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Chapter 1 

General Introduction 

1.1 Importance of mangrove and its production 

Mangrove, the most productive ecosystems in the tropical and subtropical regions, along with 

other coastal ecosystems (tidal salt marsh and seagrass) sequester huge amounts of carbon in the 

aboveground and belowground part known as “blue carbon” (Mcleod et al. 2011). The carbon 

stock in mangroves (965 Mg ha-1) (UNEP 2014) is relatively higher than in other coastal 

ecosystems. The relevant blue carbon pool in the mangrove environment includes the living 

aboveground and belowground biomass (roots and rhizomes); as well as dead aboveground (litter, 

downed wood, dead trees) and belowground mass (Lovelock et al. 2017). Mangrove tree species 

are well-adapted to living in saline and brackish environments, which is one of the reasons that 

they are unique (Kauffman et al. 2016). Mangroves in Japan grow from Kagoshima to Okinawa 

and they are the most northerly across the Indo-West Pacific biogeographical region. The 

northern limit of mangroves is located in Kiire, a town in Kagoshima (31°20ˊ N), where a 

Kandelia obovata community is designated as a natural monument. The total mangrove area in 

Japan is only 553 ha and the mangroves on Iriomote Island account for 80% of the total 

(Minagawa 2000).  

Kandelia obovata, Bruguiera gymnorrhiza and Rhizophora stylosa are three very common 

mangrove species of Rhizophoraceae family found in Japan and these are locally called Mehirugi, 

Ohirugi and Yaeyamahirugi, respectively (Minagawa 2000) 

Some common characteristics of these three species are shown in Table 1.1.  

Table 1.1 

Mangroves have complex root systems that extend above and below the water line which possess 

a number of adaptations to facilitate survival in these unique environments. Mangrove soil 

contains limited amount of oxygen which necessitates the mangrove root system to take up 

oxygen from the atmosphere (Atwood et al. 2017). For this purpose, mangrove species adapt to 

the environment by producing specialized aboveground roots (e.g., stilt roots for Rhizophora 

stylosa and pneumatophores for Kandelia obovata, knee roots for Bruguiera gymnorrhiza), which 

allow gas exchange for belowground root tissues.   

Net primary production (NPP) is defined as the organic matter production within an area over 

time and it is an important index for the evaluation of carbon dynamics in the case of forest 
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ecosystems (Luo et al. 2002). The proper quantification of all the materials that contribute to NPP 

is necessary for the accurate estimation of NPP which affect evaluation of the ecosystem function 

(Mooney 1996; Chapin et al. 2000). Most of the previous studies in mangrove forest ecosystems 

that have estimated aboveground NPP (NPPAG) restricted their measurement summing the 

increment in aboveground biomass (AGB) and litterfall (Chambers et al. 2001; Khan et al. 2009; 

Wang et al. 2011), some included increment of belowground coarse roots (BGBcoarse) (Kira and 

Ogawa 1971; Shvidenko et al. 2008). Recently, some studies started to include fine root 

production (Yashiro et al. 2010; Baishya and Barik 2011; Ohtsuka et al. 2013; Kihara et al. 2021). 

Fine root production is an important part of NPP because of its high rate of turnover. Futhermore, 

as the part of aboveground litter of mangroves will be washed to the ocean, the belowground 

decomposition is likely to remain as soil carbon to the Mangrove ecosystems.  

In the present study, belowground carbon dynamics was measured with the estimation of NPP.  

To assess the difference in relation to climate and species, two sites from Okinawa Island and 

Ishigaki Island were selected. The species in the study were common on each island. For NPP 

estimation, a modified framework from Clark et al. (2001) and Kloeppel et al. (2007) was used. 

Fig. 1.1 

1.2 Chapter description 

In Chapter 2, the study sites along with climatic variables (temperature, rainfall and wind 

speed) during the study period are presented. Furthermore, stand structure (stem diameter, height, 

basal area, tree density) of the study sites are presented.    

In Chapter 3, the procedure of the development of biomass allometric equations of 

different plant parts of R. stylosa and B. gymnorrhiza is presented., with emphasis on the 

significance of species and site-specific allometric models.  

      In Chapter 4, the aboveground litterfall of two sites is presented. To show the seasonal 

variation, litterfall for the Miyara River mangrove from March 2020 to March 2021, and for the 

Manko Wetland mangrove from March 2019 to March 2020 are presented. 

In this chapter I ask the follows. Does litter production exhibit seasonal variations? Does the 

seasonality vary among species? How litterfall is correlated with temperature, rainfall, and 

windspeed variation?  

In Chapter 5, the fine root dynamics and the fluctuations in fine root production within 

the mangrove forest stands were discussed, focusing on both seasonal and species-specific 

variations. To illustrate the seasonal fluctuation, fine roots for the Miyara River mangrove from 



3 

 

March 2020 to March 2021 and the Manko Wetland mangrove from March 2019 to March 2020 

are provided. 

In this chapter I ask the follows. What is the effect of different stress factors, such as salinity and 

pH, on the production of fine roots along the gradient of a river? How variable is seasonal pattern 

of fine root production? How do fine root mortality and decomposition in mangrove 

environments vary among species? Do these factors contribute to the production of fine roots? 

       In Chapter 6, The above- and belowground biomass of the mangrove forests found within 

the Miyara River in Ishigaki, Japan, as well as the Manko Wetland located in Naha, Japan are 

discussed. The AGB and BGBcoarse of R. stylosa and B. gymnorrhiza stands are estimated using 

the allometric equations in Chapter 3 whereas these of K. obovata are estimated using allometric 

equations developed by others (Khan et al., 2009 and Hoque et al., 2011). Then, NPP of the two 

sites were estimated by the increment of AGB, BGBcoarse, dead mass due to tree mortality, and fine 

root and aboveground litterfall production. 

The addressed questions in this chapter are as follows: How do the NPP components (litterfall, 

biomass increment, root production) contribute to the total NPP? Which are the major parameters 

for NPP? Does NPP vary along the river stands and in different species stands in the same 

environment?  
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Figures 
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Fig. 1.1: Modified framework calculations of net primary production (NPP) from Clark et al. 

(2001) and Kloeppel et al. (2007) showing how aboveground NPP (NPPAG) and belowground 

NPP (NPPBG) are estimated. 
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Tables 

Table 1.1: Mangrove species found in Japan 

K. obovata R. stylosa B. gymnorrhiza 

Height can reach up to 8 m. Height can reach up to 30 m. Height may reach 30–35 m. 

Leaves are obovate to 

obovate-elliptic shaped. 

 

Leathery leaves, elliptic. The 

upper side is smooth and dark 

green, the bottom is waxy. 

 

Leaves are elliptical, aggregated 

at the tips of apical shoots in 

clusters. 

 

Flowers are white and like 

star. 

 

Flowers are composed of 

cream colored.  

 

The flower has notched and 

hairy petals and pink to red. 

 

 

Lateral root system is 

available. 

 

 

Prop/ Stilt roots reaches up to 

3 m long. 

 

 

Knee roots emerge from the 

underground and moves 

horizontally. 
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Chapter 2  

Site description 

2.1 Study site and climate 

a) Miyara River site 

The study was conducted in two subtropical regions; one of these was along the Miyara River 

(24°21′N, 124°12′E) on Ishigaki Island, Japan (Fig. 2.1). Three true mangrove species were 

observed along the river: Bruguiera gymnorrhiza (L.) Lamk., Rhizophora stylosa Griff., and 

Kandelia obovata (S., L.) Yong. K. obovata was observed only in small patches scattered along 

the bank of the river. In this study, we focused on downstream R. stylosa and B. gymnorrhiza 

plots for comparisons among different species, and B. gymnorrhiza plots in the upstream and 

downstream for comparisons among different locations along the river. In Miyara River 

mangrove site, the annual mean temperature was 24.9° C, annual mean rain fall was 236 mm, 

and annual mean wind speed was 5.3 m s-1 during study period between February, 2022 and 

March, 2023. Monthly average values were shown in Figure 2.1. 

Fig 2.1 

 

b) Manko Wetland site 

Another study area was Manko Wetland (26°11′N, 127°40′E) of Okinawa Island, Japan which is 

located at the junction of the Nuha and Kokuba rivers and is described as brackish tidal flat, 

covering an extensive area at low tide (Hoque et al. 2011) within a subtropical (Khan et al. 2009) 

climatic region.  

Fig 2.2 

 

Manko Wetland mangrove is dominated by K. obovata, R. stylosa, and B. gymnorrhiza. The 

colonization of R. stylosa and B. gymnorrhiza has become stabilized and pure stands are grown 

at a distance of 690 m from the K. obovata stand. The annual mean temperature of the study 

period from January 2019 to March 2022 was 23.7° C, average mean rainfall was 212.5 mm, 

annual mean windspeed was 5.1 m s-1, showing similar wind speeds all over the months. 

Fig 2.3 
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2.2 Stand structure measurement 

a) Miyara River site 

A total, of 12 plots were established in the Miyara River mangrove; each plot had a 7 m radius 

and 153.9 m2 area, of which four B. gymnorrhiza plots in the upstream area; and four B. 

gymnorrhiza and four R. stylosa plots were established in the downstream area along the Miyara 

River of Ishigaki during March 4 to March 19, 2022 and conducted tree census. A minimum 

distance of 25 m from the center of one plot to another was maintained. The distance of each of 

the trees from the center of each plot was recorded and each tree was given a number marked on 

the tree by permanent marker. The stem diameter at 1.3 m (D) of the trees with D > 5 cm within 

a 7 m radius plot was recorded with a measuring tape, and trees with D < 5 cm were recorded 

within a 2 m radius from the center of the plot (Kauffman and Donato 2012). Tree height (H) was 

measured using a 15 m-height fiberglass pole (AT-15, Myzox Co., Ltd., Aichi) or a laser range 

finder (TruPulse360, Laser Technology, Inc., Colorado). D of R. stylosa trees was measured 0.1 

m above the highest prop root (Clough et al. 1997). Again, tree census was conducted during 

March 13 to March 21, 2023. I measured the D of all the recorded tree individuals. 

Fig. 2.4 

Most of the trees ranged between diameter class 6 cm to 12 cm for downstream R. stylosa whereas 

most of the trees ranged between 9 to 18 cm for upstream and downstream B. gymnorrhiza stands 

(Fig. 2.4). 

The water level of each plot was measured near the center of the plot during 10 June to 17 June, 

2022. To measure the water level of each stand (four plots of the same species along the position 

of the river is termed as stand), I used 2 m long PVC pipes. Initially, PVC pipes were rubbed with 

white powder. The water level was continuously monitored over a week between 10 and 17 June, 

2022 by observing the clear marks of the water on the pipes. The high tide time varied from 2.30 

pm to 4 pm during the day. We assumed the lowest mark of the water level among the stands as 

“0” m and then calculated the comparative elevation of all other stands respective to that stand. 

In the present study, the elevation of stand 3 of upstream B. gymnorrhiza was found to be the 

lowest and considered as “0” m (actual value of 47 cm). 

 

(b) Manko Wetland 

Three monospecific stands of K. obovata, R. stylosa, and B. gymnorrhiza from the Manko 

Wetland mangrove of Naha, Okinawa, Japan were also considered as study plots in the present 

study. One 20 m × 20 m plot in K. obovata dominated stand and two 10 m × 10 m plots, one in 
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R. stylosa dominated stand and another in B. gymnorrhiza dominated stand were established. Tree 

height (H) and stem diameter at breast height (D) were measured in the K. obovata and R. stylosa 

plots from March 12 to March 21 in 2019, from March 13 to March 19 in 2020, from March 21 

to March 26 in 2021 and March 17 to March 24 in 2022. In the B. gymnorrhiza plot, H and D 

were measured from March 26 to March 30 in 2021 and March 24 to March 29 in 2022.  

Fig. 2.5 

 

Most of trees of the K. obovata plot ranged between diameter class 6 cm to 9 cm whereas the 

diameter of R. stylosa and B. gymnorrhiza ranged from 3 cm to 9 cm and 3 to 6 cm, respectively. 

The observed D, H of the mangrove stands of the two study sites along with basal area and  are 

shown in Table 2.1.  

Table 2.1 

The variation of the H ˗ D relationship is an important element for describing forest stands which 

provides clues on how trees compete for resources (Canham et al. 2006; Mugasha et al. 2013). It 

has been proposed that variability in the H ˗ D relationships within and among different habitats 

reflect responses to environmental gradients of light, elevation, slope, aspect, or proximity to the 

coast (Schmidt et al. 2011).  

The following function was used to evaluate the tree H ˗ D relationships of the stands in the 

Miyara River mangrove. 

     H =  ………………………..(2) 

where, Hmax is the asymptotic maximal tree height; and ‘a’ is a coefficient. Eq. 7 corresponds to 

a special case of a generalized allometric function when the value of the exponent for D is 

assumed as one (Ogawa et al. 1965; Kira and Ogawa 1971). We performed F-test to examine 

differences in the H ˗ D relationships among sites within a species as well as between two species 

within a site. In each case, the pooled data as well as the data of each site position (downstream 

or upstream) were regressed separately.  The resulting residual sums of squares (RSS) values 

were used for the F-test (Aiba and Kohyama 1997; Suwa et al. 2009). We could not perform 

statistics of the H ˗ D relationship in the Manko Wetland because there was not a sufficient 

number of plots of the same species. 

Table 2.2 
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According to the analysis of the H ˗ D relationship (Fig. 2.6) based on Eq.2, it did not differ 

between the downstream and upstream B. gymnorrhiza plots (F (2, 331) = 1.05, p = 0.32); and 

between the downstream B. gymnorrhiza and R. stylosa plots (F (2, 527) = 1.06, p = 0.24). The a 

and Hmax in Eq. 2 were estimated as 2.20 m cm-1 and 9.30 m for R. stylosa plots, 1.78 m cm-1 and 

12.26 m for the downstream B. gymnorrhiza plots, and 1.25 m cm-1 and 13.07 m for the upstream 

B. gymnorrhiza plots, respectively (Table 2.2) (see Fig. S4.1 for details). 

Fig. 2.6 

2.3 Soil properties analysis 

Total soil N was analyzed from oven-dried soil samples with a CN˗analyzer (JM Macro Corder-

1000, J-Science Co, Ltd., Kyoto, Japan). Soil water was collected from three different positions 

in each plot by digging holes. A 15 ml cylinder syringe with a filter was used for soil water 

extraction to remove soil from the water. A standard pH meter (LAQUAtwin, HORIBA 

Advanced Techno Co., Ltd., Japan) was calibrated using buffer solutions (pH 4 and 7) to measure 

the pH of soil pore water. Soil salinity was measured using a salinity meter (Atago ES-421, Tokyo, 

Japan).  

In the Miyara River mangrove, soil salinity and pH were measured seasonally (every three 

months interval) from March 4 to March 13, from 12 June to 18 June, from September 11 to 

September 21 in 2022, and from December 28, 2022 to January 6, 2023 and from March 13 to 

March 21, 2023. Soil water was collected during day time, atleast 1 hour after the low tide started. 

In the Manko Wetland mangrove, soil salinity and pH were measured on 14 March, May 15, 

October 21 in 2019, and January 13 and March 17 in 2020. 

The difference in salinity along the Miyara River mangrove was significant (p < 0.01, Table 2.3) 

and the soil salinity of upstream B. gymnorrhiza stands was significantly lower than that of 

downstream B. gymnorrhiza stands (p < 0.01), and R. stylosa stands (p < 0.01), respectively. The 

difference in pH was significant (p < 0.01, Table 2.3) and the pH of upstream B. gymnorrhiza 

stands was significantly higher than that of downstream B. gymnorrhiza stands (p < 0.01), and R. 

stylosa stands (p < 0.05), respectively. The effect of stands on soil N (%) was significant (p < 

0.05) and the soil N at the downstream B. gymnorrhiza stands was higher than that in upstream 

B. gymnorrhiza stands (p < 0.05, Bonferroni post-hoc test). There was significant difference of 

water level along the Miyaraeffect of stands on comparative elevation was suggested (p < 0.01, 

Table 2.3) and the comparative elevation was higher at R. stylosa stands than that at upstream B. 

gymnorrhiza stands (p < 0.01). 
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In the Manko Wetland mangrove, a significant variation in soil salinity was observed between 

the three plots (p < 0.01) and the soil salinity of the R. stylosa plot was significantly lower than 

the K. obovata plot (p < 0.01) and the B. gymnorrhiza plot (p < 0.01), respectively (Table 2.3). 

Significant variation of soil N was also found between the three plots (p < 0.01) and the soil N 

content of R. stylosa was significantly lower than that of K. obovata plot (p < 0.01) and the B. 

gymnorrhiza plot (p < 0.01), respectively.  Also, the variation of soil pH between the three species 

plots was found significant (p < 0.05) and soil pH in the K. obovata plot was significantly lower 

than that found in the R. stylosa (p < 0.05) and the B. gymnorrhiza plots (p < 0.05), respectively.  
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Figures 

 

Fig. 2.1: Map showing the location of the study areas along the Miyara River mangrove with 

the sampled mangrove stands. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2: Map showing the location of the study area in the Mamko Wetland mangrove with the 

sampled mangrove stands. 
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Fig. 2.3: Average monthly temperature (0 C), rainfall (mm), and wind speed (m s-1) of Miyara 

river area and Manko wetland area during the study period. Here filled line and dotted line were 

used to represent the Miyara River mangrove and the Manko Wetland mangrove. 
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Fig. 2.4: Histogram showing the number of trees of the diameter classes of a) downstream R. 

stylosa, b) downstream B. gymnorrhiza, and c) upstream B. gymnorrhiza in the Miyara River 

mangrove. Here, the range is shown as 0-3 cm, 3-6 cm, 6-9 cm, 9-12 cm, 12-15 cm, and above. 

The upper limit of each range is the maximum limit and the lower limit of the next range starts 

after that value. 
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Fig. 2.5: Histogram showing the number of trees of the diameter classes of a) K. obovata, b) R. 

stylosa, and c) B. gymnorrhiza in the Manko Wetland mangrove. Here, the range is shown as 0-

3 cm, 3-6 cm, 6-9 cm, 9-12 cm, and above. The upper limit of each range is the maximum limit 

and the lower limit of the next range starts after that value. 
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Fig. 2.6: Stem height H - diameter D relationship of R. stylosa and B. gymnorrhiza along the 

river. Here, open circle, open square, and closed triangle indicate R. stylosa, downstream B. 

gymnorrhiza, and upstream B. gymnorrhiza plots, respectively. The solid, dashed, and dotted 

lines mean the regression analysis results respectively for R. stylosa, downstream B. gymnorrhiza, 

and upstream B. gymnorrhiza plots, based on Eq. 2 (R2 of 0.49, 0.46, and 0.45, respectively). 
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Tables 

Table 2.1: Stand structure of upstream and downstream B. gymnorrhiza plots, and downstream 

R. stylosa plots of Miyara River mangrove and K. obovata, R. stylosa and B. gymnorrhiza plots 

of Manko Wetland mangrove showing mean diameter at breast height D, mean tree height H, 

basal area, tree density (). We used the mean data of each plot for making comparisons among 

stands in the Miyara River area but used the actual value for comparing among the species plots 

in Manko Wetland. Mean values are shown with S.D. Here, values matched with the different 

letters were significantly different (p < 0.05) between stands for Miyara River mangrove and 

between plots for the Manko Wetland mangrove. 

 

 

 

 

 

Species 
D (cm) 

± S.D 

H (m) 

± S.D 

Basal area 

(m2 ha-1) 
 (ha-1) 

B. gymnorrhiza (upstream) 12.94 ± 0.86ab 
6.70 

 ± 0.85a 

50.58  

± 4.99a 

4109  

± 1543a 

B. gymnorrhiza (downstream) 16.77  ± 4.75b 
8.15  

± 0.86b 

53.36  

± 14.68a 

2572  

± 1492a 

R. stylosa (downstream) 7.86  ± 1.37a 
5.80  

 ± 0.09a 

32.41  

± 14.09a 

11306  

± 9603a 

K. obovata (Manko Wetland) 6.21 ± 1.6a 5.11 ± 1.11a 17.6 5800 

R. stylosa (Manko Wetland) 5.18 ± 1.92a 5.18 ± 1.08a 46 18700 

B. gymnorrhiza (Manko 

Wetland) 
4.07 ± 1.36b 3.92 ± 0.88b 36 26300 
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Table 2.2: The values of coefficients Hmax and a in Eq. 2 for the stem diameter D ˗ height H 

relationships are shown with S.E and R2 values. 

 

Plots 
H ˗ D relationship 

R2 
Hmax ± S.E a ± S.E 

B. gymnorrhiza (upstream) 13.07 ± 1 1.25 ± 0.1 0.45 

B. gymnorrhiza (downstream) 12.26 ± 0.7 1.78 ± 0.2 0.46 

R. stylosa (downstream) 9.30 ± 0.4 2.20 ± 0.1 0.49 

Furthermore, the RSR of the R. stylosa stand was significantly higher than that of upstream B. 

gymnorrhiza stand (p < 0.01, Table 4.5) with relatively lower H although the variation of H was 

not significant. 

 

 

Plots Salinity % ± S.D pH ± S.D Soil N% Water level (cm) 

R. stylosa 

(Downstream) 
1.09 ± 0.60a 7.13 ± 0.34a 0.16 ± 0.02a 51.75 ± 18.93a 

B. gymnorrhiza 

(Downstream) 
0.75 ± 0.29a 6.94 ± 0.28b 0.17 ± 0.02a 23.25 ± 13.39ab 

B. gymnorrhiza 

(Upstream) 
0.31 ± 0.25b 7.34 ± 0.25a 0.12 ± 0.02b 4.25 ± 4.63b 

K. obovata 

(Manko Wetland) 
2.35 ± 0.06a 7.58±0.06b 0.17 ± 0.04a - 

R. stylosa 

(Manko Wetland) 1.68 ± 0.20b 7.72 ± 0.05a 0.07 ± 0.02c - 

B. gymnorrhiza 

(Manko Wetland) 2.41 ± 0.32a 7.66 ± 0.04a 0.14 ± 0.01b - 

Table 2.3: Soil salinity, soil pH, soil nitrogen, and water level are shown for downstream R. stylosa 

plots; and upstream and downstream B. gymnorrhiza plots of the Miyara River of Ishigaki, and Manko 

Wetland of Naha mangrove. Mean values are shown with S.D. Here, values matched with the different 

letters were significantly different (p < 0.05). We compared within the Miyara River, Ishigaki 

mangrove, and within the Manko Wetland, Naha mangrove. No comparison was conducted between 

the Miyara River, Ishigaki mangrove and the Manko Wetland, Naha mangrove. 
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Chapter 3 

Development of allometric equations of Rhizophora stylosa and Bruguiera 

gymnorrhiza in the Manko Wetland of Okinawa Island in Japan. 

3.1 Introduction 

The allometric method is used for biomass estimation in which the whole or partial mass of 

trees is estimated from measurable tree dimensions like stem diameter and height (Clough and 

Scott 1989; Ketterings et al. 2001; Hossain 2004; Komiyama et al. 2005, 2008; Hossain et al. 

2012; Picard et al. 2015). The basic theory of allometric relationship is based on that the growth 

rate of one part of the organism is proportional to that of another. For example, tree diameter is 

highly correlated with tree mass and so regression equation can be developed for predicting tree 

mass if a range of tree diameter is measured (Komiyama et al. 2008). Moreover, it is difficult to 

harvest all trees destructively from the forest every time to measure biomass because the total 

mass of individual trees reaches several tons in matured mangrove forests (Komiyama et al. 2008). 

Researchers tried to develop generalized allometric models for different mangrove forests of the 

world (Clough and Scott 1989; Nelson et al. 1999; Komiyama et al. 2002, 2005; Hossain 2004; 

Chave et al. 2005; Návar 2009; Basuki et al. 2009). The biomass allometric equations for K. 

obovata were developed in the Manko Wetland area (AGB = 3.203×10-2(D0.1H)1.058, Khan et al., 

2005 and BGB = 0.0483(D0.1
2H)0.834, Hoque et al., 2011). However, species and site-specific 

allometric models are preferred for estimation of biomass and net primary productivity NPP 

(Ketterings et al. 2001; Khan et al. 2005; Smith and Whelan 2006; Kairo et al. 2009) because 

species-specific allometric models provide a greater level of accuracy at a given location for 

measuring biomass and NPP (Ngomanda et al. 2014; Imam Maulana et al. 2016).  

This study aimed to develop biomass allometric models for R. stylosa and B. gymnorrhiza, and 

to test the performance of models with different independent variables (diameter at breast height, 

total height) for estimating aboveground and belowground biomass of R. stylosa and B. 

gymnorrhiza as well as biomass of each plant organs. 

  

3.2 Materials and methods 

Six trees of each species from the Manko Wetland were selected to cover the entire diameter 

range of trees of each species.  
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3.2.1 Biomass data collection from sample trees 

Six individuals of B. gymnorrhiza and six from R. stylosa were selected from the Manko Wetland 

mangrove avoiding the insect and disease-infected and deformed trees. The R. stylosa trees were 

and B. gymnorrhiza The selected individuals were felled at the ground level after measuring the 

Diameter at Breast Height (D in cm). Total height (H in m) was measured from the felled trees 

as it is more convenient and less erroneous than the standing trees.  

The aboveground parts of each individual were separated into leaves, branches, stems, and 

aboveground roots. The trees were sectioned every 1 meter for the flexibility of measurement to 

get the precise total mass value and total height of the stem. After digging the soil, all the 

belowground roots were collected, washed, and gathered. Then, roots having more than 2 mm in 

diameter were separated as coarse roots. Aboveground roots were collected only for R. stylosa. 

The fresh mass of all the components including leaves, branches, stems, aboveground roots, and 

belowground coarse roots were taken separately in the field immediately after felling using either 

a portable digital hanging balance of 100 kg capacity or a 30 kg stable balance, and recorded in 

a data sheet. Then subsamples of each part, which was 20% of the total mass, were separated and 

fresh mass was taken in the field. For the stem, subsamples were taken from the base and the top 

of every 1 m sectioned bole. The subsamples were kept in bags, taken to the laboratory, and oven-

dried at 65° C for 72 hours to 96 hours to reach constant mass. The mass of the dried subsamples 

was taken and the conversion ratio (oven dry weight in kg / Fresh weight in kg) was measured. 

The oven-dried mass of different parts of the individuals was calculated from the resulting 

conversion ratio and fresh mass of the respective plant parts.  

Fig. 3.1 

3.2.2 Selection of the best-fit models 

A power equation was used to get the best-fit allometric models for biomass estimation. 

Allometric relationships between independent variables (D and H) and oven-dried biomass of 

plants (leaf, branch, stem, aboveground roots, AGBroots, AGB, BGBcoarse, total biomass) were 

examined.  Power equation was tested with only D, only H, or a combination of D and H (DH, 

D2H) for each part. Leaf, stem, branch, AGBroots (for R. stylosa only), AGB, BGB, and total 

biomass were the dependent variables for biomass measurement. 

The simple allometric equation is written in the form, 

Y = aXb ………....(1) 

Where Y is the dependent variable, X is the dependent variable, a is the coefficient and b is the 

allometric constant. The equation is then linearized by taking logarithms, as the form,  
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lnY = lna + blnX……..(2) 

Then, the models were selected based on the highest coefficient of determination (R2) values. In 

the case of similar R2 values, the models were selected based on least Residual sum of square 

error (RSS), and akaike information criteria (AIC) (Chave et al. 2005; Basuki et al. 2009; Siddique 

et al. 2012; Picard et al. 2015).  

3.3 Results 

3.3.1 Biomass allocation and H - D relationship 

For B. gymnorrhiza, the diameter ranged from 1.6 cm to 6.7 cm and height ranged from 2.7 m to 

4.7 m (Table 3.1); and D ranged from 1.3 cm to 10.2 cm and H ranged from 2 m to 6.9 m for R. 

stylosa (Table 3.2), respectively.  

Table 3.1 

Again, the biomass distribution of above and belowground parts of six R. stylosa trees including 

different components is shown in Table 3.2.  

Table 3.2 

 

Significantly higher leaf biomass of R. stylosa was observed than B. gymnorrhiza, and most 

importantly the significant variation between these two species was the AGBroots in R. stylosa 

which was absent in B. gymnorrhiza. 

 

3.3.2 Allometric model development 

The independent variable D showed higher R2 values than other independent variables and in 

such cases the models with the independent variable D were selected as the best-fitted allometric 

models.  

The derived equations for B. gymnorrhiza and R. stylosa using all the independent variables are 

shown in Table 3.4 and Table 3.5 respectively 

Table 3.3 

Table 3.4 

The finally selected allometric models of B. gymnorrhiza were as follows- 

Leaf biomass = 0.1225(D)1.54 …………………………………..(3) 

Stem biomass = 0.1682 (D)2.03 ………………………………….(4) 

Branch biomass = 0.0271 (D)2.64 …………………………….…(5) 

AGB = 0.2943 (D)2.04 …………….……………………….…….(6) 

BGBcoarse = 0.0895 (D)2.21 …………………….………….…......(7) 
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Total biomass = 0.3844 (D)2.09 …………………........................(8) 

 

The selected allometric models of R. stylosa were as follows- 

Leaf biomass = 0.0262(D)1.95 …………………………………...(9) 

Stem biomass = 0.1295 (D)2.34 …………………………………(10) 

Branch biomass = 0.0311 (D)2.63 …………………………….…(11) 

AGB roots = 0.002 (D)3.82 ………………………………….….....(12) 

AGB = 0.2039 (D)2.41 …………….…………………………..…(13) 

BGBcoarse = 0.0759 (D)2.23 …………………….………….…......(14) 

Total biomass = 0.2823 (D)2.37 …………………........................(15) 

 

Fig. 3.2 

 

3.3.3 Estimation of biomass of different tree parts using present developed equations 

The contribution of the estimated leaf biomass to the total aboveground biomass (AGB)for 

upstream and downstream B. gymnorrhiza stands, and downstream R. stylosa stand in the Miyara 

River mangrove were 8.4%, 7.1% and 5.2%, respectively; wherever stem biomass were 45.9%, 

43.4% and 54%, respectively, and branch biomass contributed 45.7%, 49.5% and 23.7%, 

respectively (Table 3.5).  For R. stylosa, aboveground root (AGBroots) contributed 17.1% to the 

AGB (Table 3.5).  

Table 3.5 

Biomass contribution of leaves, stem and branch to AGB for K. obovata in the Manko Wetland 

area were 6%, 55% and 39%, respectively; whereas for R. stylosa were 6%, 57% and 24% 

respectively, and for B. gymnorrhiza were 20%, 57% and 24%, respectively (Table 3.6). In 

addition, AGBcoarse of R. stylosa contributed 14% to AGB (Table 3.6). 

Table 3.6 

3.4 Discussion 

3.4.1 Allometric model development 

D and H are commonly used physical parameters in the allometric models to estimate the biomass 

of tree species (Saintilan 1997; Komiyama et al. 2002; Xiao and Ceulemans 2004; Cienciala et 

al. 2006). The present study tested linear regression equations of independent (D and H) and 

dependent (biomass of different components) variables to get best-fitted model for biomass 
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estimation. The selection of the best regression equation is the key to allometric modeling in 

biomass estimation (Steinke et al. 1995; Tam et al. 1995).  So, the present study has applied DBH 

(shown as D) along with height (H) as independent variables which are easily measurable 

physical parameters (Komiyama et al. 2002; Ong et al. 2004; Comley and McGuinness 2005). 

Research conducted in several mangrove environments demonstrates that the power curve 

accurately depicts the relationship between biomass and tree girth, or D, such as Rhizophora 

apiculata and Bruguiera parviflora at the Matang Mangrove Reserve, Malaysia (Gong and Ong 

1990; Ong et al. 2004), R. apiculata at Palau Kecil, Malaysia (Putz and Chan 1986), Bruguiera-

Rhizophora species dominated mangrove in Northern Australia (Clough and Scott 1989), R. 

stylosa in northwestern Australia (Clough et al. 1997) and for the B. parviflora at Kuala Selangor, 

Malaysia (Hossain 2004). 

Although the use of R2 value provides a general idea for selecting the best-fit models (Parresol 

1999; Zar 2010). In this research, the R2 value using independent variable D was much higher 

than the other independent variables and so the selection of models was easier considering the 

higher R2 values of D than the other independent variables. This study showed the best-fitted 

allometric model with high R2 values which has a similarity to Suwa et al. (2008), Khan et al. 

(2005) (R2 = 0.96), and Hoque et al. (2011) (R2 = 0.98). The forest structure of the study site in 

Japan (Khan et al. 2005; Suwa et al. 2008; Hoque et al. 2011), including the present study, was 

monospecific to closed canopy, plantation (Manko Wetland mangrove) and natural (Miyara river 

mangrove), respectively. Therefore, the variation in independent variables and R2 values of the 

allometric models varied between the two species (Komiyama et al. 2008; Alemayehu et al. 2014). 

 

3.4.2 Biomass partitioning between the plant parts 

The present study was consistent with several previous studies, as a higher proportion of biomass 

in the stem was observed in lower D classes of Rhizophora  apiculata and R. stylosa in Australia 

(Clough and Scott 1989), and  Bruguiera Parviflora in Malaysia (Hossain 2004). The biomass 

proportions for branches in the present study were found at higher D classes which was consistent 

with Hossain et al. (2012). However, similar findings of higher biomass proportion of branch 

were observed with lower D classes of R. apicuata and R. stylosa in Australia (Clough and Scott 

1989) and B. parviflora in Malaysia (Hossain 2004). Again, a difference in the biomass 

partitioning between R. stylosa and B. gymnorrhiza was observed in the present study. Previous 

studies showed that variations in the proportion of biomass between their parts in different 

mangrove species were not only affected by the geographical location and microclimates but also 
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depended on species-specific architecture at different stages and forest stand structure (Tam et al. 

1995; Hossain 2004). Moreover, plant size (H and D) and age have significant influence on 

partitioning biomass into various parts of a species (Clough et al. 1997; Peichl and Arain 2007).  

 

3.4.3 Model validation 

The difference in the allometric equations between the two species in the present study may be 

due to the variation in the diameter and height classes as well as coefficients in allometric models 

(Mahmood et al. 2004). Even the coefficient value of the same species may vary with localities 

and depend on site quality, tree density, and species composition (Clough and Scott 1989; Steinke 

et al.1995). 

Fig. 3.3 

The relationship between AGB (kg) and D (cm) of R. stylosa of the presently developed model 

was between the general allometric equations of Komiyama et al. (2005) and Chave et al. (2005) 

although neither of the models was too Close. Also, the AGB of the present model deviated from 

Clough and Scott (1989), Comley and McGuinness. (2005) and Fromard et al. (1998) which 

resulted due to variation of the study areas. Again, the present model of BGBcoarse of R. stylosa 

was far from Komiyama et al. (2005) and Comley and McGuinness (2005).  

Fig. 3.4 

The AGB (kg) of the present developed model of B. gymnorrhiza was between the general 

allometric models of Chave et al.(2005) and Komiyama et al. (2005) but far from Clough and 

Scott. (1989). Again, the BGBcoarse model of the present study results in a substantially lower 

estimation (51%) of BGBcoarse from the model of Komiyama et al. (2005). The D range was lower 

in the present study than D (> 5 to 55 cm) reported by Komiyama et al. (2005), D ( 5 to 156 cm) 

for Chave et al. (2005), D (< 5 to 25 cm) for Clough and Scott (1989), D (5 to 25 cm) for Comley 

and McGuinness. (2005) and D (2 to 45 cm) reported by Fromard et al. (1998) (Table 3.7). None 

of these models prepared within or near the present study areas (Table 3.7).  

Table 3.7 
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Figures 

 

Fig. 3.1: Procedure of sample collection to data compilation for allometric equation 

development.   
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Fig. 3.2: Best fit allometric models for leaf biomass, stem biomass, branch biomass, total 

aboveground biomass, belowground biomass and total biomass of R. stylosa and B. 

gymnorrhiza. Here blue lines with circle points indicate R. stylosa and orange line with 

square points indicates B. gymnorrhiza. 
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Fig 3.3: Comparison of the AGB (kg) and D (cm), and BGB (kg) and D (cm) relationships of R. 

stylosa of the present allometric model with the other developed models wherever data of the 

sampled trees were used.  
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from global wood density 

database (Zanne et al., 2009). 

 

 
Allometric equations: 

BGB = 0.0759 (D)2.23 (This 

study, 2023) 

BGB = 0.199 × (WD0.899) × 

D2.422 (Komiyama et al. 2005) 
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LOG(D)) (Comley and 

McGuinness., 2005) 
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Fig 3.4: Comparison of the AGB (kg) and D (cm), and BGB (kg) and D (cm) relationships of B. 

gymnorrhiza of the present allometric model with the other developed models wherever data of 

the sampled trees were used.  
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(Chave et al., 2005) 
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Allometric equations: 

BGB = 0.0895 (D)2.21 (This 

study, 2023) 

BGB = 0.199 × (WD0.899) × 

D2.422 (Komiyama et al. 2005) 
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Tables 

Table 3.1: Height (H), diameter (D), total biomass, aboveground biomass, leaf biomass, branch 

biomass, stem biomass, aboveground root biomass (AGBroots), and belowground root biomass 

(BGBcoarse) of six individual trees of B. gymnorrhiza used for allometric equations development. 

Tree 

No. 

H (m) D (cm) Total biomass 

(kg) 

AGB (kg) Leaf 

biomass 

(kg) 

Branch biomass 

(kg) 

Stem 

biomass (kg) 
BGBcoarse 

(kg) 

B1 2.7 2.3 2.3 1.7 0.5 0.2 1 0.6 

B2 2.9 1.6 1 0.8 0.3 0.1 0.4 0.2 

B3 4.7 5.1 10.7 8.3 1.5 1.9 4.9 2.4 

B4 4 4.6 7.9 5.6 1.3 1.4 3 2.3 

B5 4.6 6.7 23 16 2.5 4.4 8.7 7.1 

B6 3.2 3.6 5.6 3.7 0.8 0.8 2.1 2 

 

 

Table 3.2: Height (H), diameter (D), total biomass, aboveground biomass, leaf biomass, branch 

biomass, stem biomass, aboveground root biomass (AGBroots), and belowground root biomass 

(BGBcoarse) of six individual trees of R. stylosa used for allometric equations development. 

Tree 

No. 

H 

(m) 

D 

(cm) 

Total 

biomass 

(kg) 

AGB 

(kg) 

Leaf 

biomass 

(kg) 

Branch 

biomass 

(kg) 

Stem 

biomass 

(kg) 

AGBroots 

(kg) 

BGBcoarse 

(kg) 

T1 6.8 6.2 17.9 14 0.7 1.7 10.1 1.5 3.9 

T2 3.8 2.7 2.6 1.8 0.1 0.1 1.5 0.04 0.8 

T3 6.4 9 50.5 40.5 2.5 14.1 19 4.9 10.8 

T4 6.9 10.2 86.5 68.8 4.1 22 29.2 13.6 17.7 

T5 2 1.3 0.6 0.5 0.1 0.1 0.2 0.02 0.2 

T6 4.2 4.5 8.9 7.6 0.3 2.2 4.3 0.8 1.3 
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Plant part Equation R2 Slope error Intercept error RSS AIC 

Leaf y = 0.122 (D)1.54 0.992 0.012 0.073 0.013 -23.99 

Leaf y = 0.041 (D×H)1.18 0.975 0.017 0.133 0.08 -10.93 

Leaf y = 0.055 (D2×H )0.71 0.988 0.015 0.054 0.04 -13.31 

Leaf y = 0.020 (H)2.99 0.817 0.029 0.98 0.60 -1.03 

Branch y = 0.027 (D)2.64 0.996 0.014 0.252 0.19 -8.00 

Branch y = 0.038 (D×H)1.33 0.901 0.047 0.379 1.27 5.44 

Branch y = 0.060 (D2×H )0.78 0.913 0.06 0.201 1.12 6.69 

Branch y = 0.014 (H)3.47 0.705 0.042 1.924 3.80 10.01 

Stem y = 0.168 (D)2.03 0.982 0.036 0.187 0.60 -1.12 

Stem y = 0.055 (D×H)2.66 0.974 0.031 0.308 1.20 5.11 

Stem y = 0.046 (D2×H )0.98 0.989 0.018 0.077 0.51 1.94 

Stem y = 0.015 (H)3.98 0.821 0.034 1.529 8.34 14.73 

BGBcoarse y = 0.090 (D)2.21 0.943 0.025 0.409 1.20 3.09 

BGBcoarse y = 0.008 (D×H)1.95 0.890 0.014 0.545 3.30 11.16 

BGBcoarse y = 0.040 (D2×H )0.93 0.894 0.055 0.268 3.17 12.92 

BGBcoarse y = 0.015 (H)3.73 0.595 0.055 2.403 12.11 16.96 

AGB y = 0.294 (D)2.04 0.988 0.036 0.189 1.55 4.64 

AGB y = 0.086 (D×H)1.49 0.968 0.063 0.223 5.06 13.73 

AGB y = 0.096 (D2×H )0.95 0.988 0.039 0.079 1.82 9.59 

AGB y = 0.033 (H)3.84 0.786 0.08 1.636 33.30 23.03 

Total Biomass y = 0.384 (D)2.09 0.983 0.048 0.227 4.15 10.53 

Total Biomass y = 0.103 (D×H)1.54 0.948 0.099 0.294 16.44 20.80 

Total Biomass y = 0.112 (D2×H)0.99 0.976 0.067 0.118 7.60 18.17 

Total Biomass y = 0.047 (H)3.82 0.732 0.131 1.861 85.40 28.68 

Table 3.3: Selection of the best fit allometric models for leaf, branch, stem, BGBcoarse, AGB and 

total biomass of B. gymnorrhiza using R2, slope error, intercept error, RSS and AIC. 
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Plant part Equation R2 Slope error Intercept error RSS AIC 

Leaf y = 0.026 (D)1.95 0.948 0.040 0.541 0.84 0.96 

Leaf y = 0.005 (D×H)1.57 0.914 0.010 0.534 1.16 4.91 

Leaf y = 0.014 (D2×H )1.15 0.916 0.024 0.271 1.15 6.84 

Leaf y = 0.026 (H)2.37 0.545 0.114 2.353 6.19 12.94 

Branch y = 0.031 (D)2.63 0.966 0.091 0.639 22.50 20.68 

Branch y = 0.002 (D×H)2.16 0.925 0.010 0.724 31.50 24.70 

Branch y = 0.023 (D2×H )1.03 0.919 0.049 0.338 34.06 27.17 

Branch y = 0.104 (H)2.50 0.477 0.567 2.880 219.88 34.36 

Stem y = 0.130 (D)2.34 0.989 0.054 0.281 8.37 14.75 

Stem y = 0.096 (D×H)1.31 0.956 0.120 0.307 28.18 24.03 

Stem y = 0.110 (D2×H )0.83 0.982 0.079 0.114 11.35 20.58 

Stem y = 0.049 (H)3.13 0.731 0.206 2.201 173.54 32.94 

AGBroot y = 0.002 (D)3.82 0.932 0.005 1.230 9.46 15.48 

AGBroot y = 0.001 (D×H)2.73 0.926 0.010 0.905 10.03 17.83 

AGBroot y = 0.001 (D2×H )1.57 0.930 0.001 0.523 9.70 19.63 

AGBroot y = 0.040 (H)2.68 0.461 0.257 3.406 74.89 27.90 

BGBcoarse y = 0.076 (D)2.23 0.974 0.041 0.395 5.02 11.68 

BGBcoarse y = 0.044 (D×H)1.37 0.911 0.090 0.466 21.89 22.52 

BGBcoarse y = 0.101 (D2×H )0.76 0.917 0.151 0.239 20.58 24.15 

BGBcoarse y = 0.097 (H)2.46 0.598 0.402 2.21 99.12 33.58 

AGB y = 0.204 (D)2.42 0.976 0.067 0.355 47.73 25.19 

AGB y = 0.002 (D×H)2.48 0.958 0.004 0.627 156.27 34.31 

AGB y = 0.148 (D2×H )0.92 0.946 0.219 0.232 200.11 37.79 

AGB y = 0.071 (H)3.33 0.606 0.445 3.312 1450.30 45.68 

Total Biomass y = 0.282 (D)2.37 0.976 0.026 0.320 42.98 26.56 

Total Biomass y = 0.139 (D×H)1.48 0.919 0.275 0.479 471.30 40.93 

Total Biomass y = 0.096 (D2×H)1.01 0.956 0.150 0.245 254.05 42.93 

Total Biomass y = 0.076 (H)3.42 0.612 0.492 3.395 2263.10 50.35 

Table 3.4: Selection of the best fit allometric models for leaf, branch, stem, BGBcoarse, AGB 

and total biomass of R. stylosa using R2, slope error, intercept error, RSS, and AIC. 
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Table 3.5: Biomass of leaves, stem, branch, AGBroots and BGBcoarse of upstream and downstream 

B. gymnorrhiza stands, and downstream R. stylosa stand in the Miyara River mangrove obtained 

during March 4 to March 19, 2022 and March 13 to March 21, 2023.  

 

Plots Leaves  

(Mg ha-1) 

Stem   

(Mg ha-1) 

Branch  

(Mg ha-1) 

AGB roots  

(Mg ha-1) 

BGBcoarse 

(Mg ha-1) 

2022 2023 2022 2023 2022 2023 2022 2023 2022 2023 

B. gymnorrhiza 

(upstream) 

22.0 

± 2 

22.1 

± 3 

118.1 

± 12 

119.9 

±13 

115.8 

± 27 

119.5 

± 27 

- - 105.9 110.5 

B. gymnorrhiza 

(downstream) 

20.7 

± 4 

21.2 

± 4 

125.6 

± 36 

129.6

±35 

141.9 

± 62 

147.8 

± 63 

- - 117.6 122.1 

R. stylosa 

(downstream) 

9.9 ± 

5 

10.6 

± 5 

103.4 

± 37 

109.8 

± 42 

46.0 

± 15 

48.2 

± 16 

32.3 

± 3 

34.8 

± 4 

49.6 52.3 

 

 

Table 3.6: Biomass of leaves, stem, branch, AGBroots and BGBcoarse of K. obovata, R. stylosa and 

B. gymnorrhiza plots in the Manko Wetland, Okinawa, Japan. The biomass values for K. obovata 

and R. stylosa plots from March 12 to March 21 in 2019, from March 13 to March 19 in 2020, 

from March 21 to March 26 in 2021 and March 17 to March 24 in 2022. and biomass values of 

B. gymnorrhiza were obtained from March 26 to March 30 in 2021 and March 24 to March 29 in 

2022.  

 

 

 

 

 

 

 

 

 

 

Plots Leaves  

(Mg ha-1) 

Stem   

(Mg ha-1) 

Branch  

(Mg ha-1) 

AGBroots  

(Mg ha-1) 

BGBcoarse  

(Mg ha-1) 

K. obovata 3.7 ± 0.2 31.9± 1 22.7± 1 - 24.6 ± 1 

R. stylosa 13.7 ± 1 139.2 ± 7 57.6 ± 3 33.1 ± 3 66.5 ± 3 

B. gymnorrhiza  29.1 ± 1 84.2± 5 35.5± 3 - 59.3 ± 4 
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Table 3.7: Latitude (°), D (cm) range of present allometric models and some developed models 

from other areas. 

Latitude (°) D (cm) range Study area Reference 

24° 1−10 Japan Present study 

1° to 12° >5−55 Thailand and Indonesia Komiyama et al (2005) 

1° to 25° 5−156 

Australia, Brazil, Cambodia, 

India, Indonesia, Malaysia, 

Venezuela, Mexico, Jamaica, 

Colombia, Costa Rica 

Chave et al (2005) 

18°16ˊ <5−25 Australia Clough and Scott, 1989 

12°24ˊ 5−25 Australia 
Comley and 

McGuinness (2005) 

5°23ˊ to 5°28ˊ 2−45 French Guiana Fromard et al (1998) 
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Chapter 4 

Seasonal pattern of aboveground litterfall of three Rhizophoraceae family 

species in two subtropical regions in Japan  

4.1 Introduction 

Litterfall forms the uppermost layer of the forest floor and becomes a primary source of available 

organic matter (Lee 1989; Bouillon et al. 2002) It is therefore one of the most important sources 

of carbon and nutrients (Wafar et al. 1997) and an important primary source of net primary 

production (Bunt 1995). More specifically, the dynamics of carbon and other nutrient cycling of 

forest ecosystems is a function of the seasonal pattern of litterfall (Das and Ramakrishnan 1985). 

The seasonal pattern of mangrove litterfall is influenced by rainfall, temperature, and high winds 

(Twilley et al. 1997; Cox and Allen 1999). The seasonal patterns of litterfall vary within 

environmental gradient and even for different tree species in the same environment (Scheer et al. 

2009; Zhang et al. 2014).  

This chapter aimed to explore the seasonality and species variation in litter production in two 

dominant mangrove species- R. stylosa and B. gymnorhiza in the Miyara River of Ishigaki, Japan, 

and three mangrove species in the Manko Wetland of Naha, Japan namely K. obovata, R. stylosa 

and B. gymnorrhiza. I hypothesized that seasonality in weather patterns, especially temperature, 

rainfall, and wind speed determine seasonality in litterfall production. We also hypothesize that 

there is variation in seasonal dynamics of litterfall among species depending on the variation in 

phenological characters. 

4.2 Material and method 

4.2.1 Litterfall collection 

Three litter traps having 1 mm mesh with a collection area of 0.21 m2 of each litter trap were 

established in each plot along the Miyara River of Ishigaki, Japan in February, 2022. These were 

placed 1 m above the ground to avoid casualties through tidal water, insects etc. In the Miyara 

River mangrove, litterfall were collected every 26th and 27th of each month from March 2022 to 

February 2023. In this region, I focused on downstream R. stylosa and B. gymnorrhiza plots for 

comparison of litterfalls among different species, and B. gymnorrhiza plots in the upstream and 

downstream for comparison among litterfalls of different locations along the river. 

Fig. 4.1 
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Twelve litter traps were placed in K. obovata plot and six were placed in both R. stylosa and B. 

gymnorrhizha plots in the Manko Wetland mangrove on March 16, 2019. Litterfalls of K. obovata, 

R. stylosa and B. gymnorrhizha were collected for two years, between March 2019 and March 

2020, and between March 2021 and March 2022. Between March 2019 and March 2020, litterfall 

were collected on May 18, October 10 in 2019 and January 24 and March 26 in 2020. All the 

litter traps were emptied on 2nd March, 2021 and then took litterfall on March 30, August 25, 

December 26 in 2021 and March 23 in 2022. One of the aims of collecting litterfall was to observe 

the seasonal pattern and so for the Manko Wetland, the seasonal data of spring, summer, autumn, 

and winter were considered between March 2019 and March 2020 as spanning from 3rd March to 

4th May, 5th May to 8th October, 9th October to 22nd January, 23th January to 26th March, 

respectively. The litters were collected and carried to the laboratory and kept in a cotton bag and 

then these were separated into leaves, stipules, branches, fruits, flowers, and propagules. After 

separating, the components were kept for 3 to 5 days for air drying. Then the individual litter 

components were dried in an oven at 65°C for 72 h and then finally weights were taken using a 

digital balance. 

4.3 Statistical analysis 

Repeated measure ANOVA (analysis of variance) was performed to observe difference in litter 

production among the species. Tukey HSD post-hoc test was performed to examine the variations 

of focal parameters within, and among species plots. The Pearson correlation test was performed 

for the Miyara river plots using IBM SPSS statistics 28.0 software to check the correlation 

between average monthly air temperature, rainfall, and wind speed with litter production. 

4.4 Results 

4.4.1 Aboveground litterfall along Miyara river, Ishigaki  

Higher total litterfall was collected for downstream R. stylosa stand than upstream and 

downstream B. gymnorrhiza stands (Fig. 4.2, 4.4). Leaf litters of the three species collected in 

January, February and March were lower than other months whereas (Fig. 4.2 and Fig S4.2) with 

high amount from April to September. Higher amount of leaf litters was collected for R. stylosa 

followed by downstream B. gymnorrhiza and upstream B. gymnorrhiza stands. Stipule litters 

collected in June, July, August and September were higher than the samples collected in other 

seasons (Fig. 4.2 and Fig S4.2). Branch and flower litters of downstream B. gymnorrhiza stand 

were higher than downstream R. stylosa and upstream B. gymnorrhiza stands. Flower litters 
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produced from June to October were higher than those of the litters of other months (Fig. 4.2 and 

Fig S4.2). Fruit litters of June, July, November and December were higher than other months 

(Fig. 4.2 and Fig S4.2). Also, higher propagule litters were also found in June and July than other 

months (Fig. 4.2 and Fig S4.2). 

In the upstream and downstream B. gymnorrhiza stands, the leaf litters collected from June to 

September were higher than those collected from November and onwards till March (Fig. 4.2 and 

Fig S4.2). Flower litters found during July and August were also higher than the litters of other 

months (Fig. 4.2 and Fig S4.2). Propagule litters of June and July were higher than those 

measured in other months (Fig. 4.2 and Fig S4.2).  

In the downstream R. stylosa stand, leaf litters of different months. Branch litters found during 

July was higher than measured from October to February (Fig. 4.2 and Fig S4.2). Higher amount 

of flower litters was observed from June to August than in other months (Fig. 4.2 and Fig S4.2).  

Again, fruit litters collected in May (Fig. 4.2) and October (Fig. 4.2) were higher than other 

months.   

Fig. 4.2 

4.4.2 Aboveground litterfall in the Manko Wetland, Okinawa 

In the Manko Wetland, total litterfall of B. gymnorrhiza was the highest followed by R. stylosa 

and K. obovata. Leaf litterfall was the maximum in all three species among the litter components. 

Litterfall of flowers was observed highest during spring (March-May) for K. obovata and R. 

stylosa but peaked in summer (May-October) for B. gymnorrhiza (Fig. 4.3 and 4.4). Fruit litterfall 

was observed maximum during summer for K. obovata and R. stylosa but peaked in autumn for 

B. gymnorrhiza (Fig. 4.3 and Fig S4.3).  

Leaf, stipule, branch and fruit litterfall of K. obovata collected during summer was higher than 

those collected in spring and winter. Flower litters were found highest in autumn. Propagule 

litters collected in winter was higher than those collected in spring, autumn and summer (Fig. 4.3 

and Fig S4.3). 

Leaf, branch and fruit litters of R. stylosa collected in summer were higher than those collected 

in spring, autumn and winter. Stipule litters collected in autumn were higher than those collected 

in spring, summer, and winter. Moreover, the stipule litters of summer were higher than that 

collected in winter. Flower litters collected in spring were higher than those of summer, autumn 

and winter (Fig. 4.3 and Fig S4.3).  
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Leaf, Stipule, branch, flower and propagule litters of B. gymnorrhizha collected in summer were 

higher than those collected in spring, autumn and winter, respectively (Fig. 4.3 and Fig S4.3).  

Fig. 4.3 

The total monthly litterfall of the two species along the Miyara River mangrove and three species 

in the Manko Wetland are shown in Fig. 4.4. 

Fig. 4.4 

4.4.3 Impact of temperature, rainfall, and wind speed on litter production 

In the Miyara River mangrove, a strong correlation was found between mean monthly air 

temperature with the total monthly litter production of upstream B. gymnorrhiza (r = 0.92, p < 

0.01), with downstream B. gymnorrhiza (r = 0.92, p < 0.01), and with R. stylosa stand (r = 0.92, 

p < 0.01). Also, the correlation between average monthly rainfall with the total monthly litter 

production of upstream B. gymnorrhiza (r = 0.56, p < 0.05), with downstream B. gymnorrhiza (r 

= 0.54, p < 0.05), and with R. stylosa stand (r = 0.61, p < 0.05).  

4.5 Discussion 

4.5.1 Seasonality in litterfall  

The increase of litterfall during summer than other months may be due to the typhoons occurred 

during the season which not only made the leaves fall but also caused branches and twigs to break 

off; about 85.9 % of the mean annual branch litters for K. obovata, 96.3 % for R. stylosa and 50% 

for B. gymnorrhiza were produced in these months. The peak of the flower litterfall was found 

during summer due to the phenological pattern of flowering during that time although flowers of 

R. stylosa in both the sites were available almost throughout the year. Maximum flower litterfall 

of K. obovata during summer (May to October) was supported as flowers bloom from May to 

September, with a peak in August, after which their abundance dramatically reduces 

(Kamruzzaman et al. 2013). Moreover, the availability of fruit litter during summer was due to 

the phenological pattern which shows that the greatest abundance of mature fruits of K. obovata, 

R. stylosa, and B. gymnorrhiza are generally observed in September and July. K. obovata 

propagule litters were found during winter and spring whereas propagules of R. stylosa and B. 

gymnorrhiza were found during summer because most of the mature propagules drop during this 

period (Kamruzzaman et al. 2013, 2017). The seasonal patterns of leaf litterfall for the three 



37 

 

species are almost similar but R. stylosa produced a much higher amount of leaf litters than the 

other species in the Manko Wetland, and also in the Miyara River mangrove.  

The result was consistent with previous studies as in a sub-tropical mangrove forest, the highest 

litterfall production occurred during summer and autumn and slowed down during the winter 

season (Mfilinge et al. 2005) and in a tropical mangrove forest litter production occurred 

throughout the year having peaks during the rainy and dry seasons (Wang’ondu et al. 2014).  

 

4.5.2 Contribution of litter components to total litterfall  

The contribution of leaf, branch and flower litterfall to the total litterfall in the present study 

(Table 4.1) is supported by other researchers as Aké-Castillo et al (2006) showed that among the 

total annual litter productions in the different mangroves of the world, leaf litters contribute 70%, 

followed by flower litters at 15%, branch 10%.  

Table 4.1 

The mean yearly litterfall of K. obovata in this study (8.2 Mg ha-1 ) having the highest amount of 

leaf litters in all cases shows similarity with the litterfall of K. obovata in Ohura Bay, Japan (8.7 

Mg ha-1, (Hardiwinoto et al. 1989), Manko Wetland (9.0 and 9.9 Mg ha-1, (Kamruzzaman et al. 

2012, 2013, 2017) but less than K. obovata dominated mangrove in Manko Wetland (10.6 Mg 

ha-1, Khan et al. 2009), K. candel (10.07 Mg ha-1) dominated mangrove in Hong Kong (Lee 1989). 

The litterfall production of R. stylosa of the present study (11.3-15.4 Mg ha-1) is quite similar to 

the R. mangle  dominated mangrove in Florida, USA (11.3 Mg ha-1, Dawes et al. 1999), R. mangle, 

and L. racemosa dominated mangrove in Dominican Republic (11.40 Mg ha-1, Sherman et al. 

2003); R. stylosa dominated mangrove in Manko Wetland, Japan (10.57 and 11.20 Mg ha-1, 

Kamruzzaman et al. 2012), pure R. stylosa (14 Mgha-1) mangrove of Australia (Alongi 2011), 

pure R. mangle (12.3 Mg ha-1, Ramos E Silva et al. 2007) dominated mangrove of Brazil, 

Rhizophora spp. (15.8 Mg ha-1, Srisunont et al. 2017) dominated mangrove forest in Thailand, R. 

stylosa (14.3 Mg ha-1) dominated mangroves in Papua New Guinea (Leach and Burgin 1985). 

The mean total litterfall of B. gymnorrhiza in both the sites in the present study was higher than 

that recorded in Ohura Bay, Okinawa Island (7.73 Mg ha-1; Hardiwinoto et al. 1989) and in 

Manko Wetland (9.90 Mg ha-1, Kamruzzaman et al. 2012).  

 

4.5.3 Impact of temperature, rainfall, and wind speed on litter production 

A strong correlation of litter production with temperature and rainfall determines that the factors 

affect litter production. It is noticeable that the relationship was extracted whenever monthly 
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litters were withdrawn. We could not find the relationship between weather patterns and litter 

production in the Manko Wetland mangrove.  
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Figures: 

 

 

Fig. 4.1: Litter trap for aboveground litter collection 
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Fig. 4.2: Monthly litterfall of a) leaves, b) stipules, c) branches, d) flowers, e) fruits and f) 

propagules along the Miyara river mangrove. Here blue, red and black lines represent upstream 

B. gymnorrhiza, downstream B. gymnorrhiza and downstream R. stylosa stands, respectively. 

Litterfall were collected every 26th and 27th of each month from March 2022 to February 2023. 

 

a) b) 

c) d) 

e) f) 
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Fig. 4.3: Monthly litterfall of a) leaves, b) stipules, c) branches, d) flowers, e) fruits and f) 

propagules in the Manko Wetland. Here blue, red and black lines represent K. obovata, R. stylosa 

and B. gymnorrhiza plots, respectively. Litterfall were collected on May 18, October 10 in 2019 

and January 24 and March 26 in 2020. 

 

a) b) 

c) d) 

e) f) 
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Fig. 4.4: Monthly total litterfall a) along the Miyara river mangrove and b) in the Manko Wetland 

mangrove. Here blue, red and black lines represent in a) upstream B. gymnorrhiza, downstream 

B. gymnorrhiza and downstream R. stylosa stands, respectively and b) K. obovata, R. stylosa and 

B. gymnorrhiza plots, respectively.  

 

 

Tables 

Table 4.1: Contribution (%) of litterfall components to the total litterfall. 

Plots 
Leaf 

(%) 

Stipule 

(%) 

Branch 

(%) 

Flower 

(%) 

Fruit 

(%) 

Propagule 

(%) 

B. gymnorrhiza  

(Upstream, Miyara river) 
68 11 2 7 1 11 

B. gymnorrhiza  

(Downstream, Miyara river) 
55 9 11 8 1 16 

R. stylosa  

(Downstream, Miyara river) 
62 10 3 1 2 22 

K. obovata  

(Manko Wetland) 
63 12 15 2 1 7 

R. stylosa 

 (Manko Wetland) 
67 13 7 1 2 10 

B. gymnorrhiza  

(Manko Wetland) 
52 11 6 10 1 20 

 

 

a) b) 
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Chapter 5 

Fine root dynamics of three Rhizophraceae family species in two subtropical 

regions in Japan.  

5.1 Introduction 

Fine root production represents a large carbon cost to trees which accounts for more than 50% 

(Ruess et al. 2003; Finér et al. 2011) and up to 70% of NPP in different types of forest ecosystems 

(Santantonio and Grace 1987; Janssens et al. 2002). Being a productive ecosystem, mangroves 

accumulate huge amounts of carbon in the belowground part as compared with other forest 

ecosystems (Donato et al. 2011). Regardless of the important roles, fine roots have been poorly 

reported in the literature (Smithwick et al. 2014; Warren et al. 2015) due to relatively inadequate 

knowledge of how accurately measuring fine root production (Hendricks et al. 2006; Zhou et al. 

2014). This may lead to unreliable estimates of carbon budgets and generate uncertainties in 

forest simulation models (Smithwick et al. 2014). It was suggested that decomposition value 

should be added for more accurate estimation of production (Santantonio and Grace 1987; Osawa 

and Aizawa 2012) because fine roots grow, die, and decompose simultaneously. 

Production, mortality, and decomposition vary among species which appear to occur 

continuously and simultaneously throughout the entire year (Ostertag 2001; Valverde-Barrantes 

et al. 2007) and so a detailed understanding of the seasonality of fine root dynamics is needed to 

clarify the ecological impact of fine roots on forest carbon cycling (Brassard et al. 2009; 

Winterdahl et al. 2014).  

High soil salinity (Feller et al. 2003) and low pH (Koch 1997) negatively affect production by 

increasing stress conditions for growth whereas higher available soil N promotes higher biomass 

production (Feller et al. 2003; McKee et al. 2007). Stress condition reduces AGB (Sherman et al. 

2003). Several studies reported that fine root production is positively related to aboveground 

production (Nadelhoffer et al. 1985; O’Grady et al. 2006; Van Do et al. 2015) because these are 

controlled by the same edaphic factors (Liu et al. 2021). In addition, there are interspecific 

variations in production, from upstream to downstream (Enoki et al. 2014), based on salinity 

(Suwa et al. 2009; Sofawi 2017).  

One of the objectives of this chapter was to investigate the fine root production and its seasonality 

of three species in two different locations. Another objective was to explore the variations of fine 

root production between as well as within the species. 
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5.2 Material and Method 

5.2.1 Measurement of fine root biomass and necromass by sequential core method 

The sequential core sampling method was used for assessing fine root (< 2 mm) biomass and 

necromass down to 30 cm soil depth from the ground surface. The core sampler used was made 

of a stainless-steel cylinder with a 5 cm inner diameter and 40 cm length (Zibo Baishun Stainless 

Steel, Zhoucun, China). Soil core sampling was carried out on sampling points along a grid line. 

In this study, roots with a diameter of less than 2 mm were considered as total fine roots (Vogt et 

al. 1983) which were grouped as very fine roots having <0.5 mm of diameter and fine roots having 

0.5—2 mm of diameter. In the Miyara River mangrove area, sequential core sampling data were 

collected every three months, as on March 16, June 23, September 26 and December 23 in 2022, 

and March 27 in 2023. I collected 8 core samples from each plot, 32 samples from every stand 

(we have defined one stand including 4 plots). In the Manko Wetland mangrove, sequential core 

sampling was carried out on March 13, May 18, October 10 in 2019 and January 24 and March 

26 in 2020. Further sampling was carried out on March 30, August 25, December 26 in 2021 and 

March 23 in 2022. In this study site, 12 core samples were collected in each survey. The 

sequential core data from March 16, 2022 to March 27, 2023 for the Miyara River mangrove, and 

from March 13, 2019 to March 26, 2020 for the Manko Wetland were used to represent the 

seasonality.  

 

5.2.2 Fine root separation  

The soil samples were subjected to a fine root separation process. The samples were thoroughly 

mixed with water in a bucket, and materials like leaves, twigs, and other fragments were removed. 

The remaining roots were sieved through a 2 mm mesh and then through a 0.5 mm mesh to 

separate fine roots (0.5—2 mm) and very fine roots (<0.5 mm). Then, the fine, living roots were 

separated from dead roots, based on their color and firmness (Middleton and McKee 2001) as 

living roots are treated as turgid, are whitish in color, and will float in water due to aerenchyma. 

After washing off the mud particles, the remaining roots were collected, packed in a bag, brought 

to the laboratory, and stored in a freezer at ̠ 20° C. Subsequently, the root samples that were taken 

to the laboratory were rechecked using measuring calipers and separated into four types, 

depending on diameter class and liveliness: i) live roots of <0.5 mm, ii) live roots of 0.5—2 mm, 

iii) dead roots of <0.5 mm, and iv) dead roots of 0.5 -2 mm. Finally, the samples were placed in 

an oven at 65° C for 72 hours and the dry masses were then measured.   
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5.2.3 Decomposition experiment of root litters  

The decomposition experiment was carried out using a portion of the air-dried fine root samples. 

Samples for the experiment were prepared by mixing about 3.0 g of air-dried fine root with root-

free mud and placed in litter bags (for decomposition) made of 10 cm×10 cm RIWP (root 

impermeable but water permeable) sheets with fine pores of approximately 6 µm diameter. The 

mass of air-dried roots was converted to dry mass using the oven-dried to air-dried ratio measured 

in separate samples. The RIWP sheets allow water and microorganisms to pass through but not 

the fine roots ensuring that new roots do not grow and enter into the litter bags. Litter bags were 

buried at 10 cm, 20 cm, and 30 cm depth with some bags on the forest floor. Meanwhile, litter 

bags were tied with green rope and placed 2-3 m from the tree, for easy visibility during field 

surveys. The litter bags were buried in the Miyara River mangrove in March 2022.  

Fig. 5.1 

A total of 48 litter bags containing approximately 3 g of fine roots were buried in every stand 

along the Miyara River. Six litter bags from every diameter class were harvested in each survey. 

The incubation periods for decomposition in the Miyara River mangrove were from 13 March 

2022 to 23 June 2022, 24 June 2022 to 26 September 2022, 27 September 2022 to 23 December 

2022, and 24 December 2022 to 16 March 2023. The roots were washed with tap water, dried in 

an oven at 65 ° C for 72 hours, and weighed. Then the air-dried conversion factor was used. 

Afterwards, the change in root mass during the period was calculated; the change in the amount 

in each bag was treated as the decomposition for the period.  

The litter bags for decomposition were buried in March 16, 2019 in K. obovata, R. stylosa, and 

B. gymnorrhiza plots in the Manko Wetland and the incubation periods were from March 16 to 

May 17, from May 18 to October 9 in 2019, from October 10, 2019 to January 23, 2020 and from 

January 24 to March 26 in 2020. Eight samples, four of every diameter class for K. obovata and 

six samples, three of all diameter classes for each of the other two species, were withdrawn during 

every collection period.   

 

5.2.4 Calculation of root production, mortality, and decomposition  

Fine root production, mortality, and missing dead roots or decomposition in our study were 

measured as proposed by Fujimoto et al. (2021). The production was expressed as,  

Pn = n (b + m)……………(a) 

where, P is the production, n is denoted as the number of days, b is the change of live mass of 

fine roots between time inverval, m is the mortality.  Mortality was denoted as, 
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………(b) 

where, Nj and Ni are dead mass of fine roots of time i and j, r j-i is the residual ratio between time 

i and j. Missing dead roots were denoted as, 

 …….(c) 

where, MDRn is missing dead roots or amount of decomposition for n days, r is the residual ratio 

of root litter per day which is calculated from Rn, the residual ratio of root litter after n days, as, 

r = n………...(d) 

 

5.2.5 Fine root turnover 

Fine root turnover (FRtr) was estimated as the ratio of the total amount of fine roots produced in 

a year over the mean standing biomass of fine roots (𝐹𝑅𝑡𝑟 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑀𝑒𝑎𝑛 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
) as 

estimated by Aber et al. (1985). 

 

5.2.6 Additional method used to compare with the sequential core method 

Considering the controversies about which method of fine root collection is more accurate, I 

additionally checked the seasonality of fine root production with the ingrowth core method, only 

in the Manko Wetland mangrove. Cylindrical-shaped ingrowth cores with a diameter of 3.5 cm 

and length of 40 cm, made of flexible plastic mesh with a mesh opening of 10 mm were used for 

the study. After hollowing out the holes with PVC pipes, ingrowth cores were installed in the 

holes and refilled with soil from the site in which roots have been removed. The root-free soil 

was prepared by thoroughly mixing soil collected from the site with water in a container and 

rinsed through 0.42 mm mesh. The muddy water was preserved in a cloth bag (50 cm × 50 cm) 

made of a RIWP sheet, which also allowed water and microorganisms to penetrate through it. 

The bags were hung with the tree branch for 24 hours to release water which allow the soil to 

become sufficiently firm. Finally, this was used to fill the ingrowth cores. Thirty-eight ingrowth 

cores were installed in the K. obovata plot, whereas 28 cores were installed each in the R. stylosa 

and B. gymnorrhiza plots on March 16, 2019. Eight cores from the K. obovata plot and six from 

each of the other two species plots were collected on May 18 and October 9 in 2019, and January 

23 and March 26 in 2020 for estimating fine root production. A total of 32, 24 and 24 ingrowth 

cores were thus collected from K. obovata, R. stylosa and B. gymnorrhiza plots, respectively. The 
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other ingrowth cores that could not be accounted for were lost due to destruction by cyclone and 

crab attack.  

 

5.3 Statistical analysis 

One-way ANOVA (analysis of variance) was performed using Kaleidagraph 4.0 software to 

check seasonal variation of biomass, necromass, production, mortality, and decomposition rate 

within the same species plot and among the species plots. Tukey HSD post-hoc test was 

performed to examine the variations of focal parameters within, and among species plots. The 

Pearson correlation test was performed using IBM SPSS statistics 28.0 software to check the 

correlation between production and, soil N, soil salinity, and pH.  

5.4 Results 

5.4.1 Seasonal variation of the fine root biomass and necromass  

In the Miyara River mangrove, no significant difference in very fine roots and fine root biomass 

and necromass was observed (p > 0.05, Fig. 5.2) in the upstream B. gymnorrhiza stand. But 

significant difference was observed in the very fine roots biomass in the downstream B. 

gymnorrhiza stand (p < 0.05) and the very fine root biomass in September was significantly 

higher than in other survey periods (p < 0.01), and was significantly lower in December than in 

other seasons (p < 0.01). Again, the biomass in December was significantly lower than was in 

March 2022 (p < 0.05) and the biomass recorded in June was lower than in September (p < 0.05). 

Furthermore, the fine root biomass of December was significantly lower than that of September 

(p < 0.01), and June (p < 0.05). The very fine and fine root necromass samples estimated in 

December were lower than those collected in March 2023 (p < 0.05), June (p < 0.05), and 

September 2022 (p < 0.01). The necromass of June was higher than that of March 2023 samples 

(p < 0.05). For R. stylosa, very fine root biomass collected in December was less than others (p 

< 0.05) except in March 2023. Moreover, the fine root biomass in September was more than that 

in December and March 2023 (p < 0.05). Fine root biomass of September was lower than that of 

December (p < 0.01), and September (p < 0.01). Fine root necromass R. stylosa was lower in 

December than that of March, June, and September 2022 samples (p < 0.01, Fig. 5.2). Again, the 

necromass of March 2023 was less than that of June samples (p < 0.05, Fig. 5.2). 

Among the species stands in the Miyara River, very fine root biomass and necromass of upstream 

B. gymnorrhiza stand was significantly lower than that of downstream B. gymnorrhiza and R. 
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stylosa stands (p < 0.01, Fig. 5.2), respectively. Fine root biomass and necromass of upstream B. 

gymnorrhiza stand were also lower than that of downstream B. gymnorrhiza and R. stylosa (p < 

0.05, Fig. 5.2). 

Fig. 5.2 

In the Manko Wetland, an insignificant seasonal variation was observed in the biomass of very 

fine roots (p > 0.05, Fig. 5.3), and the fine roots of K. obovata (p > 0.05, Fig. 5.3). Insignificant 

variation was also observed in the necromass of very fine roots (p > 0.05, Fig. 5.3), and fine roots 

collected in different seasons roots (p > 0.05, Fig. 5.3), but the necromass of the very fine roots 

was significantly higher than that of fine roots (p < 0.05, Fig. 5.3). An insignificant variation was 

observed in the biomass of R. stylosa in different seasons (p > 0.05). A significant variation in 

fine root necromass was observed (p < 0.05) and the fine root necromass collected from March 

2019 to January 2020 were significantly lower than those collected in March 2020 (p < 0.05, Fig. 

5.3).  Furthermore, all the very fine root necromass collected throughout the survey times were 

significantly higher than that of fine root necromass (p < 0.05, Fig. 5.3). Significant differences 

in fine root biomass of B. gymnorrhiza at different sampling time was observed (p < 0.05, Fig. 

5.3) and the fine root biomass collected in March 2019 (p < 0.01, Fig. 5.3) and May 2019 (p < 

0.05, Fig. 5.3) was significantly lower than those collected in the other seasons. Moreover, the 

biomass of very fine roots throughout the year was significantly higher than that of fine roots (p 

< 0.05, Fig. 5.3). A significant variation in fine root necromass was observed (p < 0.01) and the 

fine root necromass collected in March 2019 (p < 0.01, Fig. 5.3) and May 2019 (p < 0.05, Fig. 

5.3) were significantly lower than those collected in other seasons. Furthermore, the necromass 

of very fine roots throughout the year was significantly higher than those of fine roots (p < 0.05, 

Fig. 5.3). 

Fig. 5.3 

In the Manko Wetland mangrove forest, insignificant variation in the biomass of very fine roots, 

and fine roots between three species plots were observed (p > 0.05) but significant variations 

were observed among necromass of very fine roots, and fine roots (p < 0.01). The very fine root 

necromass of K. obovata plot was significantly higher than that of R. stylosa (p < 0.01) and B. 

gymnorrhiza (p < 0.01) plots. Furthermore, fine root necromass of R. stylosa plots was 

significantly lower than that of K. obovata (p < 0.01) and B. gymnorrhiza plots (p < 0.01).  
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5.4.2 Fine root production, mortality, and decomposition  

5.4.2.1 Fine root production and mortality  

In the Miyara River mangrove, significant variation in the very fine root productions in R. stylosa 

was observed (p < 0.01, Table 5.1) and the very fine root production of R. stylosa was 

significantly lower during autumn than during spring, summer and winter (p < 0.01). Moreover, 

very fine roots production was higher in winter than in summer (p < 0.05). There was also 

seasonal variation in fine root production and total fine root production (p < 0.01). Fine root 

production and total fine root production were significantly lower in autumn than in summer, 

spring and winter (p < 0.01) except for total fine root in winter. In upstream B. gymnorrhiza stand, 

a significant variation was observed within very fine roots, fine roots, and total fine root 

production (p < 0.01, Table 5.1).  In all cases, the very fine root, fine root, and total fine root 

production in autumn were significantly lower than that in spring (p < 0.01). A significant 

variation was observed in the very fine root production (p < 0.01, Table 5.1) in the downstream 

B. gymnorrhiza stand and the very fine root production in autumn was lower than in spring (p < 

0.01), summer (p < 0.05) and winter (p < 0.01). There was also seasonal variation in fine root 

productions, with significantly lower values in autumn than in spring (p < 0.01), summer (p < 

0.05), and winter (p < 0.01).  Again, seasonal variation of total fine root production was 

significant and the total fine roots in autumn were lower than in spring (p < 0.01), summer (p < 

0.05) and winter (p < 0.01).   

Furthermore, seasonal differences in mortality of very fine roots of R. stylosa were significant (p 

< 0.01, Table 5.1) and the mortality in autumn was significantly lower than in spring (p < 0.01), 

summer (p < 0.01) and winter (p < 0.01). The variation of fine root mortality in R. stylosa was 

also significant (p < 0.01) and the mortality in autumn was significantly lower than in spring (p 

< 0.01) and winter (p < 0.01). Insignificant seasonal variation was observed in the mortality of 

very fine roots in upstream B. gymnorrhiza plots (p > 0.05), but seasonal variations in the fine 

root mortality were significant (p < 0.05) and the fine root mortality was higher in spring than in 

autumn (p < 0.05). Very fine root and fine root mortality in downstream B. gymnorrhiza plots 

varied seasonally (p < 0.01), lower in autumn than in spring (p < 0.01), summer (p < 0.05) and 

winter (p < 0.01). Again, the fine root mortality was significantly higher in winter than that in 

spring (p < 0.05). 

On the other hand, insignificant seasonal difference in very fine root and fine root production was 

observed using the pooled data of the three species in the Manko Wetland (Table 5.1). 

Furthermore, the seasonal variation in mortality was observed as insignificant (p > 0.05, Table 
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5.1). In the Manko Wetland mangrove, the very fine root production of K. obovata was at its 

maximum in summer and lowest in winter (Table 5.1) whereas fine root (0.5—2 mm) production 

was highest in spring with no production in winter (Table 5.1). The mortality of the very fine root 

of K. obovata was found at its maximum in summer and minimum in autumn whereas fine root 

mortality was highest in spring and lowest in winter (Table 5.1). The maximum production of 

very fine roots and fine roots of R. stylosa plot were observed in spring and minimum in autumn; 

whereas the maximum mortality rate of very fine roots was found in winter and the minimum in 

summer. The highest fine root mortality was observed in in winter (Table 5.1). For B. 

gymnorrhiza, the maximum production of very fine roots and fine roots was observed in spring 

and summer, respectively; and the minimum in autumn. The maximum mortality for both the 

root classes was found in summer and the minimum in autumn (Table 5.1). 

Table 5.1 

The total fine root production (in Mg ha-1 y-1), mortality (in Mg ha-1 y-1) and decomposition (in 

Mg ha-1 y-1) of the two species along the Miyara River mangrove and two species of the Manko 

Wetland mangrove are shown in Table S5.1.   

 

5.4.2.2 Variation in decomposition  

In the Miyara River mangrove, the decomposition of R. stylosa, upstream B. gymnorrhiza, and 

downstream B. gymnorrhiza were 0.02 g m-2 d-1, 0.01 g m-2 d-1, and 0.02 g m-2 d-1, respectively.  

On the other hand, the amount of decomposition in Manko Wetland, for K. obovata, was 0.13 g 

m-2 d-1, whereas for R. stylosa and B. gymnorrhiza it was 0.02 g m-2 d-1, and 0.04 g m-2 d-1, 

respectively. Insignificant seasonal variations in decomposition rates were observed between 

very fine and fine roots (p > 0.05, Table 5.2).  

Insignificant seasonal variation in residual ratio per day (r) was observed in different seasons, 

and between species plots (p > 0.05) in both sites. Furthermore, the r did not vary with diameter 

classes. 

Table 5.2 

 

5.4.2.3 Fine root turnover 

Fine root turnover (FRtr) was estimated 3.75 y-1, 5.14 y-1 and 4.30 y-1 for upstream B. gymnorrhiza, 

downstream B. gymnorrhiza and downstream R. stylosa along the Miyara River mangrove area 

and estimated 6.86 y-1, 4.37 y-1 and 4.47 y-1 for K. obovata, R. stylosa and B. gymnorrhiza in the 

Manko wetland mangrove area. 
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5.4.3 Correlation between fine root production and soil properties 

Insignificant correlation was observed between salinity and fine root mass production of 

upstream B. gymnorrhiza (r = 0.23, p > 0.05), downstream B. gymnorrhiza (r = 0.12, p > 0.05), 

and R. stylosa (r = 0.02, p > 0.05), respectively in the Miyara River mangrove area. Also, 

insignificant correlation was found between soil pH and fine root mass in upstream B. 

gymnorrhiza (r = 0.24, p > 0.05), downstream B. gymnorrhiza (r = 0.36, p > 0.05), and R. stylosa 

(r = 0.19, p > 0.05), respectively. Furthermore, insignificant correlations were observed between 

fine root production in different seasons, and soil N (r = 0.14, p > 0.05), soil salinity (r = 0.06, p 

> 0.05), and pH (r = 0.01, p > 0.05) in the Manko Wetland.  

A significant correlation was extracted of fine root production through the ingrowth core method 

with soil salinity (r = 0.61, p < 0.05) and soil pH (r = 0.89, p < 0.01) 

5.5 Discussions 

5.5.1 Variation in fine root production of the three species  

The proportion of dead fine roots in both sites (40–75%), in the present study, was consistent 

with previously extracted dead fine roots (Alongi et al., 2000, 2003).  One of the major reasons 

for getting a high amount of dead fine roots in this study might be the slow decomposition rate.  

The maximum amount of fine root production of all three species was found in spring–summer 

and the minimum in autumn–winter because roots are produced and shed during these seasons 

(Lucak 2012).  

The fine root production of K. obovata in the Manko Wetland in the present study is quite similar 

to the production of fine roots estimated by Kihara et al. (2021) who measured fine roots in the 

same species stand (2.9-5.5 Mg ha-1 y-1). The fine root production in both sites is also consistent 

with some previous studies, as in Lovelock (2008) and Gleason and Ewel (2002) who estimated 

fine root production of R. stylosa and B. gymnorrhiza in Panama (8.5° N, 80.78° E; 3.4-4.8 Mg 

ha-1 y-1) and in the Utwe River in Micronesia (5.17° N, 162.57° E; 3.23 Mg ha-1 y-1). Poungparn 

et al. (2016) and Noguchi et al. (2020) estimated higher fine root production of R. apiculata in 

Trat, eastern Thailand (12.24°N, 102.52°E; 4.08 Mg ha-1 y-1) and Ranong, southern Thailand 

(9.97°N, 98.64°E; 7.40 Mg ha-1 y-1). 

Fine root production of R. stylosa in Miyara river mangrove obtained in the present study, was 

higher than those of similar latitude mangroves, such as Rhizophora spp. dominated mangrove 

stands in Rookery Bay and Naples Bay, Florida, USA (Giraldo, 2005) and Rhizophora mangle 

dominated mangrove stands (22.33° N, 75.78° E; 0.82-3.25 Mg ha-1 y-1) of Twin Cays, Belize 

(McKee et al., 2007); this is because these are in different latitudinal gradient and fluctuations of 
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temperature and precipitation are observed at different latitudinal gradients. Xiong et al. (2017) 

estimated greater fine root production of Bruguiera sexangula (20.6 Mg ha-1 y-1) and R. stylosa 

(18.7 Mg ha-1 y-1) in an almost similar latitudinal gradient in Hainan Island, China (20.02° N, 

110.34°E) because they used a different method named decision-matrix for estimating production. 

The present production values are expected to be more reliable than the decision-matrix model 

as decomposition is included in the present study which was absent in the decision-matrix model. 

 

5.5.2 Causes of variation in fine roots  

The estimated biomass and necromass using sequential core method may contain existing dead 

or partially decomposed fine roots. In this study, the observed changes through the sequential 

core method were negative in some seasons because biomass and necromass changes do not occur 

simultaneously. Shorter sampling intervals are always recommended because the short life cycle 

of fine roots can be estimated clearly, with less chance of underestimation (Van Do et al. 2015), 

even though there may be a change in the values over immediate days because fine root turnover 

is very high. In this survey, the least sampling interval was 62 days and the maximum was 144 

days. Therefore, we cannot ensure the peak of biomass and necromass was in survey dates which 

may produce some errors. Fine root production, mortality, and decomposition might have been 

more accurately analyzed if we could reduce the survey interval time.  

The Fujimoto et al. (2021) method, used in the present study, is a modification of the Osawa and 

Aizawa (2012) method. The fine root production and mortality values obtained based on Osawa 

and Aizawa (2012) seem to be overestimated when compared with other studies. The reason for 

over-estimation is attributable to the use of the over-estimated decomposition rate, which is 

obtained by the root-litter bag experiment (Osawa and Aizawa 2012). The production, mortality, 

and decomposition measured during this research through the sequential core method, following 

Osawa and Aizawa (2012), were for K. obovata- 7, 5.4, and 4.1 Mg ha-1, respectively; for R. 

stylosa- 2.6, 1.9 and 0.9 Mg ha-1, respectively; and for B. gymnorrhiza- 3.3, 2.4 and 1.3 Mg ha-1, 

respectively. Osawa and Aizawa (2012) used the existing dead roots within the period of a root-

litter bag experiment to calculate the decomposition value, although the existing dead roots 

included newly dead roots, which were not present at the start of the experiment and thus varied 

over the length of the experimental period. To improve the methodology, Fujimoto et al. (2021) 

proposed the use of a residual decomposition ratio (r), which they consider to be constant 

throughout a survey period. The results based on Fujimoto et al. (2021) seem to provide better 

estimates compared with other methods. However, Fujimoto et al. (2021) still include the 

uncertain assumption that the daily residual decomposition ratio r is constant throughout the 
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experimental period, yet it varies depending on factors such as temperature, and the fact that litter 

quality changes with decomposition. More work is needed to improve of methodology to fill the 

gap between observed and actual decomposition values.  

High salinity was found to reduce belowground root production (Sherman et al. 2003) but in our 

case, the salinity (1.68—2.41%) was lower than that of the mangrove of Okukubi River (2.58—

2.63%; Suwa et al. 2009), very near to our study site. This implies that the current level of salinity 

might not create enough stress conditions to limit fine root growth. Furthermore, the higher fine 

root mass where salinity was higher in this study was supported by the higher below ground mass 

with increasing salinity was observed for Avicennia marina and Aegiceras corniculatum 

dominated mangrove forests (Ball et al. 1997). Variations in soil pH may regulate decomposition 

processes (Tripathi et al. 2018) by controlling the activities of soil microorganisms and its effects 

on the soil C/N ratio by altering the utilization of carbon and nitrogen (Kemmitt et al. 2006). The 

lowest fine root turnover of R. stylosa could be the result of having less N in the soil than for the 

other two species (Nadelhoffer 2000) because plants growing in nutrient-poor environments may 

increase root lifespan to avoid nutrient loss (Ryser 1996). Increased fine root biomass in K. 

obovata plot might be the consequence of the uptake of more N and the faster turnover of fine 

roots (McKee 2001).  

Seasonality of fine root production is not clear in the Manko Wetland mangrove in the present 

study which is consistent with previous research in the Manko Wetland (Kihara et al. 2021) and 

in Thailand (Poungparn et al. 2016). A general trend of the maximum production during summer 

and spring; and the minimum during winter and autumn was observed in the Manko Wetland 

mangrove.  

 

5.5.3 Comparison if fine root dynamics obtained using two different methods 

The observed difference in fine root production between sequential core and ingrowth core 

methods (See in Appendix Table S5.1 and Table S5.2) highlighted the uncertainties related to 

these two experimental methods. The fine root production measured by Kihara et al. (2021) using 

the sequential core method was 3.2 times higher than the production extracted through the 

ingrowth core method. Existing biomass and necromass are extracted by sequential core method 

wherever existing dead or partially decomposed fine roots might be present. In the ingrowth core 

method, production is extracted considering the initial value as zero, therefore, the extracted 

sampling values are always positive and thus the accumulated production was greater than with 

the other method. In this study, the observed changes through the sequential core method were 
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negative in some seasons because biomass and necromass changes do not occur simultaneously. 

We cannot conclude about the better method between sequential core and ingrowth core because 

these methods are completely different with different assumptions of production. 
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Fig. 5.1: Fine roots inside litter bags before and after decomposition.  

RIWP (Root impermeable 
but water permeable) 
sheet bags. 

Decomposed litter bags. 
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Fig. 5.2 (a-f): Seasonal variation in fine root biomass (g m-2) and necromass (g m-2) of R. stylosa 

(a—b), downstream B. gymnorrhiza (c—d) and upstream B. gymnorrhiza (e—f), respectively 

wherever biomass and necromass data were collected on March 16, June 23, September 26 and 

December 23 in 2022, and March 27 in 2023. The white and black bars represent <0.5 mm and 

0.5—2 mm roots, respectively. Values matched with the different letters indicate that the 

difference was significant (p < 0.05). 
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Fig. 5.3 (a-f): Fine root biomass and necromass of K. obovata (a—b), R. stylosa (c—d), and B. 

gymnorrhiza (e—f), respectively in g m-2 obtained through the sequential core method wherever 

data were collected on March 13, May 18, October 10 in 2019 and January 24 and March 26 in 

2020. The white and black bars represent <0.5 mm and 0.5—2 mm roots, respectively. Here, 

variations in different sampling times among all fine root samples including both <0.5 mm root 

and 0.5—2 mm roots were shown. Values matched with the different alphabet indicate that the 

variation was significant (p < 0.05). 
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Tables 

Table 5.1: Production P and mortality m of very fine and fine roots of two species in the Miyara 

River mangrove and three species in the Manko Wetland mangrove during different seasons in 

which fine root samples were collected through sequential core method. All the negative values 

are shown as zero (0) in this table. Here, seasonal values were compared within the site and 

between < 0.5 mm, and 0.5—2 mm roots. For Manko Wetland, the seasonal values were 

considered by pooling data from all three species. We compared the values within the same study 

site.  

Spring Summer Autumn Winter

Category Stands Location <0.5 

mm

0.5-2 

mm
<0.5 mm

0.5-2 

mm
<0.5 mm

0.5-2 

mm

<0.5 

mm
0.5-2 mm

Production

(g m-2 d-1)

B. gymnorrhiza

(upstream)

Miyara river
0.48 0.74 0.79 0.21 0 0 0.21 0

B. gymnorrhiza

(downstream)

Miyara river
1.12 0.06 0.68 0.31 0 0 1.98 1.10

R. Stylosa

(downstream)
Miyara river 1.14 0.52 0.34 0.66 0 0 2.68 0.48

K. obovata Manko wetland 0 1.30 2.53 0.59 1.04 1.26 0 0

R. stylosa
Manko wetland

1.75 0.87 1.19 0.49 0 0 0.66 0.37

B. gymnorrhiza
Manko wetland

1.18 0.25 1.03 0.58 0 0 0.45 0.55

Mortality

(g m-2 d-1)

B. gymnorrhiza

(upstream)

Miyara river
0.23 0.50 0.32 0 0 0 0.35 0.01

B. gymnorrhiza

(downstream.)

Miyara river
0.97 0 0 0.16 0 0 0.92 0.71

R. Stylosa

(downstream.)
Miyara river 0.59 0.52 0.18 0 0 0 1.90 0.06

K. obovata
Manko wetland

0 1.19 2.17 0.27 0 0.80 1.39 0.27

R. stylosa
Manko wetland

0.36 0.21 0 0.09 0.27 0 1.73 0.80

B. gymnorrhiza
Manko wetland

0.40 0.18 0.89 0.32 0.1 0 0.38 0.27
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Table 5.2: Root diameter-based residual ratio per day (r) of R. stylosa, upstream and downstream 

B. gymnorrhiza, respectively in the Miyara River mangrove, and of K. obovata, R. stylosa, and 

B. gymnorrhiza, respectively in the Manko Wetland mangrove conducted based on the 

decomposition equation of Fujimoto et al. (2021). The incubation periods for decomposition in 

the Miyara River mangrove were from 13 March 2022 to 23 June 2022, 24 June 2022 to 26 

September 2022, 27 September 2022 to 23 December 2022, and 24 December 2022 to 16 March 

2023 and for the Manko Wetland mangrove were from March 16 to May 17, from May 18 to 

October 9 in 2019, from October 10, 2019 to January 23, 2020 and from January 24 to March 26 

in 2020. The variation was insignificant throughout the study period (p > 0.05).   

Spring Summer Autumn Winter

Stands Location

<0.5 mm 0.5-2 mm <0.5 mm 0.5-2 mm <0.5 mm 0.5-2 mm <0.5 mm 0.5-2 mm

B. gymnorrhiza

(upstream)

Miyara river
0.99966 0.99978 0.99942 0.99957 0.99956 0.99961 0.99967 0.99971

B. gymnorrhiza

(downstream)

Miyara river
0.99951 0.99965 0.99928 0.99944 0.99944 0.99960 0.99952 0.99953

R. stylosa

(downstream) Miyara river 0.99954 0.99968 0.99919 0.99955 0.99967 0.99980 0.99959 0.99961

K. obovata Manko wetland 0.99907 0.99930 0.99868 0.99899 0.99904 0.99915 0.99883 0.99906

R. stylosa
Manko wetland

0.99917 0.99951 0.99895 0.99911 0.99910 0.99926 0.99900 0.99914

B. gymnorrhiza
Manko wetland

0.99923 0.99940 0.99887 0.99905 0.99908 0.99921 0.99901 0.99911
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Chapter 6 

Measuring biomass and net primary production of two subtropical mangrove 

forests in Japan 

6.1 Introduction 

Mangrove ecosystems sequester large quantities of blue carbon (Mcleod et al. 2011) that 

contributes to net primary production (NPP). The changes in NPP in mangroves denote the 

change in ecosystem function and structure (Chapin et al. 2000; Hoque et al. 2011). Above- and 

belowground parts of trees play an important role in the carbon and nutrient cycles of forest 

ecosystems. In particular, litterfall and fine root production are major components of NPP (Zhou 

et al. 2014; Van Do et al. 2015). So, the measurement of the quantity of these components and 

understanding their quantitative relationships are important to understand the carbon cycle of 

forest ecosystems (Zak and Pregitzer 1998; Trumbore and Gaudinski 2003; Tateno et al. 2004).  

Maximum biomass of a specific forest stand that can be supported by given available soil 

resources and light. Most of the biomass studies included only the aboveground parts while the 

studies on belowground parts are rare (Wang et al. 2018). The biomass of belowground coarse 

roots can be estimated from the D and H. However, fine roots biomass is rarely measured 

(Smithwick et al. 2014; Warren et al. 2015) although it can not be ignored as a component of 

forest ecosystems (Van Do et al. 2015) and represents a large carbon cost to trees and is an 

important carbon source to the soil as well (Zhou et al. 2014).  

Mangrove tree biomass is sensitive to soil nitrogen (N) availability (Feller et al. 2003; McKee 

et al. 2007), salinity, and pH (Koch 1997; Feller et al. 2003). High soil salinity and low pH 

increase stress conditions for growth whereas higher available N indicates higher biomass growth. 

Suwa et al. (2009) showed that tree height and size decrease with increasing stress conditions, 

including an increase in pore water salinity and a decrease in soil N. 

The present research will insight into the above- and belowground productions of B. 

gymnorrhiza and Rhizophora stylosa stands in the Miyara River mangrove and K. obovata, R. 

stylosa, and B. gymnorrhiza in the Manko Wetland of Japan as well as the contribution of the 

components of above- and belowground to the NPP. 

The addressed scientific questions of this chapter are as: How do the NPP components (litterfall, 

AGB increment, BGBcoarse increment, fine root production, dead mass increment) contribute to 

the NPP? Which are the major parameters for NPP? Does NPP vary between the species stands 

along the river or between stands in the same environment?  



61 

 

6.2 Material and Method 

The net primary production of the three species in two regions was measured as 

NPP = NPPAG + NPPBG 

with NPPAG, the total aboveground net primary production and NPPBG, the total belowground 

net primary production  

Clark et al., 2001 and Kloeppel et al., 2007 proposed the NPPAG (Mg ha-1 yr-1) estimation method 

as follows: 

NPPAG  = ∆AGB + ∆L + △M +∆G  

where, ∆AGB is the aboveground biomass increment which includes biomasses of leaves, 

branches, and stems, and aboveground coarse root biomass (AGBroots for R. stylosa only), ∆L is 

the total aboveground litter production, △M is the variation in the amount of dead dry matter due 

to tree mortality, and ∆G is the amount of biomass lost through grazing which was ignored in the 

current study because of the difficulty in collecting data of herbivory consumption. The AGB and 

tree dead mass increments, and total litterfall production from 2022 to 2023 were used for the 

Miyara River mangrove whereas in the Manko Wetland mangrove, the mean values from 2019 

to 2020 and from 2021 to 2022 were used for K. obovata and R. stylosa, and from 2021 to 2022 

were used for B. gymnorrhiza. 

NPPBG is the sum of the production of belowground fine and coarse roots where the production 

of fine roots (<2 mm) was conducted by the direct field method (sequential core, Chapter 6) and 

the increment of coarse root mass was obtained using an allometric equation (Chapter 3). To 

estimate coarse root production, both biomass and dead mass increments were recorded. The 

equation stands as 

NPPBG  = ∆BGBcoarse-living + ∆BGBcoarse-dead + ∆BGBfine 

Where ∆BGBcoarse-living is the coarse root biomass increment, ∆BGBcoarse-dead is the dead mass 

increment of coarse root and ∆BGBfine is the fine root production. The ∆BGBcoarse-living, ∆BGBcoarse-

dead, fine root production and NPPBG from 2022 to 2023 were used for the Miyara River mangrove 

whereas mean values from 2019 to 2020 and from 2021 to 2022 were used for K. obovata and R. 

stylosa, and values from 2021 to 2022 were used for B. gymnorrhiza to show the mean increment 

in the Manko Wetland mangrove. 

 

6.3 Statistical analysis 

One-way analysis of variance (ANOVA) was performed using KaleidaGraph version 4.0 

software (Hulinks Co., Ltd., Tokyo, Japan) to evaluate the difference between three groups of R. 
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stylosa, downstream B. gymnorrhiza, and upstream B. gymnorrhiza plots (defined as stands) on 

the focal biometrics such as D, H, AGB, BGBcoarse, fine root mass, soil salinity, soil pH, soil N 

and comparative elevation, and post-hoc Bonferroni test was performed to examine the difference 

of the focal biometrics among the plots of the Miyara river mangrove. 

Again, One-way ANOVA was performed to observe difference in litter production, fine root 

production, NPPAG, NPPBG, and NPP between the stands along Miyara River. Tukey HSD post-

hoc test was performed to examine the variations of focal parameters within stands. 

6.4 Results 

6.4.1 Aboveground biomass estimation 

A significant difference of AGB between stands was observed in the Miyara River mangrove (p 

< 0.05, Table 6.1) and observed that the AGB of R. stylosa stand was significantly lower than 

downstream B. gymnorrhiza stand.  

Table 6.1 

 

6.4.2 Belowground coarse root and fine root estimation 

The variation of BGBcoarse (belowground coarse root biomass) between stands in the Miyara 

River mangrove was significant (p < 0.01, Table 6.1) and the BGBcoarse of the R. stylosa stand was 

significantly lower than that of the downstream B. gymnorrhiza stand (p < 0.01); and that of the 

upstream B. gymnorrhiza stands (p < 0.01), respectively. The difference of fine root biomass was 

significant (p < 0.01, Table 6.1) and the fine root biomass of R. stylosa stand was significantly 

higher than that of the upstream B. gymnorrhiza stand (p < 0.01); and the downstream B. 

gymnorrhiza stands showed significantly higher fine root biomass than that of the upstream B. 

gymnorrhiza stands (p < 0.05).  The effect of stands on BGBtotal (summation of coarse roots and 

fine roots) was significant (p < 0.01) and the estimated BGBtotal for the R. stylosa stands was 

significantly higher than that in the downstream B. gymnorrhiza stands (p < 0.01), and that in the 

upstream B. gymnorrhiza stands (p < 0.05).   

Significant variation was observed among the fine root biomass of three species in Manko 

Wetland (p < 0.05), and it was observed that the fine root biomass of R. stylosa was significantly 

lower than that of K. obovata (p < 0.05, Table 6.1). 
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6.4.3 Aboveground biomass increment 

At the Miyara River mangrove site, insignificant differences in the biomass increments of leaves, 

stems and branches were observed between the upstream and downstream B. gymnorrhiza stands 

(p > 0.05 for all, Table 6.2).  

Branch biomass increment contributed highest to the total AGB increment for upstream and 

downstream B. gymnorrhiza stands but for R. stylosa, stem biomass contributed highest to the 

total AGB increment (Table 6.2). 

In the Manko Wetland mangrove, stem biomass contributed highest for K. obovata, R. stylosa 

and B. gymnorrhiza plots to total AGB increment (Table 6.2). AGBroot increment of R. stylosa 

along the Miyara River mangrove and in the Manko wetland contributed 21% and 19% to the 

AGB increment. 

Table 6.2 

 

6.4.4 Contribution of AGB increment, total litterfall, and tree mortality to NPPAG 

In the Miyara river mangrove, an insignificant difference was found in the AGB increment, tree 

dead mass increment and NPPAG between the species stands (p > 0.5, Table 6.3).  Furthermore, 

insignificant difference was observed between upstream and downstream B. gymnorrhiza stands 

(p > 0.5, Table 6.3) but significant difference was found between upstream B. gymnorrhiza and 

downstream R. stylosa stands (p < 0.5, Table 6.3).  In both the Miyara River and the Manko 

Wetland, litterfall production made up the largest portion of the NPPAG, followed by AGB 

increment. The distribution of the dead mass increment due to mortality was higher in the Miyara 

river area than in the Manko Wetland (Table 6.3).  

Table 6.3 

 

6.4.5 Contribution of BGBcoarse and fine roots to NPPBG 

In the Miyara River mangrove site, an insignificant difference in belowground coarse roots 

biomass increment were observed for upstream B. gymnorrhiza, downstream B. gymnorrhiza, 

and R. stylosa stands (p > 0.05, Table 6.4) but total fine root production was lower in the upstream 

B. gymnorrhiza stand than in downstream B. gymnorrhiza and R. stylosa stands (p < 0.05, Table 

6.4). For upstream B. gymnorrhiza stand, the contribution of BGBcoarse increment was higher to 

the total belowground net primary production (NPPBG) than fine root production; whereas for 

downstream B. gymnorrhiza, these were equal. For downstream R. stylosa, the contribution of 

fine root production was higher than BGBcoarse increment (Table 6.4). In the Manko Wetland 

mangrove, the BGBcoarse increment contributed less to NPPBG than fine roots for K. obovata but 
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for R. stylosa, and B. gymnorrhiza plots, the contribution of fine roots biomass increments was 

lower than BGBcoarse increment (Table 6.4). 

Table 6.4 

 

6.4.6 Contribution of the components to NPP 

The contribution of AGB increment to the NPP was lower for upstream B. gymnorrhiza than 

downstream B. gymnorrhiza and R. stylosa stands along the Miyara River mangrove area; and 

was lower for K. obovata than R. stylosa, and B. gymnorrhiza plots, respectively in the Manko 

Wetland (Fig. 6.1 and Table 6.5). Litterfall production contributed highest as 38-41% to the NPP 

in the Miyara River mangrove whereas for Manko Wetland mangrove, the contribution ranged 

30-47% (Fig. 6.1 and Table 6.5). Aboveground dead mass production contributed higher for 

upstream B. gymnorrhiza stand than downstream B. gymnorrhiza, and R. stylosa stands along the 

Miyara River area; and contributed in similar pattern for the three species in the Manko Wetland 

(Fig. 6.1 and Table 6.5). 

Table 6.5 

In the Miyara River, upstream B. gymnorrhiza stand had a higher total BGBcoarse (belowground 

coarse root biomass and dead mass increment) proportion to the NPP than downstream B. 

gymnorrhiza and R. stylosa stands. In contrast, upstream B. gymnorrhiza stand had a lower 

proportion for fine root production than other stands. In the Manko Wetland, the B. gymnorrhiza 

plot contributed more to the increment of BGBcoarse than did the K. obovata and R. stylosa plots, 

although the K. obovata plot contributed more to the fine roots than did the other two species 

plots. (Fig. 6.1 and Table 6.5). In the Miyara River, the contribution of NPPAG of NPP was 70-

76% while in the Manko Wetland, it was 61-81%. 

Fig. 6.1 

6.5 Discussion 

6.5.1 Forest structural feature and above-ground biomass distribution  

Dominant mangrove species in the Miyara River mangrove found in the present study site was 

Bruguiera gymnorrhiza around the upstream area, while the downstream area was occupied 

mostly by R. stylosa and B. gymnorrhiza with some K. obovata trees scattered along the banks of 

the river which is a typical species zonation pattern for mangroves around the Ryukyu archipelago 

as reported in Enoki et al. (2009) and Suwa et al. (2009). In the present study, a higher D class in 

B. gymnorrhiza stands than R. stylosa stand was found in the Miyara River mangrove which 

resulted in a higher cumulative basal area in the B. gymnorrhiza stands than that in R. stylosa 
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stand. B. gymnorrhiza has more shade-tolerant characteristics when grown in almost the same 

habitat with Rhizophora species (Putz and Chan 1986). The relatively high canopy height (H) 

and shade-tolerant characteristics of B. gymnorrhiza imply a greater potential for them to be 

dominant than R. stylosa at our present study site, similar reported by Enoki et al. (2009) for 

mangroves in Iriomote Island near the present study site. 

The range of estimated AGB as 203.4˗298.6 Mg ha-1 in the Miyara River mangrove, and 

59.4˗255.6 Mg ha-1 in the Manko Wetland mangrove in the present study sites were higher than 

97.6˗108.1 Mg ha-1 reported for mangroves in Ishigaki Island by Suzuki and Tagawa (1983) that 

have a mean H of 6 m as opposed to 5.8˗8.15 m for the trees in the present study. The AGB and 

mean H decreased gradually with increasing latitude (Saenger and Snedaker 1993; Khan et al. 

2009). The present study site is located in a subtropical zone at a high latitude, and the AGB was 

relatively high compared to other mangroves in high latitude areas as previously reported in the 

Ryukyu Islands of Japan (Table 6.6), but similar to some mangroves in low latitude areas.  

Table 6.6 

On the contrary, mean H remained consistent with that of the other high-latitude mangroves. 

Although mean H is causally responsible for biomass accumulation (Saenger and Snedaker 1993), 

other factors, such as basal area and  affect AGB. We suspect that the relatively higher 

cumulative basal area for R. stylosa and B. gymnorrhiza of the present study (32.9 m2 ha-1 in R. 

stylosa and 51.0˗53.4 m2 ha-1 in B. gymnorrhiza) than those in the other high latitude mangroves 

could contribute to their higher AGB estimation in Miyara river mangrove (Table 6.6). Lower 

basal area and H in Manko Wetland indicate that the mangrove has not reached its maturity (Table 

6.6).  

The basal area measured for B. gymnorrhiza in the Miyara River mangrove area was higher 

compared to other studies. The analysis showed that the D  5 cm contributes 19% to the total 

basal area for the downstream R. stylosa stand whereas 5% for both downstream and upstream B. 

gymnorrhiza stands. The D > 5 cm contributes 81% for R. stylosa, and 95% for both downstream 

and upstream B. gymnorrhiza stands. Then, I reanalyzed avoiding the boundary trees exactly at a 

7 m distance from the center of each plot (to overcome any error during field measurement). If 

the boundary trees are avoided to avoid potential overestimation, the values in the basal area do 

not change much. In the changed condition, the total basal area is reduced to 4 m2 ha-1, 5 m2 ha-1 

and 2 m2 ha-1 for downstream R. stylosa, downstream B. gymnorrhiza and upstream B. 
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gymnorrhiza, respectively. The changed diameter >5 cm comprises 78% for downstream R. 

stylosa, and 99% for both downstream and upstream B. gymnorrhiza stands.  

Table 6.7 

The present study site in the Ishigaki is a riverine mangrove but the study site reported by Suzuki 

and Tagawa (1983) was the mangrove very close to the sea. Generally, mangroves close to the 

sea face more stressful conditions than the riverine mangroves. The salinity in this region might 

not create stress conditions to resist the increase in D and H.  

The present basal area has similarity to the basal area reported by Kamruzzaman et al. (2019) 

(40-47 m2 ha-1) in Okinawa Island, Japan. Again, the basal area in the Miyara River area (1-6.2 

m2 ha-1) occupied by  5 cm D has similarity with the basal area (1.2-4 m2 ha-1) reported by Trettin 

et al (2015). Kusmana et al (1992) reported lower basal area (2.5 m2 ha-1 for Rhizophora spp. and 

1.2-20.9 for Bruguiera spp.) with higher D (31.8 cm for Rhizophora spp. and 14.8-29.7 cm for 

Bruguiera spp.) than the present study. The stand density reported in his research (32 ha -1 for R. 

stylosa and 52-300 ha -1 for Bruguiera spp.) was lower than the present study. So, it is shown that 

the high mean D can show a low basal area if the stand density is low. Describing the singular 

cause behind the high basal area in the Miyara River mangrove area presents a challenge due to 

its complexity. In our sites, extremely high stand density contributes to a higher basal area 

compared to the mangrove forest reported by Suzuki and Tagawa (1983) in Ishigaki Island, even 

if D is smaller.  

6.5.2 Belowground coarse and fine root distribution 

Stress condition like high salinity reduces AGB (Sherman et al. 2003); and BGBcoarse allocation is 

positively correlated with that of aboveground parts because these are controlled by the same 

edaphic factors (Liu et al. 2021). But in our case, the salinity downstream (0.75˗1.09%) was quite 

lower compared to the salinity of the downstream sites of the Okukubi River (2.58˗2.63%; Suwa 

et al. 2009) and the Fukido River (2.97˗3.30%; Yoshikai et al. 2022) which implies that the 

salinity level in the present study stands might not be enough to limit BGBcoarse. It denotes that 

the insufficiency of salinity to limit AGB allocation also affects on BGBcoarse. The higher BGBcoarse 

in the downstream stands than in the upstream stands was found in the present study site, which 

was similar to a previous report for Avicennia marina and Aegiceras corniculatum dominated 

mangroves (Ball et al. 1997) where they found higher BGBcoarse with increasing salinity. In 

addition, a linear trend of increasing BGBcoarse with increasing soil pore water salinity was 

observed in Rhizophora mangle and Laguncularia racemosa dominated mangrove forest at 
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Samana Bay, Dominican Republic (Sherman et al. 2003). Moreover, the higher BGBcoarse in the 

downstream stands might be a consequence of the higher soil N in this area than in the upstream 

stands. Also, the root shoot ratio (RSR) has implications for BGBcoarse allocation, which generally 

correlates negatively with H (Wang et al. 2018). In the present study in the Miyara River 

mangrove, RSR was significantly higher in the R. stylosa stands than in the downstream B. 

gymnorrhiza stands (p < 0.01, One-way ANOVA, Bonferroni post-hoc test, Table 4.5) where H 

decreased significantly.  

One of the causes of higher RSR in the R. stylosa stand than in B. gymnorrhiza stands was that a 

significant part of the root mass was allocated to AGBroot in R. stylosa whereas most of the root 

mass was allocated to BGBcoarse in B. gymnorrhiza (Kamruzzaman et al. 2019). 

Table 6.8 

Komiyama et al. (1987) observed the higher root biomass within a denser Rhizophora spp. forest 

compared to that of less dense Bruguiera spp. and Sonneratia spp. forests. In the present study, 

we also found higher BGBcoarse in dense R. stylosa stands (11306 ha-1) than in less dense B. 

gymnorrhiza stand (2572˗4109 ha-1) although the variation in tree density was not significant 

(Table 4.1). 

The mean BGBcoarse of B. gymnorrhiza plot (56.8 Mg ha−1) in Manko Wetland in the present 

study was lower; and B. gymnorrhiza stands along Miyara river (231.5-294.2 Mg ha−1) was higher 

than that of B. gymnorrhiza dominated stand (106.6˗173.3 Mg ha−1) in southern Thailand 

(Komiyama et al. 1987). The mean BGBcoarse of the present study was consistent with BGBcoarse 

found in the Sundarban mangrove forest in Bangladesh (Table 6.9). BGBcoarse of the present study 

lies in the range of BGBcoarse of Hawkesbury river, Australia, Rookery bay and naples bay, Florida, 

USA, Mayaguez, Puerto Rico, Samana bay, Dominican Republic and Manko Wetland, Japan 

(Table 6.8), higher than that of mangroves in Western Australia and Thailand (Table 6.9), and 

lower than that of mangroves in Indonesia, Brisbane River, Australia, Thailand and Pacific coast, 

Panama (Table 6.8). 

Table 6.9 

The significantly lower fine root mass in the downstream B. gymnorrhiza stands than in the R. 

stylosa stands in the present study was consistent with a fine root study on Iriomote Island, Japan 

near the present study site (Fujimoto et al. 2021). The fine root contribution to the total 

belowground biomass in the present study (7.3˗29.1%) was consistent with that of mangroves in 

the Dominical Republic (12%, Sherman et al. 2003), Taylor River (14%, Castañeda-Moya et al. 

2011) and Shark River (18%, Castañeda-Moya et al. 2011) in the USA; and Micronesia (13˗22%, 

Cormier et al. 2015); and lower than that in Thailand (46.3˗56.8%, Chalermchatwilai et al. 2011, 
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Komiyama et al. 1987) (Table 6.7). Lower fine root masses were observed in the low latitudes 

(Table 6.7) with some exceptions as high fine root mass was observed in low latitude in southern 

Thailand (137.5˗236.4 Mg ha-1, Komiyama et al. 1987) where they used the trench method, and 

low fine root biomass was observed in high latitude in Mexico (1.8 Mg ha-1, Adame et al. 2014) 

where they applied ingrowth core method. It should be noted that these previous studies 

(Komiyama et al. 1987, Adame et al. 2014) applied different sampling methods from the method 

used in the present study.  

 

6.5.3 Growth conditions at both the study sites  

The relatively high soil salinity observed in the downstream stands compared to that in the 

upstream stands (Table 4.2) in the Miyara River area, was similar to the results of previous studies 

on mangroves in Japan (Suwa et al. 2009; Enoki et al. 2009; Yoshikai et al. 2022). These studies 

reported lower canopy heights (Suwa et al. 2009; Enoki et al. 2009) and lower AGB (Yoshikai et 

al. 2022) at downstream sites than at the upstream. In contrast, the present study found that H of 

B. gymnorrhiza was significantly higher at the downstream stand than at the upstream stand, even 

though the downstream stands had higher soil salinity and pH than the upstream stands. 

Furthermore, both D and AGB in the B. gymnorrhiza stands showed insignificant variation 

between downstream and upstream stands. Thus, the results in the present study were not similar 

to those of previous studies (Suwa et al. 2009; Enoki et al. 2009; Yoshikai et al. 2022), which 

may be partly due to the difference in soil salinity between the present study site and other 

mangroves reported by the previous studies, that is, the soil salinity in the downstream stands in 

the present study site ranged from 0.76-0.91% which was apparently lower than 2.58-2.63% at 

the downstream site in the Okukubi River (Suwa et al. 2009) and 2.97-3.30% at the downstream 

site in the Fukido River (Yoshikai et al. 2022). Therefore, we concluded that the salinity 

conditions at the downstream site in the present study may not be sufficient to limit the growth 

of mangrove trees. On the other hand, soil N was significantly higher at the downstream stands 

than at upstream stands in the present study site, which can partly explain the reason why the 

downstream B. gymnorrhiza stands showed higher mean values in D, H, AGB, BGBcoarse, and fine 

roots mass than the upstream B. gymnorrhiza stands (Table 2.1 of Chapter 2 and Table 6.1).  

In the Manko Wetland, the K. ovotata plot showed the lowest tree density among the species 

plots having wt (individual phytomass) of 39.2 kg which is followed by R. stylosa and B. 

gymnorrhiza with wt as 10.8 kg and 5.6 kg, respectively. This denotes K. ovotata as the pioneer 

in this region because stand density decreases with the increase of wt according to self-thinning 

theory. The lowest H and D of B. gymnorrhiza also support that it is in the growing stage.  
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6.5.4 Above and belowground biomass increment 

Stem and branch biomass increment were two major components contributing to the total AGB 

of all the species in the two sites. Leaf biomass increment of B. gymnorrhiza in the Manko 

Wetland (2 Mg ha−1 y−1) was quite higher than in Miyara River (0.1-0.7 Mg ha−1 y−1) while the 

biomass increments were not significantly different between the two study sites. The mangrove 

forest along the Miyara River was old-growth and B. gymnorrhiza was a pioneer species with a 

higher diameter (13-17 cm) and height (6.7-8.2 m) class but B. gymnorrhiza in the Manko 

Wetland was a young stand with a low diameter (4.1 cm) and height (3.9 m) class (Table 2.1, 

Chapter 2). The growing stage of B. gymnorrhiza in Manko Wetland might be one reason for 

producing more leaves. The aboveground root contributed to the AGB as well as total biomass of 

R. stylosa which was absent in other species. R. stylosa produces aboveground roots which 

contribute to the aboveground biomass but the root system is mainly belowground for B. 

gymnorrhiza and K. obovata although they produce aboveground roots (Kamruzzaman et al. 

2019), which were not included in this study. AGBroots contributed 18-19% to the AGB of R. 

stylosa in the present study which is slightly higher to the contribution reported for Rhizophora 

species found in the Matang mangrove forest in Malaysia (13%, Ong et al. 2004) and mangrove 

forest in East Sumatra, Indonesia (13%, Kusmana et al. 1992). The AGB increment of R. stylosa 

in the present study (11-13, Mg ha−1 yr−1) was higher than R. mangle dominated mangrove forests 

at Laguna de Términos, Mexico (8-12 Mg ha−1 y−1; Day et al. 1987) and 6 Mg ha−1 yr−1 recorded 

for R. stylosa at Missionary Bay, Australia (Clough 1998) and but is consistent with the value 

measured in Manko Wetland (16 Mg ha−1 yr−1, Kamruzzaman et al. 2019). Kangkuso et al. (2016) 

showed that the AGB of mangrove forest differs depending on tree age, stand structure and 

environmental characteristics. 

 

6.5.5 Aboveground net primary production 

Total litterfall is an important component playing a major role to the NPPAG. The contribution of 

litterfall to the NPPAG in the present study (41-75%) showed similarity with mixed species stands 

of Dominican Republic (42%, 19.7 Mg ha-1, Sherman et al. 2003). The litterfall were higher in 

the present study than that of the K. obovata dominated mangrove patch of Manko Wetland (29.9-

32.1 Mg ha-1, Khan et al. 2009) and K. obovata-R. stylosa-B. gymnorriza dominated forest in 

Manko Wetland (28.6 Mg ha-1, Kamruzzaman et al. 2017), which for both litterfall contributed 

35% of NPPAG. NPPAG of R. stylosa in the present study was similar to the R. mangle (28 Mg ha-

1) dominated mangrove forest in Florida, USA (Ross et al. 2001) having 19-21% biomass 

increment as AGBroot, R. stylosa in the Manko Wetland (49 Mg ha-1, Kamruzzaman et al. 2017) 
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having 6% AGBroot increment, but more than the R. apiculata mangrove of Malaysia (12-22 Mg 

ha-1, Ong et al. 1981). NPPAG in the present study was lower than that in the Rhizophora-

Bruguiera spp. dominated mangroves of Sawi Bay and Florida, USA having 19% AGBroot 

increment in both cases (49 Mg ha-1, Alongi et al. 2000 and 55 Mg ha-1, Carter 1973).  

 

6.5.6 Contribution of BGBcoarse and fine roots to NPPBG 

Total BGBcoarse increment and fine roots production of B. gymnorrhiza and R. stylosa were 

relatively higher in the Miyara River mangrove than that in the Manko Wetland mangrove. 

Belowground biomass is positively correlated with that of aboveground parts because these are 

controlled by the same edaphic factors (Liu et al. 2021). Moreover, higher soil N in the 

downstream part (0.16-0.17%, Table 3.2, Chapter 3) of the Miyara River than that in the upstream 

(0.12%, Table 3.2, Chapter 3) supports the higher belowground production in the downstream. 

BGBcoarse increment in the present study (1-6 Mg ha-1) are in a similar range to the mangroves of 

mixed species in Panama, Australia, and New Zealand (3-5 Mg ha-1, Lovelock 2008), Rhizophora 

mangle dominated mangrove of Twin Cays, Belize (1-5 Mg ha-1, McKee et al. 2007). The total 

fine root production in the present study (2-7 Mg ha-1) was lower than that of Sonneratia alba 

dominated mangrove in Okat River, Micronesia (8 Mg ha-1, Gleason and Ewel 2002) and mixed 

species mangrove in Shark river and Tylor River, Florida, USA (4-7 Mg ha-1, Castaneda-Moya 

et al. 2011) and more than the mixed species mangrove of Yela river and Sapwalap river, 

Micronesia (1-5 Mg ha-1, Cormier et al. 2015) but has similarities with  Rhizophora mangle 

dominated mangrove in Rokey bay and Naples bay, Florida, USA (3-4 Mg ha-1, Giraldo Sánchez 

2005), Ryzophoracea family dominated mangroves in Windstar and Henderson Creek, Florida, 

USA (1-3 Mg ha-1, McKee and Faulkner 2000).  

 

6.5.7 NPP in the Miyara River mangrove and the Manko Wetland mangrove 

The total NPP of B. gymnorrhiza stand was higher in the downstream plots than in upstream plots 

at the Miyara River sites although the differences were insignificant. Soil pore water salinity was 

higher in the downstream stand than in the upstream stand. The salinity was quite lower in the 

downstream (0.75-1.09%, Table 2.3, Chapter 2) compared to that in the downstream sites of 

Okukubi River (2.58˗2.63%; Suwa et al. 2009) and in the Fukido river (2.97˗3.30%; Yoshikai et 

al. 2022) which implies that the salinity level in the present study might not be enough to limit 

productivity. The higher soil N content could promote higher productivity in the downstream 

stand than in the upstream stand. The total belowground root production was lower in R. stylosa 

than that of downstream B. gymnorrhiza which was due to the fact that a significant part of AGB 
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was allocated for the aboveground aerial root of R. stylosa which was considered negligible for 

B. gymnorrhiza. The mean temperature was higher along the Miyara River, Ishigaki Island, than 

in the Manko Wetland, Okinawa Island, which may explain the higher productivity along the 

Miyara River than in the Manko Wetland. Total NPP of all the species of the present study is 

more than Rhizophora forest, Xylocarpus-Bruguiera forest and Avicinnea-Sonneratia forest (12.4, 

10 and 12 Mg ha-1) of Eastern Thailand (Poungparn et al. 2012) and mixed forest of Sundarban, 

Bangladesh (21 Mg ha-1, Kamruzzaman et al. 2017). Both of the present study sites occupy river-

oriented mangroves and located near the sea. Thus, the sites are flushed recurrently by tides which 

may cause higher NPP due to being exposed to high nutrient concentrations. Similar findings 

were noticed in Kandellia-Rhizophora-Bruguiera dominated (43 Mg ha-1) mangrove of Okukubi 

River, Japan (Kamruzzaman et al. 2019) which has high NPP which is flushed frequently by tides. 

The value of RSR (root shoot ratio) is lower (0.35-0.52, Table 4.5) in the present study than the 

terrestrial inland forest of tropical areas (5–11, Ogawa et al. 1965). It indicates that a major 

portion of biomass in the mangrove is allocated to the belowground than in terrestrial plants 

which makes RSR in mangroves lower than terrestrial plants. Another reason for large biomass 

allocation in the belowground may be adapt to the harsh environment as cope with the stress of 

the saline and high-water tables environment. 
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Figures 

  

Fig. 6.1: The contribution of each of the increment of each of the components to the total NPP 

of the three species at two study sites. 
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Tables 

Table 6.1: Aboveground biomass AGB, belowground coarse root biomass BGBcoarse and fine root 

mass of upstream and downstream B. gymnorrhiza plots, and downstream R. stylosa plots of 

Miyara River mangrove and K. obovata, R. stylosa and B. gymnorrhiza plots of Manko Wetland 

mangrove. The AGB, BGBcoarse data of 2023 were used for the Miyara River mangrove and data of 

2022 were used for the Manko Wetland mangrove. The fine roots collected during March, 2021 to 

March, 2022 were used for the Miyara River mangrove and the mean of the fine roots collected 

from March, 2019 to March, 2020 and from March, 2021 to March, 2022 were used for the Manko 

Wetland mangrove. We used the mean data of each plot for making comparisons among stands in 

the Miyara River area but used the actual value for comparing among the species plots in Manko 

Wetland. Mean values are shown with S.D. Here, values matched with the different letters were 

significantly different (p < 0.05). 

 

 
Species 

AGB 

(Mg ha-1) 

BGBcoarse 

(Mg ha-1) 
Fine root mass (Mg ha-1) 

B. gymnorrhiza (upstream) 
261.4 

 ± 35.9ab 

110.5  

± 15.6b 

8.95  

± 3.26b 

B. gymnorrhiza (downstream) 
298.6  

± 100b 

122  

± 39b 

12.13  

± 1.21a 

R. stylosa (downstream) 
203.4 

± 66.3a 

52.3  

± 21a 

15.61  

± 1.16a 

K. obovata (Manko Wetland) 58.3 24.6 11.37  

R. stylosa (Manko Wetland) 243.6 66.5 7.42  

B. gymnorrhiza (Manko 

Wetland) 
148.8 59.3 8.85  
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Table 6.2: Increment of leaves, stems, branch, AGBroot and AGB (Mg ha-1 y-1) of upstream and 

downstream B. gymnorrhiza plots, downstream R. stylosa plots in the Miyara River mangrove, 

and K. obovata, R. stylosa and B. gymnorrhiza plots in the Manko Wetland of Japan. The biomass 

increments of leaf, stem, branch, AGBroot and AGB from 2022 to 2023 were used for the Miyara 

River mangrove whereas the mean of the biomass increments from 2019 to 2020 and from 2021 

to 2022 were used for K. obovata and R. stylosa, and biomass increment from 2021 to 2022 were 

used for B. gymnorrhiza to show the mean increment in the Manko Wetland mangrove. The For, 

Miyara River mangrove, (mean ± S.E) error bar shows the standard error of the plots. Proportion 

of biomass (%) to the total AGB increment is shown in parenthesis. 

Plots Leaf biomass 

increment in 

Mg ha-1 y-1 

Stem biomass 

increment in 

Mg ha-1 y-1 

Branch biomass 

increment in  

Mg ha-1 y-1 

AGBroot biomass 

increment in  

Mg ha-1 y-1 

Total AGB 

increment 

(Mg ha-1 y-1) 

B. gymnorrhiza 

(upstream, Miyara river) 

0.1 ± 0.8  

(1%) 

1.7 ± 4  

(32%) 

3.7 ± 3  

(67%) 

- 

- 

5.4 ± 8 

B. gymnorrhiza 

(downstream, Miyara 

river) 

0.5 ± 0.5 

(5%) 

4.1 ± 2  

(39%) 

5.8 ± 2  

(56%) 

- 

- 

10.4± 5 

R. stylosa (downstream, 

Miyara river) 

0.7 ± 0.6 

(6%) 

6.4 ± 5  

(55%) 

2.1 ± 2  

(18%) 

2.5 ± 1  

(21%) 

11.7 ± 8 

K. obovata (Manko 

Wetland) 

0.1  

(5%) 

1  

(49%) 

1 

(46%) 

- 2.1  

R. stylosa (Manko 

Wetland) 

0.5   

(4%) 

5.5  

(53%) 

2.5 

(24%) 

1.9   

(19%) 

10.5  

 

B. gymnorrhiza (Manko 

Wetland) 

1.9  

(15%) 

 

7.2  

(55%) 

3.9  

(30%) 

- 13 
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Table 6.3: Increment of AGB, total litterfall, tree dead mass increment, and NPPAG (Mg ha-1 y-1) 

of upstream and downstream B. gymnorrhiza stands, downstream R. stylosa stand along the 

Miyara River, and K. obovata, R. stylosa and B. gymnorrhiza plots in the Manko Wetland of 

Japan. The AGB and tree dead mass increments, and total litterfall production from 2022 to 2023 

were used for the Miyara River mangrove whereas in the Manko Wetland mangrove, the mean 

values from 2019 to 2020 and from 2021 to 2022 were used for K. obovata and R. stylosa, and 

from 2021 to 2022 were used for B. gymnorrhiza. Here, the comparison was done within the 

Miyara River species stands. Letter matched with different values show significant variation. 

Proportion of the components (%) to the NPPAG is shown in parenthesis. 

 

Plots 
AGB 

increment 

Total litterfall 

production 

Tree dead mass 

increment 

NPPAG 

(Mg ha-1 y-1) 

B. gymnorrhiza  

(upstream, Miyara River)) 

5.4 ± 8a 

(24%) 

12.7 ± 0.5a 

(54%) 

5.1 ± 5a 

(22%) 

23.2 ± 6a 

 

B. gymnorrhiza  

(downstream, Miyara River) 

10.4± 5a 

(41%) 

14.1 ± 0.8ab 

(55%) 

0.9 ± 1.2a 

(4%) 

25.3 ± 3a 

 

R. stylosa  

(downstream, Miyara River) 

11.7 ± 9a 

(42%) 

15.2 ± 0.7b 

(54%) 

1.1 ± 2.1a 

(4%) 

28 ± 7a 

 

K. obovata  

(Manko Wetland 

2  

(18%) 

9  

(76%) 

0.7  

(6%) 

11.7 

R. stylosa  

(Manko Wetland) 

10.5  

(45%) 

12  

(51%) 

1  

(4%) 

23.6 

B. gymnorrhiza (Manko 

Wetland) 

13 

(56%) 

9.6  

(41%) 

0.8 

(3%) 

23.3 
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Table 6.4: ∆BGBcoarse-living, ∆BGBcoarse-dead, fine root production, NPPBG (Mg ha-1 y-1) of upstream 

and downstream B. gymnorrhiza plots, downstream R. stylosa plots in Miyara river mangrove, 

and K. obovata, R. stylosa and B. gymnorrhiza plots in Manko Wetland of Japan. The ∆BGBcoarse-

living, ∆BGBcoarse-dead, fine root production and NPPBG from 2022 to 2023 were used for the Miyara 

River mangrove whereas mean values from 2019 to 2020 and from 2021 to 2022 were used for 

K. obovata and R. stylosa, and values from 2021 to 2022 were used for B. gymnorrhiza to show 

the mean increment in the Manko Wetland mangrove. Here, the comparison was done within the 

Miyara River species stands. Letter matched with different values show significant variation. 

Proportion of the components (%) to the NPPBG is shown in parenthesis. 

 

 

 

 

 

 

 

 

Plots 
∆BGBcoarse-living 

in   Mg ha-1 y-1 

 

∆BGBcoarse-dead 

in Mg ha-1 y-1 

 

Fine root production 

in Mg ha-1 y-1 
NPPBG 

(Mg ha-1 y-1) 

B. gymnorrhiza  

(upstream, Miyara River)) 

4.5 ± 3a 

(46%) 

2.5 ± 4a 

(26%) 

2.8 ± 1a 

(28%) 

9.8 ± 6a 

B. gymnorrhiza  

(downstream, Miyara River) 

4.5 ± 1a 

(45%) 

0.4 ± 0.6a 

(3%) 

5.2 ± 2a 

(52%) 

10 ± 3a 

R. stylosa  

(downstream, Miyara River) 

 

2.7 ± 2a 

(31%) 

0.3 ± 0.5a 

(4%) 

5.6 ± 3a 

(65%) 

8.6 ± 4a 

K. obovata  

(Manko Wetland) 

0.6  

(8%) 

 

0.3  

(3%) 

6.5 

(89%) 

7.5 

R. stylosa  

(Manko Wetland) 

2.5  

(52%) 

 

0.3  

(6%) 

 

2.7 

(42%) 

5.6 

B. gymnorrhiza  

(Manko Wetland) 

5.5 

(61%) 

0.3 

(3%) 

3.3 

(36%) 

9.1 
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Table 6.5: Aboveground biomass increment (AGB), belowground biomass (BGBcoarse) increment, 

fine root production, total litterfall, tree dead mass increment, and net primary production (NPP) 

of upstream and downstream B. gymnorrhiza plots, downstream R. stylosa plots in Miyara river 

mangrove, and K. obovata, R. stylosa and B. gymnorrhiza plots in Manko Wetland of Japan. The 

increments from 2022 to 2023 were used for the Miyara River mangrove whereas in the Manko 

Wetland mangrove, the mean values from 2019 to 2020 and from 2021 to 2022 were used for K. 

obovata and R. stylosa, and from 2021 to 2022 were used for B. gymnorrhiza.  Here, the 

comparison was done within the Miyara River species stands. Letter matched with different 

values show significant variation. 

 

Plots 

NPPAG (Mg ha-1 y-1) NPPBG (Mg ha-1 y-1) 

Total NPP 

(Mg ha-1 y-1) AGB 

increment  

Total 

litterfall 

production 

Tree dead 

mass 

increment 

BGBcoarse increment 

 

Fine root 

production  
BGBcoarse  

biomass  

 

BGBcoarse  

dead mass 

 

B. gymnorrhiza 

(upstream, 

Miyara River)) 

5.4 ± 8a 12.7 ± 0.5a 5.1 ± 5a 4.5 ± 3a 2.5 ± 4a 2.8 ± 1a 

 

33 ± 12a 

B. gymnorrhiza 

(downstream, 

Miyara River) 

10.4± 5a 14.1 ± 0.8ab 0.9 ± 1.2a 4.5 ± 1a 

 

0.4 ± 0.6a 5.2 ± 2a 

 

35.3 ± 5a 

 

R. stylosa 

(downstream, 

Miyara River) 

11.7 ± 9a 15.2 ± 0.7b 1.1 ± 2.1a 2.7 ± 2a 

 

0.3 ± 0.5a 5.6 ± 3a 

 

36.3 ± 9a 

 

K. obovata 

(Manko 

Wetland) 

2  9 

 

0.7  0.6 0.3  6.5 19.3 

R. stylosa 

(Manko 

Wetland) 

 

10.5  12 1  2.5 

 

0.3 

 

2.7 29 

B. gymnorrhiza 

(Manko 

Wetland) 

13 9.6  0.8 5.5 0.3 3.3 32.4 
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Table 6.6: Locations, forest types, dominant species, latitude, aboveground biomass AGB, tree 

density  (ha-1), basal area (m2 ha-1) and mean H (m) at different mangroves. 

 

 

Table 6.7: The changed total basal area (m2 ha-1) of upstream and downstream B. gymnorrhiza 

and downstream R. stylosa stands along with the changed contribution (%) of trees of D  5 cm 

and D >5 cm avoiding the trees at the 7 m from the center.  

Stands 
Basal area 

Total (m2 ha-1) D  5 cm D >5 cm 

B. gymnorrhiza 

(upstream) 

49.9 1.3% 98.7% 

B. gymnorrhiza 

(downstream) 

47.9 0.6% 99.4% 

R. stylosa 

(downstream) 

28.1 21.9% 78.1% 
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Table 6.8: Locations, dominant species, latitude, total belowground biomass BGBtotal including 

coarse and fine roots mass, fine roots mass percentage in BGBtotal, and root shoot ratio RSR are 

shown for different mangroves. 

Locations Dominant Species
Latitude (0)

BGBtotal

(Mg ha-1)

Fine roots 

(Mg ha-1)

Fine roots mass to 

BGBtotal (%)

Root shoot ratio 

(RSR) Reference

Miyara River, Ishigaki

(Downstream)
R. stylosa 24.35 52.3 13 21 0.52a Present study

Miyara River, Ishigaki 

(Downstream)
B. gymnorrhiza 24.35 122 11 8.6 0.35b Present study

Miyara River, Ishigaki 

(Upstream)
B. gymnorrhiza 24.35 110.5 6.4 5.7 0.35b Present study

Celestun, Yucatan, Mexico Rhizophora spp 20.71 11.3 1.8 15.9 N/A
Adame et al. 

(2014)

Taylor River, US Rhizophora spp 38.92 23.2 3.2 13.8 1.96
Castañeda-Moya

et al. (2011)

Shark River, US Rhizophora spp 40.19 31.9 5.8
18.2

0.35
Castañeda-Moya 

et al. (2011)

Trat River, Thailand R. stylosa 12.24 42.9 21.9 51 N/A
Chalermchatwilai 

et al. (2011)

Samana Bay, Dominican 

Republic
Rhizophora spp 19.10 66 7.9 12 N/A

Sherman et al. 

(2003)

Southern Thailand Bruguiera spp. 9.97 242.6 137.5 56.8 N/A
Komiyama et al. 

(1987)

Southern Thailand Rhizophora spp 9.97 509.5 236.4 46.4 N/A
Komiyama et al. 

(1987)

Magueyes Island, Puerto 

Rico
Rhizophora spp 18 3.9 2.4 62.1 0.68

Golley et al. 

(1962)

Yela river, Micronesia Bruguiera spp. 5.32 9.5 1.5 15.8 0.07
Cormier  et al. 

(2015)

Yela river, Micronesia Rhizophora spp 5.32 14.3 1.8 12.6 0.05
Cormier  et al. 

(2015)

Sapwalap river, 

Micronesia
Bruguiera spp. 6.95 4.5 1.7 37.8 0.05

Cormier  et al. 

(2015)

Sapwalap river, 

Micronesia
Rhizophora spp 6.95 13.7 2.9 21.2 0.02

Cormier  et al. 

(2015)  
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Table 6.9: Comparison of BGBcoarse (Mg ha-1) of the present study with other studies 

Location BGBcoarse (Mg ha-1) Reference 

Miyara River, Ishigaki 52.3-122 Present study 

Sundarban, Bangladesh 82 Kamruzzaman et al. 2018 

Hawkesbury River, Australia 35˗166 Saintilan 1997 

Rookery Bay and Naples bay, 

Florida, USA 

61.85˗153.95 Giraldo Sánchez 2005 

Mayaguez, Puerto Rico 64.4 Golley et al. 1962 

Samana Bay, Dominican 

Republic 

67.8 Sherman et al. 2003 

Manko Wetland, Japan 71.8 Khan et al. 2009 

Manko Wetland, Japan 71.5 Khan and Kabir 2017 

Western Australia 17.90˗50.30 Alongi et al. 2000 

Thailand 25.48˗45.77 Poungparn et al. 2016 

Thailand 84.80˗509.50 Komiyama et al. 1987 and 

Komiyama et al. 2000 

Indonesia 164.44˗178.45 Komiyama et al. 1988 

Brisbane River, Australia 109˗127 Mackey 1993 

Pacific coast, Panama 306 Golley et al. 1969 
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Chapter 7 

7. Conclusion and recommendation 

In Chapter 2, the downstream stand of the Miyara River mangrove was characterized by higher 

salinity and lower pH than the upstream area but the estimated mean D, AGB, and BGBcoarse were 

not significantly higher in the upstream B. gymnorrhiza stands than those in the downstream B. 

gymnorrhiza stands. In addition, the H ˗ D relationships also did not differ between the upstream 

and downstream B. gymnorrhiza stands. Mean D, mean H, AGB and BGBcoarse were lower in the 

R. stylosa stands than that in the B. gymnorrhiza stands at downstream area. In the Manko 

Wetland, significant difference among soil salinity and pH was observed. Higher soil N could 

account for higher fine root production in K. obovata than other two plots.  

In Chapter 3, allometric models were developed using simple allometric equations based on 

power functions to predict the biomass of the different components of a tree for two species. The 

coefficients differed between the two species due to differences in height and diameter classes 

which affected the biomass distribution. The general view showed that the Miyara River 

mangrove is an old-growth mangrove forest but the mangrove in the Manko Wetland is relatively 

young with a low diameter (4.1) and height (3.9 m) class. The developed biomass allometric 

models of B. gymnorrhiza and R. stylosa will be useful to assess the biomass, nutrients and carbon 

cycling in this region which might be helpful for future sustainable mangrove forest management. 

Moreover, the findings of this study can contribute to planning for utilization and management 

of these species in nearby subtropical areas.  

In Chapter 4, I found that all the species showed the highest total litterfall in summer including 

litterfall of leaves and stipules, and the lowest in winter. The litterfall of flowers and fruits peaked 

in July for R. stylosa, and in August and again in October–November for K. obovata. Finally, it 

was observed that the temperature and rainfall impacted the seasonality of litter production 

whenever litters were collected monthly, found that the maximum litterfall was found during high 

temperature and rainfall season.  A strong correlation between the monthly production of litterfall 

with temperature and rainfall was observed in the Miyara River mangrove but not found in 

another site. Furthermore, the litterfall production varied between the species although no 

significant variation was observed in litterfall between upstream and downstream stands in the 

Miyara River area. The amount of litterfall was higher in the Miyara River mangrove than in the 

Manko Wetland, likely because the Miyara River mangrove is a naturally developed old-growth 

forest which showed higher diameter and height class along with higher tree density compared 

to the Manko Wetland, suggesting higher production of foliage.  
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In Chapter 5, seasonal variation in fine root production, mortality within the same species stand 

was clearly observed in the Miyara River mangrove but the variation was not clear in the Manko 

Wetland mangrove. Moreover, biomass and necromass in different sampling months in both sites 

showed variation whereas the very fine roots showed higher values than fine roots. The high 

amount of necromass indicated that a large amount of organic matter is available for 

decomposition that enrich production. There was significant seasonal variation in soil salinity 

and pH between upstream and downstream sites, and between species downstream but the 

correlation with fine root production was not significant in the Miyara River mangrove. Contrast 

to the Miyara River mangrove, seasonal variations of soil salinity, pH were not significant for 

any species in the Manko Wetland mangrove. Differences were found between species plots, 

which were however not significantly correlated with fine root production. 

In Chapter 6, NPP was higher, although not significant, downstream than upstream in B. 

gymnorrhiza despite higher soil salinity. Insignificant difference in NPP was observed between 

the two species downstream. The NPP between the three species at the Manko Wetland cannot 

be compared although difference in soil N was observed. The variation in litterfall and fine root 

production did not impact on the total NPP. A similar contribution of the belowground biomass 

increments was observed in two study areas (6-19% in the Miyara River mangrove and 9-16% in 

the Manko Wetland mangrove). There was no significant variation in the belowground root 

production among different species or same species between upstream and downstream, although 

there was significant differences in the carbon allocation (biomass) to fine roots and coarse roots 

between the species.    

Total dead mass increment of upstream B. gymnorrhiza was higher than that in downstream, and 

seems unusual, requiring further studies over multiple years to clarify the overall scenario of the 

increment of dead mass. At a glance, I observed that one upstream B. gymnorrhiza plot among 

the four plots, very close to the bank of the Miyara River with the highest diameter and height 

classes, was severely damaged during the cyclone.  

In the Manko Wetland, I found comparatively lower values of the total NPP in the K. obovata 

plot than in the other two species plots. Very low tree density in K. obovata plot resulted in less 

biomass and litter production than the other two species.  

The contribution of the components to total NPP was very similar in the two study areas. Shared 

species characters and natural habitats might be responsible for this similarity. R. stylosa 

generally grows at the edge of the rivers and produces stilt or prop roots. One of the functions of 

this kind of specialized root is to provide mechanical strength. This root system might be 

responsible for the relatively higher contribution of fine roots in R. stylosa than B. gymnorrhiza 
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because a part of the specialized root system enters into soil which might contribute to fine root 

production. The growth condition of the relatively younger B. gymnorrhiza in the Manko Wetland 

mangrove (low D and H class) than Miyara River mangrove denotes that the trees grows better 

in the early stage. Significantly higher fine root production for K. obovata than for the other two 

species in the Manko Wetland could potentially be related to the fact that K. obovata grows in 

the clay and muddy environment, which is favorable for fine root production, while  the other 

two species grow in sandy environments. 

Several implications for the management of mangrove forests and designing further studies were 

obtained. In the Miyara River mangrove, there was no clear difference in biomass carrying 

capacity along the tidal gradient within the B. gymnorrhiza stands through the analysis of wt ˗  

relationship. However, it is necessary to conduct further research on the biomass carrying 

capacity in various mangroves because mangroves show wide variations in forest structure due 

to their complex environmental dynamics. Long-term observation would provide valuable 

information to deepen our comprehension about growth condition in both above- and 

belowground parts. 

The present study indicates that the NPP of the mangrove forest near the northern limit of its 

geographical distribution along the Miyara River of Ishigaki Island and in the Manko Wetland of 

Okinawa Island contributes to global blue carbon budget because high biomass accumulation and 

productivity designates high carbon turnover of the species stands. It can be used as important 

information to the decision makers involved in mangrove forest management. 
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Fig. S3.1 (a-c): The stem diameter D ̠  height H relationships of a) R. stylosa plots, b) downstream 

B. gymnorrhiza plots and c) upstream B. gymnorrhiza plots, respectively wherever each line 

represents a regression result for each plot based on Eq. 7. 
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Fig. S4.2 

 

Fig. S3.2: One of the R. stylosa plots near the edge of the river. Some of the R. stylosa trees were 

severely damaged. 
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Fig. S4.2: Daily litterfall of a) leaves, b) stipules, c) branches, d) flowers, e) fruits and f) 

propagules along the Miyara river mangrove. Here blue, red and black lines represent upstream 

B. gymnorrhiza, downstream B. gymnorrhiza and downstream R. stylosa stands, respectively. 

Litterfall were collected every 26th and 27th of each month from March 2022 to February 2023. 
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Fig. S4.3: Daily litterfall of a) leaves, b) stipules, c) branches, d) flowers, e) fruits and f) 

propagules in the Manko Wetland. Here blue, red and black lines represent K. obovata, R. stylosa 

and B. gymnorrhiza plots, respectively. Litterfall were collected on May 18, October 10 in 2019 

and January 24 and March 26 in 2020. 
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Fig. S4.4: Daily total litterfall a) along the Miyara river mangrove and b) in the Manko Wetland 

mangrove. Here blue, red and black lines represent in a) upstream B. gymnorrhiza, downstream 

B. gymnorrhiza and downstream R. stylosa stands, respectively and b) K. obovata, R. stylosa and 

B. gymnorrhiza plots, respectively.  
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Table S5.1: Total fine root production (Mg ha-1 y-1) and mortality (Mg ha-1 y-1) of three species in 

the Miyara River mangrove and three species in the Manko Wetland using sequential core method.  

 

 

Table S5.2: Total fine root production, mortality, and decomposition of three species (Mg ha-1 y-

1) in the Manko Wetland mangrove. Here, ingrowth core method was used to extract fine root 

samples.  

 

Plot Location 

Total fine root production 

(Mg ha-1 y-1) 

Total fine root mortality 

(Mg ha-1 y-1) 

B. gymnorrhiza 

(upstream) 

Miyara river, 

 Ishigaki 

2.8 1.3 

B. gymnorrhiza 

(downstream) 

Miyara river, 

 Ishigaki 

5.2 2.5 

R. stylosa 

(downstream) 

Miyara river, 

 Ishigaki 

5.6 2.9 

K. obovata 

Manko Wetland,  

Okinawa 

6.5 5.4 

R. stylosa 

Manko Wetland,  

Okinawa 

2.7 1.3 

B. gymnorrhiza 

Manko Wetland, 

 Okinawa 

3.3 1.1 

 

Plots 

K. obovata R. stylosa B. gymnorrhiza 

Production (Mg ha-1 y-1) 6.07 3.60 4.92 

Mortality (Mg ha-1 y-1) 4.24 2.23 2.97 

Decomposition (Mg ha-1 y-1) 0.28 0.11 0.19 
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