6
3 2.9 3.14 6.3 120 24.5
6 3.0 4.18 6.2 63 29.5

12 2.8 1.29 5.0 16 20.7
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 5-1

 

1 2

0

 

Fig. 5-1 Change of Acetaldehyde and ethanol content in leaves (left , stems (center , and roots 

(right) of upper) and  (lower) before and after treatment 

The first vertical line (left) indicates ethanol contents, and the second vertical line 

indicates acetaldehyde content. The horizontal line shows past days after treatment: 0 

indicates before treatment. Each legend indicates solid line, ethanol content; dotted line, 

acetaldehyde content; blank, control; filled, saline treatment, respectively, and error bars 

indicate standard error. 

  



 

51 
 

 5
-2

 
 

Tu
ke

y 
H

SD
 te

st
 

Ta
bl

e 
5-

2 
Ac

et
al

de
hy

de
 a

nd
 e

th
an

ol
 co

nt
en

t o
f 

 a
nd

 



 

52 
 

  

 5
-3

 

Tu
ke

y H
SD

 te
st

 (
 <

 0
.0

5)
 

Ta
bl

e 
5-

3 
Ac

et
al

de
hy

de
 a

nd
 e

th
an

ol
 co

nt
en

t o
f e

ac
h 

pa
rt

 o
f 

 a
nd

 

Th
e 

va
lu

es
 sh

ow
 m

ea
n 

± 
SE

. D
iff

er
en

t a
lp

ha
be

ts
 in

di
ca

te
 si

gn
ifi

ca
nt

ly
 d

iff
er

en
ce

 a
m

on
g 

pa
rt

s b
y 

Tu
ke

y 
H

SD
 te

st
 (

 <
 0

.0
5)

. 



 

53 
 

 5-4 GLM

 

Acetaldehyde, ; Ethanol, 

; Pastdays, ; DO, ; PPFD, ; WTemp., 

 

Table 5-4 The estimate coefficient of explanatory variables of GLM using the total acetaldehyde 

and ethanol content as objective variable. 

Each estimate variables indicates Acetaldehyde, Acetaldehyde content; Ethanol, 

Ethanol content; Pastdays, Past days after treatment; DO, Dissolved oxygen; PPFD, 

Photosynthetic photon flux density; WTemp., Water temperature. 

 
  

Objective Explanatory variables

Leaf Acetaldehyde ~ 1 0.50 0.54 (Intercept) 0.015
Ethanol ~ 1 0.50 0.02 (Intercept) 0.047

Stem Acetaldehyde ~ Pastdays + DO + PPFD 0.50 0.51 (Intercept) 0.013
Pastdays -0.098

DO 0.163
PPFD 0.086

Ethanol ~ DO 0.50 0.01 (Intercept) 0.080
DO -0.082

Root Acetaldehyde ~ PPFD 1.00 0.53 (Intercept) 0.115
PPFD 0.502

Ethanol ~ 1 0.50 0.14 (Intercept) 0.043

Leaf Acetaldehyde ~1 0.50 0.46 (Intercept) 0.008
Ethanol ~ PPFD 0.73 0.62 (Intercept) 0.093

PPFD 0.295
Stem Acetaldehyde ~ Wtemp. 1.00 0.59 (Intercept) -0.062

WTemp. 0.097
Ethanol ~ 1 0.50 0.96 (Intercept) 0.001

Root Acetaldehyde ~ 1 0.50 0.18 (Intercept) 0.038
Ethanol ~ Pastdays + DO + Ethanol 0.96 0.80 (Intercept) -0.105

Pastdays 0.475
DO 0.365

Ethanol 0.185

EstimatePart
Model

alpha lambda
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Crawford and Baines 1977; Toma et al. 1991; Kozlowski 1997; 
Vartapetian and Jackson 1997; Kitaya et al. 2002; Kozlowski and Pallardy 2002; 
Colmer and Flowers 2008

Kitaya et al. 2002; Purnobasuki and Suzuki 2005

Saifullah and Elahi 1992; Kitaya et al. 2002; Krauss et al. 2003
 

Naidoo et al. 1997, 1998; 
 2017

 

 
 

6.2.1  
2016 9 27 2017 1 23

26 ° 20 ' 31.3 
" 127 ° 51 ' 55.7 "  

6.2.2  

http://www.data.jma.go.jp/obd/stats/ etrn
7 7
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2016 9 27 28
GPS

9 28
ORP 29 pH, 

14 ORP pH AS700 
pH/mV Meter (AS ONE Corporation., Japan) ORP 301PT-S AS ONE 
Corporation. pH 201T-S AS ONE Corporation.

2 GPS
Geographica keiziweb 2015 7 13

50 cm  50 cm
4

 ve.2.71 GTSOFT,http, //www.geocities.jp/gen_0715
 

6.2.3  
2

7 6-1
2016 9

28  
6.2.4  

28 9 2 8   29  1
  10  1  3  4  6  7  9   11  1   33  92 1
23 97 7 9 ~12

1
2

10ml 5ml
Ultra Sonic Cleaner AS38A, AS ONE Corp.

3 0.45
Millex-  

GC-
17A FID Pora PLOT U Agilent 
Technologies; 10 m * 0.53 mm capillary column with 20 m film



 

56 
 

4ml/min, 80ml/min 200
160  

6.2.5  

R R Development Core Team 2014
glmnet, psych, tidyverse, useful, doParallel  

t test < 0.05  

GLM ElasticNet
GLM

1
2

1
4

pH
 (2

4

1 2
0 1

7
7

 

 
6.3.1 

 

6-3
6-3  

1
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1
3

1 3
6 6

 
 = 0.05

1  = 0.06
9

 = 0.04

 

6.3.2 GLM Elastic Net  
  

GLM
Elastic Net 6-4  

pH

> > >
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GLM
Elastic Net 6-5  

GLM

 

 
6.4.1   

Toma et al. 1991; Saifullah and Elahi 1992; Skelton and Allaway 
1996; Pereira et al. 2000; Allaway et al. 2001; Kitaya et al. 2002; Krauss et al. 
2003; Purnobasuki and Suzuki 2005; Dahdouh-Guebas et al. 2007

3

1

3

Kreuzwieser et al. 1999; Kreuzwieser and 
Rennenberg 2014 1
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GLM Elastic Net

GLM Elastic Net

GLM
 

Toma et al. 1991; 
Saifullah and Elahi 1992; Skelton and Allaway 1996; Pereira et al. 2000; 
Allaway et al. 2001; Kitaya et al. 2002; Purnobasuki and Suzuki 2005; Dahdouh-
Guebas et al. 2007

Saenger 2002

GLM

9
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 6-1  

Fig. 6-1 Treated tree location map 
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 6-2  

Fig. 6-2 Picture of flooded condition of each treatment after treatment 

 

 

 6-3 33  

Fig. 6-3 Picture of control treatment (33 days after treatment)  
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 6-4 33  

Fig. 6-4 Picture of removal treatment (33 days after treatment   
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 6-1  

Pastdays Temperature 7

Precipitation ASD 7

 

Table 6-1 Weather condition during the experiment  

Pastdays shows the past days after the treatment. Temperature shows that moving 

average of the 7 days before the day of sampling, and Precipitation and ASD shows 

that total value of the 7 days.  
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 6-5  

0

 

Fig. 6-5 Change of acetaldehyde and ethanol content in leaves (upper) and root lower) with each 

treatment 

Zero on horizontal line indicates before treatment. In the figure, the legend shows 

opened simbols, control; closed simbols, removal; dotted line, acetaldehyde content; 

solid line, ethanol content, respectively. 
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 6-5 

GLM  

LEtha, ; LAcet, 

; REtha, ; 

DASD, ; RAcet, 

7  

Table 6-5 The estimate coefficient of explanatory variables of GLM using the acetaldehyde and 

ethanol content in each sampling day as objective variable. 

Each estimate variables indicates LEtha, ethanol content in leaves; LAcet, 

acetaldehyde content in leaves; REtha, ethanol content in roots; DASD, actual 

sunshine duration; RAcet, acetaldehyde content in roots. The data of TR using GLM 

analysis is dummy variable in which the control group is 0 and the pneumatophore 

removal treatment is 1. The data of ASD used the analysis is total value of the 7 days 

before sampling day. 

 
  

Part Objective Explanatory alpha lambda
Leaf Acetaldehyde ~ LEtha 0.97 0.0238 (Intercept)  1.84 × 10-16

LEtha 3.38 × 10-1

Ethanol ~ LAcet 0.98 0.5579 (Intercept) -5.34 × 10-17

LAcet 4.13 × 10-1

Root Acetaldehyde ~ REtha 0.8 0.4180 (Intercept) -1.20 × 10-16

REtha 4.06 × 10-1

Ethanol ~ DASD + RAcet 0.94 0.1403 (Intercept)  1.12 × 10-16

DASD 3.94 × 10-2

RAcet 6.28 × 10-1

Variables
Estimate
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(  2000;  2013)
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(Kitaya et al. 2002; Purnobasuki and Suzuki 2005)
4 6

Allaway et al. 
2001

(Mazda et al. 1997, 2006; Danielsen et al. 2005; Kathiresan and Rjendram 2005; 
Hashim and Shahruzzaman 2016)

6

1

 

(Naskar and Palit 2015)
Parida and Jha 

2010
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Iwanaga 
et al. 2009; 2011

Krauss et al. 2008
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(Iwanaga et al. 2015)
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 Summary 
Recent global climate changes and rising sea levels have shown an urgent need 

to conserve and restore ecosystem services, especially coastal vegetation with 
disaster mitigation and prevention capabilities. The accumulation of knowledge 
on stress physiology of trees is also important from the viewpoint of planting 
suitable trees at right spot to benefit from ecosystem services as much as possible.  

The purpose of these studies is to clarify effects of combined stresses of soil 
oxygen deficiency and saline on growth and physiology of coastal tree species, 
and to clarify mechanisms of stress tolerance against combined stresses in 
mangrove species. I conducted experiments and investigations to provide 
physiological knowledge and contribute to the conservation and regeneration of 
coastal vegetation. 

In Chapter 2, in order to clarify the effects of combined stresses of high salt 
concentration and oxygen deficiency in the soil that occur when coastal tree 
species planted in swamps are flooded by or storm surge, I conducted 
experiments on effects of total submergence in artificial saline water and soil 
flooding after the submergence on the survival, growth and physiology of 

 and  saplings.  As a result, the survival 
rate of  was not affected by submergence in saline water, but high 
mortality rate was observed by soil flooded condition regardless of the 
submergence periods. These results were similar to the previous reports. All 
individuals survived even if  saplings were submerged in saline 
water for 6 hours or less. However, in the experiment combining total 
submersion and soil flooding, dead saplings were observed. These results suggest 
that planting  species in coastal swamp region may enhance the 
disaster prevention function more than  species. However, because 

 species have a problem in salt tolerance, it seems to be better to 
plant them alternately in combination with salt-tolerant tree species such as 

. Furthermore, the combined stresses of total submersion in saline 
water for 6 hours or more and soil flooding had a considerable effect on the 
content of betaines in the leaves of P.  saplings and the diameter 
growth of  saplings. 

Since the oxygen deficiency stress caused by the flooding reduces the diffusion 
rate of oxygen, the plant body is deficient in metabolism. In addition, most of the 
known salt tolerance mechanisms, including the accumulation of leaf betaines 
in , are considered to be energy dependent. For this reason, it was 
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expected that the combined stress of oxygen deficiency and salt would also 
appear in metabolism. Therefore, effects of combined stresses on the metabolism 
of mangrove tree species were examined in Chapter 3 and subsequent chapters.  

First, in Chapter 3, I investigated the seasonal variation on the accumulation 
of osmolytes such as cations, soluble sugars and sugar alcohol, which is one of 
the salt tolerance mechanisms of mangrove species, and the influence on the 
metabolic change associated with it. The cation content was different among the 
five mangrove species, but no seasonal variation was observed. On the other 
hand, total soluble sugar and total sugar alcohol contents showed seasonal 
fluctuation. From these facts, it was thought that, although the accumulation of 
cations was not susceptible to metabolism, that of soluble sugars and sugar 
alcohols was affected by the reduction of metabolic activity in winter and 
phenology. 

In Chapter 4, effects of combined stresses of hypoxia and salt on the survival 
and physiology of two mangrove tree species,  and 

, were examined by experiments. In both tree species, it was confirmed 
that salt treatment reduces the rate of photosynthesis as previously reported. 
However, the effect of the hypoxia treatment was limited. This result indicates 
that both tree species have high hypoxia tolerance. The effect of the salt 
treatment observed was similar to those of the combined stress treatment, 
however, the recovery tendency of the photosynthetic rate of  under 
the combined stress treatment was affected differently from the salt treatment. 
In both tree species, the effects of combined stress were observed in the soluble 
sugar content of the leaves and roots, suggesting that metabolic pathways and 
activities may be changed due to anoxic stress. 

Aerenchyma tissue in respiratory roots such as pneumatophore play 
important roles in the mechanism of tolerance against stresses caused by 
rhizospheric oxygen deficiency in mangrove species. In Chapters 5 and 6, several 
experiments were conducted to clarify the effects of aerenchyma tissue of 
pneumatophore on metabolism, especially anaerobic respiration. 

In Chapter 5, experiments were performed to verify whether the energy deficit 
was resolved or alleviated by increasing anaerobic respiration in an oxygen-
deficient environment caused by complete submersion of mangrove tree 
seedlings whose aerenchyma structure is underdeveloped. Further experiments 
were conducted to determine the effect of complete submersion in artificial 
seawater on changes in acetaldehyde and ethanol content in leaves, stems and 
roots of  and  seedlings. In the both tree species, there were 
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no significant effects of saline water treatment on acetaldehyde or ethanol 
content in leaves, stems and roots, and no significant difference for each part of 
organs. In the GLM analysis, however, PPFD, water temperature, dissolved 
oxygen amount, etc. are adopted as explanatory variables in the model that uses 
acetaldehyde and ethanol contents of leaves, stems and roots as objective 
variables respectively, and acetaldehyde and ethanol contents in tissues are 
adopted. It has been shown that it is affected by rising water temperature and 
PPFD during the daytime. Up to 6 days after treatment, the amount of dissolved 
oxygen in the daytime was maintained, and in addition to the development of 
aerenchyma tissue of mangrove tree species, maintaining the oxygen 
concentration in plant body and water by photosynthesis in water, suggesting 
one of the tolerance mechanisms under oxygen deficiency. 

 In Chapter 6, an experiment was conducted on the effect of the removal of 
pneumatophores, which are responsible for the mechanism of resistance to 
hypoxia in , on the acetaldehyde and ethanol contents of leaves and 
roots. There was no difference in acetaldehyde or ethanol content in leaves and 
roots before and after excision of respiratory roots. Also, acetaldehyde and 
ethanol content did not differ between the excised and non-resected control 
groups. Treatment did not remain as an explanatory variable even in GLM 
analysis with the acetaldehyde and ethanol contents of leaves and roots as the 
objective variable. From this, it is thought that although pneumatophores are 
considered to be responsible for gas exchange inside and outside the roots of

 species, the influence of the removal of them on anaerobic respiration 
is extremely limited. The salinity tolerance mechanism of mangrove species has 
been found to be less susceptible to metabolism, and to have high anoxic 
tolerance that is not dependent solely on aerenchyma tissue. The tolerance of 
mangrove tree species to cytotoxic compounds such as acetaldehyde and ethanol 
and photosynthesis in water were also considered to be one of the mechanisms 
of tolerance to oxygen deficiency.  

Future research will need to pursue further details on photosynthesis in water 
and variations in the mechanism of salt tolerance in an oxygen deficient soil 
environment. 
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