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ABSTRACT 
Mangroves in the subtropical area of Japan are growing in their northern limits, yet little 

is known of their phenology. This study was conducted to understand vegetative 

phenology, reproductive phenology, as well as to evaluate and compare the litterfall 

dynamics of three mangrove species in the family Rhizophoraceae, Bruguiera 

gymnorrhiza, Kandelia obovata, and Rhizophora stylosa at Manko Wetland, Okinawa 

Island, Japan. Leaf and stipule litterfall of B. gymnorrhiza occurred throughout the year, 

with distinct seasonal patterns. Kendall’s coefficient of concordance, W, revealed that 

the monthly changes in leaf and stipule litterfall of B. gymnorrhiza were strongly and 

significantly concordant among years. Leaf litterfall was linked to monthly maximum 

wind speed and monthly day length, and stipule litterfall to monthly mean air 

temperature, monthly maximum wind speed, and monthly rainfall. Branch litterfall 

showed no clear monthly pattern, but tended to vary with monthly maximum wind 

speed. Branch litterfall of B. gymnorrhiza increased exponentially with increasing 

monthly maximum wind speed. Mean leaf longevity of B. gymnorrhiza was 19 month. 

Mean total litterfall was 10.1 Mg ha-1 yr-1, with the largest component being vegetative 

organs (62 %). Flower and propagule litterfall of B. gymnorrhiza were highest in 

autumn and summer, respectively, and lowest in winter. The W values revealed that, of 

the reproductive organs, only flower litterfall had a significant monthly trend. Flower 

litterfall was correlated with monthly mean air temperature, monthly air relative 

humidity, and monthly rainfall. The conversion rate of flowers to propagules was 9.8 % 

in B. gymnorrhiza. The average development periods from flower buds to flowers and 

from flowers to mature propagules were approximately one and eight months, 

respectively. It took nine months to produce mature propagules from flower buds. 

Except for branches, all vegetative and reproductive litterfall components of B. 

gymnorrhiza had clear annual cycles. 

In case of K. obovata, the leaf and stipule litterfalls continued with a clear 

monthly pattern throughout the years. New leaf production and leaf fall peaked in 

summer, immediately after propagules fell. Leaf litterfall was linked to monthly mean 

air temperature, monthly maximum wind speed, and monthly rainfall, and stipule 

litterfall was linked to monthly day length and monthly maximum wind speed, 

respectively. Branch litterfall of K. obovata increased exponentially with increasing 
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monthly maximum wind speed. Kandelia obovata had a distinct flowering period, with 

the flowering phenophase starting in spring and continuing into summer. Fruit initiation 

started at the end of summer and continued into autumn, whereas propagule production 

occurred during winter and spring. Flowering of K. obovata was influenced by monthly 

mean air temperature, whereas fruit and propagule litterfall were significantly correlated 

with monthly day length and monthly mean air temperature, respectively. The present 

results showed that a small portion (6.1 %) of flowers developed into propagules. The 

average development period from flower buds to mature propagules was approximately 

11 months. Kendall’s consistency coefficient suggested that the monthly trends in 

vegetative and reproductive litterfall components, except branch, did not change 

significantly among years. 

Leaf and stipule litterfall of R. stylosa occurred throughout the year, with 

distinct seasonal patterns. Kendall’s coefficient of concordance, W, revealed that the 

monthly changes in leaf and stipule litterfall were strongly and significantly concordant 

among years. Leaf litterfall was significantly correlated with monthly maximum wind 

speed and monthly day length, and stipule litterfall was significantly correlated with 

monthly mean air temperature and monthly mean air relative humidity. Branch litterfall 

showed no clear monthly pattern and correlated well with monthly maximum wind 

speed. Branch litterfall of R. stylosa increased exponentially with increasing monthly 

maximum wind speed. Mean total litterfall was 12.3 Mg ha-1 yr-1, with the largest 

component being vegetative organs (78.5 %). Flower, fruit, and propagule litterfall of R. 

stylosa were all highest in summer and lowest in winter. The W values revealed that 

most reproductive organs in litterfall had significant monthly trends. Flower and fruit 

litterfall were significantly correlated with monthly day length and monthly mean air 

temperature, respectively. The conversion rate of flowers to propagules was 2.2 % in R. 

stylosa. The average development periods from flower buds to flowers, fruits, and 

mature propagules were approximately 2–3 months, 4–5 months, and 11–12 months, 

respectively. Except for branches, all vegetative and reproductive litterfall components 

of R. stylosa had approximately one-year cycles. 

Over three years, these species showed highest litterfall of leaves and stipules 

in summer and the lowest litterfall in winter. Litterfall of flowers and fruits peaked in 

July for R. stylosa, and in August and again in October–November for K. obovata. 
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Litterfall of flower buds, flowers, and propagules occurred throughout the year for B. 

gymnorrhiza, but was highest in summer. Litterfall of propagules was highest in 

September and May for R. stylosa and K. obovata, respectively. Kendall’s coefficient of 

concordance revealed that the monthly changes for leaf, stipule, flower, and fruit 

litterfalls of all the species were strongly and significantly concordant among the years. 

Total annual litterfall in R. stylosa was significantly different from K. obovata and B. 

gymnorrhiza, however, the later two species had no significant differences. Leaves 

contributed the most to the total litterfall of all the three species, and represented 58.4, 

54.0, and 50.4 % of the total litterfall for R. stylosa, K. obovata, and B. gymnorrhiza, 

respectively. Except for branches and flower bud primordia, all other components of 

litterfall had clear annual cycles for all three species. R.hizophora stylosa and K. 

obovata showed a negative correlation between leaf production and reproductive organ 

production, but B. gymnorrhiza tended to increase leaf production with increasing 

reproductive organ production.  

This study evaluated the litterfall dynamics of the mangrove B. gymnorrhiza 

along the Okukubi River, Okinawa Island, Japan. Leaf and stipule litterfall occurred 

throughout the year, with respective distinct monthly patterns, and could governed by 

monthly maximum wind speed and monthly day length, and monthly mean air 

temperature, respectively. Branch litterfall depended on monthly maximum wind speed 

and increased exponentially with increasing monthly maximum wind speed. Mean leaf 

litterfall of B. gymnorrhiza was 774.8 ± 95.8 g m-2 yr-1, which contributed the most to 

total litterfall and represented 65.8 % of total litterfall. Flower litterfall might be 

influenced by monthly mean air temperature. Annual leaf litterfall per plot was almost 

constant regardless of the tree density of the plot. Bruguiera gymnorrhiza showed a 

positive correlation between leaf production and reproductive organ production. 
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for B. gymnorrhiza at Manko Wetland and along the Okukubi River (r = 
0.27, p = 0.0006). ▲: 1st year- Manko; ▼: 2nd year- Manko; ◊: 3rd 
year- Manko; ■: 4th year- Manko; ■: 5th year- Manko; ●:1st year- 
Okukubi; ○:2nd year- Okukubi; ♦:3rd year-Okukubi. 
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CHAPTER I 

General Introduction 

 

1.1. Introduction 
Mangroves are assemblages of trees and shrubs that dominate the intertidal zone along 

coastlines, estuaries and islands in tropical and subtropical regions of the world 

(Middleton and Mckee 2001). Mangrove forests are an important natural resource for 

coastal communities in tropical countries (Tomlinson 1994), but they are under threat 

due to widespread degradation and enormous pressures to use the land to support other 

economic activities, such as aquaculture (Fortes 1988; Adeel and Pomeroy 2002). 

Mangroves are often important contributors to the primary production of near-shore 

environments, providing a food source for a range of organisms (Lugo and Snedaker 

1974; Odum and Heald 1975; Robertson et al. 1992; Coupland et al. 2005). The 

sustainable use of mangrove forest requires thorough understanding of the ecological 

processes by which mangrove forests are affected, and recover from both natural and 

man-associated disturbances (Padilla et al. 2004). 

 

1.1.1. Litterfall production 

Mangrove vegetation supports food web through its litterfall production. The study of 

quantitative aspects of litterfall is an important part of forest ecology, dealing with a 

major pathway for both energy and nutrient transfer in this type of ecosystem (Bray and 

Gorham 1964). In order to fully understand the biological processes of energy and 

nutrient cycles, the quantity and composition of litterfall and its seasonal pattern of fall 

throughout the year must be pursued (Hagihara et al. 1978). Much of the leaf material 

produced by mangroves directly enters the detrital food web, with comparatively little 

consumed by herbivores (Robertson and Duke 1987; Farnsworth and Ellison 1991; 

Coupland 2002; Coupland et al. 2005). In contrast, mangrove flowers and propagules 

are often a valuable food source for a host of animals, including insects and crabs 

(Robertson et al. 1990; Clarke 1992; Minchinton and Dalby-Ball 2001; Clark and 

Kerrigan 2002; Coupland et al. 2005). Patterns in the production of leaves and timing of 

flowering and fruiting have been linked to seasonal variation in environmental 
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conditions, including temperature and rainfall in tropical and subtropical mangrove 

communities (Fernandes 1999; Gwada et al. 2000; Ochieng and Erftemeijer 2002; 

Coupland et al. 2005). Consequently, it has been suggested that plant phonologies 

develop that are synchronized to local or regional environmental conditions (Fernandes 

1999). Manko Wetland, Okinawa Island, Japan, contains some of the most diverse 

mangrove communities such as Bruguiera gymnorrhiza (L.) Lamk., Kandelia obovata 

(S., L.) Yong, and Rhizophora stylosa Griff.,all in the family Rhizophoraceae, the most 

important family of true mangroves, which consists of 22 mangrove species and 

numerous hybrids found in tropical and subtropical areas of the world. However, very 

few studies have documented litter production (Hardiwinoto et al. 1989; Mokolensang 

and Tokuyama 1998) or leaf phenology and litterfall production (Gwada et al. 2000; 

Khan et al. 2009; Analuddin et al. 2009; Sharma et al. 2011, 2012) of these three species 

in the subtropics. Therefore, this study focuses on investigation of phenological changes 

and compares litterfall production among B. gymnorhiza, R. stylosa, and K. obovata. 

This study also describes the temporal variation of litterfall production of mangrove B. 

gymnorrhiza along the Okukubi River, Okinawa Island, Japan, over three years. 

 

1.1.2. Vegetative and reproductive phenology  

Litterfall production is the shedding of vegetative or reproductive plant structures 

(Siddiqui and Qasim 1990). Litterfall collection is a standard non-destructive technique 

for assessing the productivity, phenology, and turnover of biomass in a forest 

(Newbould 1967). Phenological events can be assessed directly by observation but also 

through indirect evidence, e.g., from litterfall data, if the possible time lag between 

formation and shedding of plant organs is known. For example in Rhizophoraceae, 

occurrence of stipules in litterfall is of special interest as stipules protect the shoot’s 

terminal bud and are shed when a new pair of leaves unfolds. They are therefore a 

reliable indicator for leaf formation (Mehlig 2006). Many studies have documented 

mangrove litterfall to assess mangrove productivity; however, fewer studies have 

documented mangrove phenology, particularly vegetative and reproductive phenology 

using litterfall data. Knowledge of mangrove phenology is important for understanding 

both mangrove contribution to near-shore productivity and the plant-animal interactions 

within the community itself. 
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Phenology is the study of the seasonal occurrence of developmental or life 

cycle events, such as budbreak, flowering, or autumn leaf drop (Rathcke and Lacey 

1985). The timing of these events is known to be sensitive to short-and long-term 

variability in climate, and is thus a robust indicator of the effects of climate change, 

especially observed rising temperatures (Richardson et al. 2006). The diversity and 

complexity of phenological patterns is greater in tropical than in temperate forest 

ecosystems (Borchert 1983). In tropical and subtropical forest ecosystems, the 

phenological rhythms may be very variable among years, mainly for flowering and 

fruiting (Engel and Martines 2005).  

Plants that produce new organs when irradiance is maximal will realize two 

advantages. First, assimilation is greatest for a crop of new leaves before herbivory and 

senescence reduce leaf area and photosynthetic potential (Larcher 1973; Field 1987). 

Second, it is most efficient to transfer assimilates directly into growing organs rather 

than store them in different tissues first and mobilize and translocate them later (Chapin 

et al. 1990). Light limited trees are predicted to produce new leaves and flowers during 

the season of maximal irradiance. Phenological selection requires predictable temporal 

variation in a limiting environmental factor (Wright and Schaik 1994).  

As mangroves in Okinawa thrive in a distinctly seasonal climate, they have to 

cope with substantial seasonal changes in environmental factors, both at macro- and 

micro-scale levels.  Therefore, it can be expected that several climatically-related 

environmental factors that influence their growth and production, such as water status 

(acting through rainfall or fresh-water supply), insolation and temperature, intertidal 

salinity, soil aeration and redox potential are to be expected to concomitantly vary with 

seasonality (Gwada et al. 2000).  

Mangrove species of the family Rhizophoraceae are characterized by vivipary, 

where the embryo develops into a seedling while still forming part of the fruit attached 

to the parent tree (Tomlinson 1994). According to Newstrom et al. (1994), at least a 

five-year period is needed to recognize and describe the great diversity of reproductive 

phenological patterns in tropical trees, due to many differences in frequency and 

regularity within time series between species. In spite of this, long term phenological 

studies are scare in the literature, the majority of them referring to a period of up to 1 to 

2 years. Detailed site-specific phenological studies have been documented for members 



 4

of the family Avicenniaceae, for instances, the genus Avicennia (Wium-Andersen and 

Christensen 1978; Lopez-Portillo and Ezcurra 1985; Duke 1990). Good detailed reports 

also available for the family Rhizophoracecae, for instance, the genera Bruguiera 

(Steinke and Charles 1984), Rhizophora (Gill and Tomlinson 1971; Duke et al. 1984; 

Christensen and Wium-Andersen 1977; Wium-Andersen 1981, Coupland et al. 2005, 

2006; Akmar and Juliana 2012; Wilson and Saintilan 2012), and Ceriops (Slim et al. 

1996). Kandelia has not received sufficient attraction with respect to these topics. No 

previous studies have examined the vegetative and reproductive phenology of B.  

gymnorrhiza, K. obovata, and R. stylosa growing at the northern limit of their 

biogeographical distribution. Therefore, the aim of this study is to describe the 

phenorhythms and phenological patterns of the major tree species at Manko Wetland, 

during a five-year period, in relation to climatic factors. The current study also describes 

the phenology of B. gymnorrhiza, K. obovata, and R. stylosa at Manko Wetland and 

relates it to environmental factors. 

 

1.1.3. Leaf longevity 

Leaf longevity is defined as the time period from emergence to fall of a leaf. The leaf 

life span is related to the balance between costs and benefits associated with leaf 

construction and maintenance (Chabot and Hicks 1982; Harper 1989; Kikuzawa 1991; 

Reich et al. 1991). Thus, leaf longevity may be considered as a balance between lifetime 

carbon gain of a leaf and its construction and maintenance costs (Chabot and Hicks 

1982). Leaf phenology is assumed to change with the climatic change. Phenological 

observations, such as leaf fall and new leaf production, on the vegetative growth of 

mangroves allow for estimates of leaf longevity (Wium-Andersen 1981; Duke et al. 

1984). Therefore, this study focuses on the estimation of leaf longevity of B. 

gymnorrhiza at Manko Wetland and compare favorably with those of other studies. 

 

1.1.4. Typhoon effects 

Mangroves are important wetland ecosystems throughout the tropical and subtropical 

coastal areas of the world (Mitsch and Gosselink 2000), providing a variety of 

ecosystem services such as sources of food (fishes, crabs, etc.), wood, and protection 

from extreme events such as cyclones and tsunamis (Giesn et al. 2006). Tropical 
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cyclones (typhoons) affect ecosystem structure in tropical coastal ecosystems in many 

islands of the western Pacific (Kauffman and Cole 2010). The effects of typhoons are 

not limited to structural damage including uprooting of trees to form forest gaps. Strong 

winds, particularly in combination with salt stress, can make forests largely defoliate 

(Xu et al. 2004). Disturbances, such as wind, can greatly affect annual or monthly 

litterfall rates (Lodge et al. 1991; Vitousek et al. 1995). Tropical cyclones in Central 

America (hurricanes) and East Asia (typhoons) impact forests with varying frequencies, 

from annually in Taiwan (Mabry et al. 1998), to once a century in New England (Boose 

et al. 1994). When these storms impact a forest they often cause large amounts of 

litterfall (Lodge et al. 1991; Lu et al, 1988; Horng et al. 1995; Lin 1998; Lin et al. 2003). 

In Japan, the areas most frequently affected by typhoons are the southern part of the 

main islands and the subtropical southern islands. Despite the fact that typhoons are 

major, natural disturbances in the western Pacific (Schneider 1967), few studies have 

focused on the ecological and physical effects of typhoons on Pacific islands. Only a 

few studies have examined the effects of typhoons on litterfall of subtropical forest of 

Japan (Xu et al. 2004; Sato 2004) and only a few previous studies have examined the 

effects of typhoon on the mangroves of Okinawa Island, Japan (Hardiwinoto et al. 1989; 

Sharma et al. 2012). Therefore, this study focuses on the effects of typhoon on the 

mangroves of Okinawa Island dominated by B. gymnorrhiza, K. obovata, and R. stylosa. 

 

1.1.5. Successful conversion from flowers to propagules 

The reproductive biology of mangroves has often been regarded with interest due to the 

unusual breeding mechanisms, including vivipary, exhibited by many of these plants 

(Tomlinson 1994). Surprisingly little is known of mangrove pollination biology, with 

limited emphasis on the process and success rate of propagule production (Gill and 

Tomlinson 1971; Primack et al. 1981; Duke et al. 1984; Duke 1990; Hogarth 1999; 

Tyagi 2003; Coupland et al. 2005, 2006). The aim of this study is to investigate the 

reproductive biology; specifically, the relative success rate of fruit and propagule 

production from flower of three mangrove species B. gymnorrhiza, K. obovata, and R. 

stylosa at Manko Wetland.  

  

1.1.6. Development phase of reproductive organs 
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Most mangrove species share two common characters: i) fruit/propagule/seed dispersal 

in water and ii) vivipary (Macnae 1968; Tomlinson 1994). In viviparous plants the 

offspring grows continuously while still attached to the mother tree. When there is no 

dormancy at all and seed even germinates before abscission, this is called true vivipary. 

In case of mangroves, true vivipary exists in all species of the genera Bruguiera, 

Kandelia, Rhizophora, and Ceriops all belonging to the family Rhizophoraceae 

(Tomlinson 1994). Phenological data are essential for prediction of the tree’s ability to 

adapt growth and propagation strategies to ambient conditions (Mehlig 2006). 

Vegetative propagation in mangroves of the Rhizophoraceae family has been 

unsuccessful (Rabinowitz 1978). So, sexual reproduction remains the main mode of 

plant production for the costal rehabilitation program for mangrove restoration (Tyagi 

2003). Understanding the flowering, fruiting, and propagule production pattern as well 

as development phase of each reproductive organ are important to know the propagation 

strategies at the northern limit of their biogeographical distribution. Therefore, this 

study describes the flowering pattern and development phase of each reproductive organ 

in B. gymnorrhiza, K. obovata, and R. stylosa at Manko Wetland.  

 

1.1.7. Coordination between leaf development and reproductive cycles 

In mangroves, there is some coordination between vegetative and floral phenology 

(Wium-Andersen and Christensen 1978). Coordination may be an indication of resource 

partitioning within plants as suggested by Duke et al. (1984). Some mangrove species 

showed clear depression in leafing rates when the production of flowers and fruits had a 

maximum (Gill and Tomlinson 1971; Wium-Andersen and Christensen 1978; Duke et al. 

1984; Coupland et al. 2005). Understanding of the coordination between vegetative and 

reproductive organs production are important to know the resource partitioning 

strategies of mangrove B. gymnorrhiza, K. obovata, and R. stylosa growing at the 

northern limit of their biogeographical distribution. Therefore, this study describes the 

correlations between leafing and reproductive organs production in B. gymnorrhiza, K. 

obovata, and R. stylosa on Okinawa Island.  
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CHAPTER II 

Vegetative and Reproductive Phenology of the Mangrove 

Bruguiera gymnorrhiza (L.) Lamk.  
 

2.1. Introduction 
Mangroves are important contributors of nutrients to coastal ecosystems. Their litterfall 

is a valuable indicator of their productivity and input of materials and energy into 

subtidal systems (Mackey and Smail 1995). Litterfall also indicates phenological events 

for mangrove species (Leach and Burgin 1985; Duke 1990; Clark 1994) when the time 

lag between the formation and shedding of plant organs is known (Mehlig 2006). 

Mangrove phenology is important for understanding both the contribution of mangroves 

to near-shore productivity and plant–animal interactions within the community itself 

(Coupland et al. 2005). Phenological observations, such as leaf fall and new leaf 

production, on the vegetative growth of mangroves allow for estimates of leaf longevity 

(Wium-Andersen 1981, Duke et al. 1984). In addition to fallen leaves, mangrove 

reproductive organs are often a valuable food source for a wide variety of animals, 

including insects and crabs (Robertson et al. 1992). Phenological events in mangrove 

communities have been suggested to be influenced by local or regional environmental 

conditions, particularly day length, air temperature, rainfall, and water status (Saenger 

and Moverley 1985, Naido 1989; Duke 1990; Fernandes 1999). Many studies have 

documented mangrove litterfall to assess mangrove productivity; however, fewer 

studies have documented mangrove phenology, particularly reproductive phenology.  

Bruguiera gymnorrhiza (L.) Lamk is widely distributed from the southeastern 

coast of Africa through Asia to subtropical Australia and the southwestern Pacific 

(Allen and Duke 2006). The present study was conducted at Manko Wetland, Okinawa 

Island, Japan, which is occupied by B. gymnorrhiza and other species of the family 

Rhizophoraceae. Because Okinawa has a distinct seasonal climate, its mangroves must 

cope with substantial seasonal changes in environmental factors. No previous studies 

have examined the vegetative and reproductive phenology of B. gymnorrhiza growing 

at the northern limit of its biogeographical distribution, though a few studies have 

investigated litterfall production (Hardiwinoto et al. 1989; Mokolensang and Tokuyama 
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1998). Therefore, the aims of the present study were to investigate the vegetative and 

reproductive phenology of B. gymnorrhiza growing in a subtropical region, determine 

the development period of each reproductive organ, and to identify how climatic factors 

affect B. gymnorrhiza phenology. 
 

2.2. Materials and methods 
 

2.2.1. Study site 

The study was conducted at Manko Wetland, Okinawa Island, Japan (26o11′N, 

127o40′E) (Fig. 2-1), over 4 years from April 2008 to March 2013. This wetland is an 

important area for migratory birds and has been registered on the Ramsar List of 

Wetlands of International Importance (a Ramsar site) since 1999. The study area is a 

brackish tidal flat covering an extensive area at low tide; the average tidal range varies 

from 3–212 mm, that is, a minimum low of 3 mm to maximum height of 212 mm. The 

mangroves grow in a mud flat area mainly composed of clay (RIS 1999). The area is 

subtropical, as determined by a warmth index (i.e., a cumulative value of mean monthly 

temperatures > 5°C) of 219.8 ± 15.4 (SE) °C month from 2000–2009 (Okinawa 

Meteorological Observatory, Naha, Japan), within the range of 180–240°C month for 

subtropical regions (Kira 1991). 
 

2.2.2. Forest structure 

Four mangrove species grow at the study site; three belong to the family 

Rhizophoraceae: Bruguiera gymnorrhiza (L.) Lamk., Kandelia obovata Sheue, Liu and 

Yong, and Rhizophora stylosa Griff. The fourth species, Excoecaria agallocha L., is in 

the family Euphorbiaceae. We established five plots (4 m × 4 m each) in a B. 

gymnorrhiza stand to represent the full tidal range at which the species occurred. The 

number of plots was based on the availability of the pure stands of the species. All trees 

in the study plots were numbered, and height (H) and stem diameter at H/10 (D0.1H) 

were measured in April 2010 and 2012. Tree density, mean H, and mean D0.1H of B. 

gymnorrhiza were 1.8 m-2, 3.2 ± 0.1 m, and 5.1 ± 0.2 cm, respectively as of 2012.  
 

2.2.3. Climate data 

Meteorological data were obtained from the Okinawa Meteorological Observatory, 
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Naha, Japan, from April 2008 to March 2013 (i.e., over the time period during which 

the field work was conducted). Observation station is responsible for weather services 

in Okinawa region. It is 2.8 km far from the study area. During the study period, the 

temperature fluctuated approximately 15°C from the coldest month to the hottest, and 

mean annual air temperature was 23.2 ± 0.2°C. Mean annual day length was 4362.7 ± 

2.5 h yr-1. Rainfall varied throughout the year but exceeded 100 mm month-1 in most 

months. The monthly rainfall during the study period ranged from 20 mm month-1 in 

December 2008 to 674 mm month-1 in August 2012 with an annual mean of 2224.5 ± 

247.0 mm yr-1. The mean monthly air relative humidity was 73.5 ± 0.8 %. Monthly 

maximum wind speed varied from the lowest 10.6 m s-1 in February 2013 to the highest 

35 m s-1 in May 2011. 

 

2.2.4. Litterfall collection 

Litterfall was collected using 1-mm mesh litter traps with collection area of 0.2 m2. Two 

litter traps were placed in each plot > 1 m high from the ground to avoid tidal water. The 

litter traps were emptied monthly; the collected litterfall was kept in a cotton bag and 

carried to the laboratory where it was separated into leaves, stipules, branches, flower 

bud primordia, flower buds, flowers, and propagules. Individual components of the 

litterfall were dried at 80°C for 48 h, desiccated at room temperature, and then weighed 

using a digital balance (EK-600H, A & D Co., Ltd., Tokyo, Japan). The numbers of 

reproductive components, such as flowers and propagules, were counted to estimate the 

success of propagule sets. Following Duke (1990), the conversion rates from flower to 

propagule was calculated as (propagules) / (flowers + propagules). 

 

2.2.5. Leaf longevity 

Leaf mass of the standing trees, wL, (kg) was estimated using the allometric equation for 

B. gymnorrhiza (Deshar et al. 2012) as follows:  

( ) 7779.02
H1.0L 01349.0 HDw ⋅=        (2-1) 

where H is the tree height (m) and D0.1H is the stem diameter at H/10 (cm). 

In a stand undergoing self-thinning leaf biomass stabilizes when annual leaf 

production is balanced by annual leaf litterfall (Waring and Running 1998; Deshar et al. 

2012; Sharma et al. 2012). Leaf biomass of the stand was estimated by applying Eq. 
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(2-1) to the census data of each plot in 2010 and 2012. The ratio of leaf biomass, B, (kg 

m–2) to annual leaf litterfall, F, (kg m–2 yr–1) provides an estimate of mean leaf longevity, 

L, (yr) for trees in the stand: 

F
B

L =   (2-2)  

 

2.2.6. Statistical analysis 

Kendall’s coefficient of concordance, W, was used to evaluate the degree of similarity in 

monthly change among years for each litterfall component. Litterfall data were ranked 

by monthly mass for every year, and W was calculated for monthly litterfall. When W = 

1.0, the monthly changes in litterfall are concordant among years, while when W = 0.0, 

the monthly changes are completely different among years. The χ2 test was used to 

determine the significance of the W value (Saito et al. 2003).  

We performed a stepwise multiple regression analysis to determine the effects 

of five environmental factors — temperature, day length, rainfall, humidity, and 

maximum wind speed — on litterfall of leaves, stipules, branches, flower buds, flowers, 

and propagules, using MA-MACRO/MRA software (ver. 3.0, Practical Business 

Education Institute, Tokyo, Japan). The stepwise multiple regression was continued 

until the adjusted R2 value showed a decreasing trend. A criterion of F value > 2.0 was 

set to determine the minimum significance of a variable to be included in the equation. 

Multiple regression analysis of environmental factors on mangrove litterfall is difficult 

because the environmental factors often co-vary. A criterion of tolerance > 0.1 was 

selected to avoid multicollinearity among the variables (Shiga et al. 2004).  

The autocorrelation coefficient rxx(k) was calculated for each litterfall 

component to evaluate its yearly cycle: 
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, where k (= 0, 1, 2,…) is the 

time lag in months; N (= 48) is the total number of months in the time series; Xj and Xj+k 

are litterfall components of the jth month and (j+k)th month, respectively; and kNX −,1  

and NkX ,1 +  are the mean values of the components from the first to the (N-k)th month 

and from the (1+k)th to the Nth month, respectively. 

The crosscorrelation coefficient rxy(l) was calculated to identify the lag, l, in 
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maturation time between reproductive organs using their time series data: 
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, where l (= 0, 1, 2,…) is the time lag 

in months; N (= 48) is the total number of months in the time series; Xj and Yj+l are the 

reproductive components, respectively, of the jth month and (j+l)th month; lN,X −1  is the 

mean value of an element from the first to the (N-l)th month; and N,lY +1  is the mean 

value of the other element from the (1+l)th to the Nth month.  

 

2.3. Results 
 

2.3.1. Vegetative phenology 

There were distinct differences in vegetative (leaf, stipule, branch) organ litterfall 

between months in B. gymnorrhiza (Fig. 2-2). Leaf litterfall (Fig. 2-2a) and stipule 

litterfall (Fig. 2-2b) occurred continuously throughout the year, and each showed a clear 

monthly trend. Leaf litterfall was highest in summer (June–August) and lowest in winter 

(December–February). In contrast to other years, excessive leaf litterfall occurred in 

May 2011 due to typhoon. Thereafter, the rates in that year decreased distinctly in June 

and July (summer). Stipule litterfall, which is an indicator of new leaf production, was 

also highest in summer months (June–August) and lowest in winter months 

(December–February). Kendall’s coefficient of concordance, W, revealed that the 

monthly leaf and stipule litterfall were strongly and significantly concordant among 

study years (Table 2-1). Autocorrelation coefficient revealed that the leaf (Fig. 2-3a) and 

stipule (Fig. 2-3b) litterfall showed a 1-year cycle. Branch litterfall, including small 

twigs, bark, and large branches, showed no clear monthly pattern (Fig. 2-2c, Table 2-1) 

or annual cycle (Fig. 2-3c). Figure 2-4 depicts the exponential relationship between 

branch litterfall and monthly maximum wind speed. Branch litterfall increased 

exponentially with increasing monthly maximum wind speed. 

Table 2-2 presents the results of the stepwise multiple regression analyses for 

vegetative and reproductive (flower bud, flower, propagule) organs litterfall with 

environmental factors. Leaf litterfall was significantly related to monthly maximum 

wind speed and monthly day length, whereas stipule litterfall was related to monthly 
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mean air temperature, monthly maximum wind speed, and monthly rainfall. Branch 

litterfall varied with monthly maximum wind speed.  

The living leaf biomass of this B. gymnorrhiza stand was 660 ± 82 and 766 ± 

96 g m-2 for the years 2010 and 2012, respectively, whereas the annual leaf litterfall of 

the stand was 386 ± 5 and 539 ± 12 g m-2 yr-1 for the 2nd year (April 2009 to March 

2010) and 4th year (April 2011 to March 2012), respectively (Table 2-3). Using these 

values we estimate that leaf longevity was 1.7 ± 0.3 and 1.4 ± 0.1 yr for the 2nd year and 

4th year, respectively.  

 

2.3.2. Reproductive phenology 

Reproductive components of B. gymnorrhiza were present in litter traps with regular 

periodicity across years (Table 2-1). Litterfall of flower buds, including both immature 

and mature buds, was highest in summer (June–August) and lowest in autumn 

(September–November) (Fig. 2-5a). Kendall’s W values revealed that the monthly 

trends in flower bud primordia and flower buds litterfall were not significant among 

years, though peaks of flower bud litterfall occurred in August of the 2nd, 3rd, and 4th 

year (Table 2-1). Flower litterfall was observed throughout the year, but was highest in 

September and lowest in January (Fig. 2-5b). Unfertilized flowers aborted and fell 

quickly from trees, and some pollinated flowers also fell. Kendall’s W values revealed 

that monthly flower litterfall showed strong and significant concordance among years 

(Table 2-1). Bruguiera gymnorrhiza has no distinct fruiting stage, because propagule 

development immediately follows fertilization, with a single hypocotyl emerging from 

an attached mature calyx. Propagule litterfall including both mature and developing 

ones was found throughout the year, but the abundance of mature propagules was 

highest in summer and lowest in winter, with the exception of May 2011, when the 

strong typhoon (Songda) substantially increased propagule litterfall (Fig. 2-5c). 

Kendall’s W values also revealed that the propagule litterfall had no significant trend to 

occur in any particular month of the year (Table 2-1). The autocorrelation coefficient 

revealed that flower bud (Fig. 2-6a), flower (Fig. 2-6b), and propagule (Fig. 2-6c) 

litterfall each had clear annual cycles. 

Flower bud litterfall was associated with monthly day length, whereas flower 

litterfall was significantly linked to monthly mean air temperature, monthly air relative 
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humidity, and monthly rainfall (Table 2-2). Propagule litterfall was related to monthly 

day length and monthly maximum wind speed. The mean total reproductive organs 

litterfall was 377 ± 58 g m-2 yr-1, which contributed 38 % to the total litterfall (Table 

2-3). Table 2-4 represents the mean number of reproductive organs and their mean 

survivorship. The mean conversion percentage of flowers to propagules was 9.8 ± 0.6 % 

for B. gymnorrhiza. 

The development phase from flower buds to flowers took 1 month (Fig. 2-7a). 

After fertilization is completed, hypocotyls develop from flowers and mature into 

propagules. Flowers took 8 months to develop into mature propagules (Fig. 2-7b). The 

developmental phase from flower buds to mature propagules took 9 months (Fig. 2-7c). 

   

2.4. Discussion 
Both leaf and stipule litterfall of B. gymnorrhiza were lowest in winter and highest in 

summer. Similar monthly patterns were found by Hardiwinoto et al. (1989) in Ohura 

Bay, Okinawa Island, Japan. Our results agree with Allen and Duke (2006), who 

reported that peak leaf litterfall in B. gymnorrhiza in the northern hemisphere occurred 

from April–September and peak stipule litterfall from May–September. Duke et al. 

(1984) reported marked seasonal periodicity in both leaf and stipule litterfall for B. 

gymnorrhiza in northern Australia, with a peak in the summer wet season. In contrast to 

the present study, Shunula and Whittick (1999) reported that B. gymnorrhiza on Unguja 

Island, Zanzibar, Tanzania, produced litterfall throughout the year, with no significant 

seasonal differences in leaf production. Results similar to ours were observed in 

southern Thailand in the congeneric species B. cylindrica (L.) Blume, which showed 

unimodal patterns with maximum leafing and shedding rates during the tropical 

monsoon season, which has high air temperatures and heavy rainfalls (Wium-Andersen 

and Christensen 1978). Leaf production and leaf litterfall in B. gymnorrhiza followed 

the same unimodal pattern found in K. obovata in subtropical regions (Sharma et al. 

2012). Unimodal leaf and stipule litterfall peaks have been observed in Rhizophoraceae 

species in subtropical areas (Gill and Tomlinson 1971; Steinke 1988; Wilson and 

Saintilan 2012), whereas in tropical areas, unimodal, bimodal, and trimodal patterns 

have been observed in the species of the same family (Wium-Andersen and Christensen 

1978; Wium-Andersen 1981; Leach and Burgin 1985).  
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New leaf production and leaf litterfall of B. gymnorrhiza were related to 

increases in mean air temperature, monthly maximum wind speed and monthly rainfall, 

and with monthly maximum wind speed and monthly day length, respectively. Similarly, 

Gill and Tomlinson (1971) found that leaf production of R. mangle L. in Florida, USA, 

was most common in summer when solar radiation and temperature levels were highest. 

Similar findings were also reported by Gwada et al. (2000), who reported that air 

temperature was the strongest environmental factor influencing leaf production in other 

species of Rhizophoraceae at Sashiki on Okinawa Island. Rainfall was also an important 

factor for new leaf production, which is generally consistent with the findings of 

Borchert (2012), who reported that heavy rains of the wet season cause bud break and 

rapid shoot growth in tropical forests. Temperature, day length, and rainfall may be the 

important external controlling factors of B. gymnorrhiza leaf initiation in subtropical 

regions.  

Mangroves at Manko Wetland face frequent typhoons, which disrupt the 

seasonality of litterfall production and could be the main reason for the higher litterfall, 

especially the high branch litterfall was observed. High rates of branch litterfall in some 

months (e.g. September and October, 2010; May and August, 2011; August and 

September 2012) is attributed to typhoons which have wind speeds that exceed 17.2 m 

s-1. Six strong typhoons (Kompasu, Chaba, Songda, Muifa, Bolaven, and Jelawat) 

occurred on 1 September and 27 October, 2010, on 28 May and 5 August 2011, and on 

26 August and 29 September 2012, respectively. During the typhoons, green leaves 

were damaged and fell to the ground individually or attached to living broken branches. 

These green leaves contributed to high levels of leaf litterfall in May and August 2011, 

and September 2012 (Fig. 2-2a). Vegetative litterfall components were related to 

monthly maximum wind speed. Similar observations were recorded on Okinawa Island, 

by Hardiwinoto et al. (1989) and Sharma et al. (2012), who reported that typhoons had 

strong effects on branch litterfall of B. gymnorrhiza and K. obovata, respectively.  

The mean total litterfall of B. gymnorrhiza (10.1 Mg ha-1 yr-1) was higher than 

those recorded on Irimote Island, Okinawa, Japan (8.8 Mg ha-1 yr-1; Kishimoto et al. 

1987) and in Ohura Bay (7.7 Mg ha-1 yr-1; Hardiwinoto et al. 1989). Litterfall was lower 

than the 16 Mg ha-1 yr-1 reported for B. gymnorrhiza on Unguja Island, Zanzibar, 

Tanzania (Shunula and Whittick 1999), and was similar to the 11.8 Mg ha-1 yr-1 of R. 
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apiculata Blume and R. mucronata Lamk. in the central West Coast of India (Wafar et al. 

1997). Similar to the other studies (Wafar et al. 1997; May 1999; Ochieng and 

Erftemeijer 2002), leaves of B. gymnorrhiza were the major contributors to total 

litterfall production. 

The average leaf longevity of subtropical mangrove B. gymnorrhiza was 

ranged from 17.1 to 21.0 month. This range was longer than those reported for B. 

gymnorrhiza in Fujian Province, China (9–10 month; Wang and Lin 1999) and B. 

cylindrica in southern Thailand (13 month; Wium-Andersen and Christensen 1978), but 

much shorter than that reported for B. gymnorrhiza in north-eastern Australia (2–3 yr; 

Duke et al. 1984).   

All the reproductive components of B. gymnorrhiza showed distinct monthly 

peaks. Flower bud primordia were very difficult to separate from other litterfall 

components; they were usually confused with segments of inflorescences. Therefore, we 

were unable to detect any monthly litterfall pattern for flower bud primordia (Table 2-1). 

The peak periods of flower and propagule litterfall were in summer–autumn and 

summer, respectively. These data agree generally with the findings of Hardiwinoto et al. 

(1989) in Ohura Bay. In contrast, flower and propagule production of B. gymnorrhiza on 

Unguja Island, Zanzibar, Tanzania, showed no significant monthly differences (Shunula 

and Whittick 1999). Flower and propagule litterfall in our study followed the same 

monthly pattern as in other mangrove species. For example, flowers and propagules of 

R. mucronata in tropical regions had one reproductive peak in summer (Shunula and 

Whittick 1999). 

Flower and propagule litterfall of the subtropical mangrove B. gymnorrhiza 

contributed 38 % to the total litterfall. This is higher than the 13.1 % found by 

Mokolensang and Tokuyama (1998) for B. gymnorrhiza in the estuary of the Geasashi 

River, Okinawa Island. The proportion of reproductive components to the total litterfall 

at Manko Wetland was higher than for R. apiculata (21.8 %) and R. mucronata (23.2 %) 

on the central West Coast of India (Wafar et al. 1997). The mean conversion rates of 

flowers to propagules for B. gymnorhiza (9.8 %) was higher than the rate reported for B. 

gymnorhiza (3.2–4.9 %) in Fiji (Tyagi 2003), but lower than that of B. gymnorhiza 

(16.8 %) in northeastern Australia (Duke et al. 1984). According to Primack et al. 

(1981), the high rates of the conversion rates of flowers to propagules in B. gymnorhiza 
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indicate self-compatibility, as in Sonneratia alba J. Simth. 

At Manko Wetland, reproductive organs were associated with long monthly 

day length (flower buds) or with monthly mean air temperature, monthly air relative 

humidity, and monthly rainfall (flowers). Borchert (2012) found that expansion of 

dormant flower buds may be triggered by increasing exposure to sunlight or the first 

heavy rains of the wet season. Flowering phenograms of B. gymnorrhiza were relatively 

similar to leaf production phenograms. The timing of newly flushed leaves and 

flowering phenopahse coincide with each other and both of them were linked with 

rainfall and relative humidity. In the Caribbean salinity and water balance were 

observed to regulate flowering and flower bud maturation of R. mangle (Sánchez-Núñez 

and Mancera-Pineda 2011). It may be concluded that air temperature, day length, and 

rainfall are the environmental clues that control the seasonality of reproductive organ 

litterfall of B. gymnorrhiza. 

This is the first study to report the maturation periods of reproductive organs of 

B. gymnorrhiza at the northern limit of its biogeographical distribution. The 

development of flowers from newly-initiated buds took one month, a time period that is 

similar to the 35 days reported by Upadhyay and Mishra (2010) for B. gymnorrhiza on 

Orissa coast, India. At Manko Wetland, flowers took eight months to form mature 

propagules, similarly to the findings of Wium-Andersen and Christensen (1978), who 

reported that B. cylindrica in tropical regions needed 6–8 months from flowers to 

mature propagules development. In comparison with these reported data of species 

belonging to the same genus, B. gymnorrhiza growing at the northern limit of its 

biogeographical distribution appears to have a similar maturation period to congeneric 

species inhabiting tropical regions. 

 

2.5. Conclusion 
In summary, the vegetative and reproductive litterfalls of B. gymnorrhiza were 

measured monthly over four years; there was no significant monthly variation among 

the years in either. The periodicities of leafing and flowering followed unimodal 

patterns and were governed mainly by air temperature. The annual litterfall production 

of B. gymnorrhiza and its contribution to the Manko Wetland ecosystem was relatively 

high. The period of reproductive organ development agreed with previous reports for 
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this species or for congeneric species in tropical regions. 
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Table 2-1. Kendall’s coefficient of concordance, W, showing agreement in the monthly 

changes in litterfall components of Bruguiera gymnorrhiza among five years of this 

study. 

 
 Litterfall component  Ｗ χ2 (p-value) 
Leaf 0.6576 36.2 (< 0.001) 
Stipule 0.5585 30.7 (< 0.05) 
Branch 0.2710 14.9 (0.19) 
Sum of vegetative organs 0.6897 37.9 (< 0.001) 
Flower bud primordium 0.1242 6.8 (0.81) 
Flower bud 0.3194 17.6 (0.09) 
Flower 0.5901 32.5 (< 0.001) 
Propagule 0.3298 18.1 (0.08) 
Sum of reproductive organs 0.5039 27.7 (< 0.05) 
Total litterfall 0.6867 37.8 (< 0.001) 
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Table 2-2. Adjusted R2 values from stepwise multiple regression analysis of vegetative and reproductive litterfall components of Bruguiera 

gymnorrhiza in relation to environmental factors. Significant probabilities of the coefficient value are indicated by * (p ≤ 0.05), ** (p ≤ 

0.01), or *** (p ≤ 0.001).  

 
Component Monthly 

mean 
temperature 

Monthly day 
length 

Monthly rainfall Monthly mean 
relative 
humidity 

Monthly 
maximum 
wind speed 

Equation 

 °C (x1) h month-1 (x2) mm month-1 (x3) % (x4) m s-1 (x5)  
Leaf  0.65 (0.97)   0.57 (0.97) y = -146 + 5.1*** x5 + 0.3*** x2 
Stipule 0.20 (0.85)  0.27 (0.76)  0.22 (0.83) y = -1.0 + 0.3** x1 - 0.16* x5 + 0.01* x3  
Branch     0.76 (1.00) y = -34.6 + 2.6*** x5   
Flower bud  0.12 (1.00)    y = -1.8 + 0.006** x2  
Flower 0.40 (0.53)  0.48 (0.60) 0.44 (0.41)  y = 25.8 + 2.0*** x1 – 0.9*** x4 + 0.02* x3 
Propagule  0.11 (0.97)   0.18 (0.97) y = -186 + 0.5** x2 + 2.8* x5 
Numerals in parenthesis are the tolerances of the coefficients of the multiple regression for a component.
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Table 2-3. Annual amounts of vegetative and reproductive litterfall components of Bruguiera gymnorrhiza during the study period.  

 
Litterfall components 1st year 2nd year 3rd year 4th year 5th year Mean 
Leaf 503 ± 5 (48)  386 ± 5 (50)  516 ± 5 (53)  539 ± 12 (44)  603 ± 20 (59)  509 ± 35 (50)  
Stipule 62 ± 0.7 (6)  32 ± 0.6 (4)  65 ± 1 (7)  37 ± 0.5 (3)  55 ± 1 (6)  50 ± 7 (5)  
Branch 9 ± 0.4 (1)  12 ± 0.4 (2)  90 ± 3 (9)  05 ± 6 (9)  126 ± 8 (12)  68 ± 24 (7)  
Sum of vegetative organs 574 ± 6 (55) 431 ± 5 (56) 677 ± 7 (69) 681 ± 17 (55) 784 ± 28 (77) 629 ± 59 (62) 
Flower bud primordium 0 4 ± 0.2 (1)  2 ± 0.1 (0.2)  0.5 ± 0.1 (0.1) 0 1 ± 0.7 (0.1) 
Flower bud 4 ± 0.1 (0.4) 5 ± 0.2 (1)  7 ± 0.3 (0.7)  3 ± 0.1 (0.2) 1 ± 0.1 (0.1) 4 ± 0.9 (0.4)  
Flower 156 ± 4 (15)  140 ± 2 (18)  139 ± 4 (14)  29 ± 0.8 (2)  101 ± 3 (10)  113 ± 22 (11.2)  
Propagule 313 ± 9 (30)  192 ± 8 (25)  152 ± 4 (16)  519 ± 30 (42)  128 ± 5 (13)  260 ± 71 (26)  
Sum of reproductive organs 473 ± 11 (45) 341 ± 8 (44) 294 ± 6 (31) 551 ± 30 (45) 231 ± 6 (23) 377 ± 58 (38) 
Total 1046 ± 15  772 ± 13  971 ± 10  1232 ± 42 1015 ± 29  1007 ± 73  
Values are mean (g m-2 yr-1) ± SE. Numerals in parenthesis represent percentages for the total amounts.
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Table 2-4. Mean numbers of reproductive organs (m-2 yr-1 ± SE) of Bruguiera gymnorrhiza and their conversion rates (% ± SE) during the study 

period. 

 
Reproductive organs 1st year 2nd year 3rd year 4th year 5th year Mean 
Flower 432.9 ± 43.1 505.2 ± 37.2 400.3 ± 39.4  116.1 ± 16.9  239.4 ± 39.2 338.8 ± 70.6 
Propagule 48.9 ± 4.7  49.9 ± 10.2 41.6 ± 5.0  10.1 ± 1.1  28.5 ± 4.9  35.8 ± 7.5  
Flower to propagule  10.3 ± 0.8  9.2 ± 2.0  9.6 ± 1.1  8.2 ± 0.6  11.7 ± 2.7  9.8 ± 0.6  
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Fig. 2-1. Location of the study area. The hatched zone indicates the mangrove area. 

Arrow indicates the plot area (filled square).  
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Fig. 2-2. Phenograms of the litterfall of the vegetative components of B. gymnorrhiza in 
Manko Wetland. Vertical bars represent standard errors of the means, n = 5.  
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Fig. 2-3. Correlograms of B. gymnorrhiza vegetative litterfall of in Manko Wetland.  
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Fig. 2-4. Exponential relationship between monthly branch litterfall of B. gymnorrhiza 

and monthly maximum wind speed (R2 = 0.81). ●: 1st year; ○: 2nd year; ■: 3rd year; ♦: 

4th year; ▼: 5th year. 
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Fig. 2-5. Phenograms of the litterfall of the reproductive components of B. gymnorrhiza 
in Manko Wetland. Vertical bars represent standard errors of the means, n = 5. 
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Fig. 2-6. Correlograms of B. gymnorrhiza reproductive litterfall in Manko Wetland. 
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Fig. 2-7. Crosscorrelation coefficients between pairs of the reproductive components of 

B. gymnorrhiza in Manko Wetland.  
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CHAPTER III 

Vegetative and Reproductive Phenology of the Mangrove 
Kandelia obovata (S., L.) Yong 

 

3.1. Introduction 
Mangrove forests are among the world’s most productive ecosystems and sustain a 

variety of marine and estuarine communities (Lugo and Snedaker 1975; Boto and Bunt 

1982). However, mangroves are also one of the world’s most threatened tropical and 

subtropical ecosystems and are being degraded in most countries mainly because of 

anthropogenic activities and unsustainable exploitation (Khan et al. 2007). Mangroves 

are the only tall tree forests situated between the land and sea (Kathiresan & Bingham 

2001; Alongi 2002) and they are tightly bound to the coastal environments in which 

they occur. Once established, mangroves offer recreational potential, a sustainable 

supply of seafood for aquatic animals and useful products for community subsistence 

(Alongi 1996; Tyagi and Singh 1998). As a primary producer, mangrove also serves as 

food for herbivores and detritivores. Litterfall, consisting primarily of mangrove leaves, 

becomes available following leaf senescence and death.  

Leaf litterfall studies in forest stands have been conducted for over a century. 

More recently, studies have focused on the ecological role of leaf litterfall in nutrient 

cycling and the possible interactions with biotic and abiotic variables (Zhou et al. 2007). 

Along with providing nutrients for the tree, leaf litterfall also provides energy and a 

living environment for soil fauna and microorganisms (Guo and Sims 1999). Litterfall is 

an indicator of phenological events of a species (Duke 1990; Clarke 1994). 

Phenological information is essential for understating ecosystem functioning (Janzen 

1967) and to better manage mangrove ecosystems. Despite the importance of 

mangroves ecosystems, very few studies have considered the phenology of different 

mangrove species (Christensen and Wium-Andersen 1977; Wium-Andersen and 

Christensen 1978; Wium-Andersen 1981; Duke et al. 1984; Duke 1990; FAO 1994; 

Gwada et al. 2000; Tyagi 2003; Coupland et al. 2005; Mehlig 2006; Nagarajan et al. 

2008). Most phenological studies have been confined to monitoring flowering and 

fruiting by direct observation, and very few studies have combined direct observations 
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and litterfall measurements to assess the phenology of this species (Duke et al. 1984). 

Phenological events in mangroves are influenced by local or regional environmental 

conditions, particularly day length, air temperature, rainfall, and water status (Saenger 

and Moverley 1985; Naido 1989; Duke 1990; Fernandes 1999).  

   Kandelia obovata (S., L.) Yong in regions of China and Japan has been 

reclassified as a new species that was previously recognized as Kandelia candel (L.) 

Druce (Sheue et al. 2003). According to Sheue et al. (2003), K. obovata is distributed 

from the Gulf of Tonkin northeastward to Kwangtung, Fukien, Taiwan, the Ryukyus, 

and southern Japan. Although this species grows to its northern limit, and mangrove 

forests grow under ambient climatic conditions, only a few studies have investigated the 

phenology of K. obovata. Leaf phenological traits only were reported by Gwada et al. 

(2000), and no previous studies examined the vegetative and reproductive phenology of 

K. obovata. Therefore, the aim of the present study was to determine the vegetative and 

reproductive phenology of a monospecific stand of K. obovata trees. The present study 

also aimed to identify the effect of climatic variables on K. obovata phenology as well 

as to determine the expansion period of each reproductive organ.  
 

3.2. Materials and methods 
 

3.2.1. Study site 

The present study was conducted at the Manko wetland, located on Okinawa Island, 

Japan (26°11´ N and 127°40´ E), for over 5 years, starting in April 2006 and ending in 

March 2011. The study area (Fig. 3-1) was designated as a wetland of International 

importance under the Ramsar Convention and is in a subtropical region; the warmth 

index of the study area (i.e., cumulative temperature of mean monthly temperatures > 

5°C) was 219.96 ± 1.31°C month, which is within the 180–240°C month of a 

subtropical region defined by Kira (1991). Mangrove soil is muddy and the incoming 

water from the Kokuba River occasionally carries a heavy load of sediments. The study 

site had four pronounced seasons: winter (December–February), spring (March–May), 

summer (June–August), and autumn (September–November). Regular tidal inundation 

occurs at the study site, which also receives some fresh water supplied by runoff from 

an adjacent area (Khan et al. 2004). A monospecific stand of K. obovata dominates the 
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study site. Other mangrove species, such as Rhizophora stylosa Griff., Bruguiera 

gymnorhiza (L.) Lamk., and Excoecaria agallocha L., are present in patches. Tree 

density, mean tree height (H), and mean stem diameter at H/10 (D0.1H) were 21456 ha-1, 

4.27 ± 0.87 m (mean ± standard error [SE]) m, and 5.09 ± 0.04 (mean ±  SE) in 2010, 

respectively. 
 

3.2.2. Climate data 

Meteorological data were collected from the Okinawa Meteorological Observatory, 

Naha, from April 2006 to March 2011 (i.e. over the time period in which the fieldwork 

was conducted). The temperature fluctuated approximately 15°C from the coldest 

month to the hottest month, and normal of the mean annual air temperature during the 

study period was 23.3 ± 0.2°C (Fig. 3-2a). The mean annual sunshine hour was 1709.7 

± 73.8 h yr-1 (mean ± SE) (Fig. 3-2a). Mean annual day length was 4363.3 ± 2.3 h 

yr-1.Rainfall varied throughout the year, but during most months it exceeded 100 mm 

month-1 (Fig. 3-2b). The highest rainfall ranged from 20 mm month-1 in December 2008 

to 594 mm month-1 in August 2009 during the study period, and the mean of annual 

rainfall was 2226.5 ± 267.3 mm yr-1 (mean ± SE). Most rainfall occurred during 

summer with less during winter. The mean monthly relative humidity was 72.6 ± 0.6 % 

(mean ± SE) (Fig. 3-2b). Monthly maximum wind speed varied from the lowest 7.7 m 

s-1 in March 2007 to the highest 56.3 m s-1 in July 2007. 
 

3.2.3. Litterfall collection 

A 125-m long belt transect (5 m wide) was established perpendicular to the river current 

in the dense stand of K. obovata, and then divided into 25 plots (5 m × 5 m each). The 

total area of the belt transect was 625 m2, indicated by the bold line in Figure 3-1. The 

gradient of the forest floor was almost flat. The phenology of this species was assessed 

using litterfall data. Litterfall data were collected using 50 net litter traps with a 1-mm 

mesh size and with a mouth area of 0.2 m2. Two litter traps were placed in each plot, the 

traps were placed > 1 m from the ground to avoid tidal water. The litter traps were 

emptied monthly, and the collected litterfall was kept in a cotton bag and carried to the 

laboratory where it was separated into leaves, stipules, branches, bud primordia, flower 

buds, flowers, fruits, and propagules. The separated litterfall components were dried at 

80°C over 48 h and then weighed using a digital balance (EK-600H, A & D Company, 
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Tokyo, Japan). The numbers of reproductive components, such as flowers, fruits, and 

propagules, were counted to estimate the success of fruit and propagule sets. Following 

Duke (1990), we computed reproductive units and estimated the following: (i) fruit set 

was calculated as the percentage of fruit units (immature fruits + mature fruits + 

propagules)/ (flowers + immature fruits + mature fruits + propagules); and (ii) 

propagule set was calculated as the percentage of propagule units (propagules)/ (flowers 

+ immature fruits + mature fruits + propagules).   

 

3.2.4. Statistical analysis 

Kendall’s coefficient of concordance, W, was used to evaluate the degree of similarity in 

monthly change among years for each litterfall component. Litterfall data were ranked 

by monthly mass for every year, and W was calculated for monthly litterfall. When W = 

1.0, the monthly changes in litterfall are concordant among years, while when W = 0.0, 

the monthly changes are completely different among years. The χ2 test was used to 

determine the significance of the W value (Saito et al. 2003).  

We performed a stepwise multiple regression analysis to determine the effects 

of five environmental factors — temperature, day length, rainfall, humidity, and 

maximum wind speed — on litterfall of leaves, stipules, branches, flower buds, flowers, 

and propagules, using MA-MACRO/MRA software (ver. 3.0, Practical Business 

Education Institute, Tokyo, Japan). The stepwise multiple regression was continued 

until the adjusted R2 value showed a decreasing trend. A criterion of F value > 2.0 was 

set to determine the minimum significance of a variable to be included in the equation. 

Multiple regression analysis of environmental factors on mangrove litterfall is difficult 

because the environmental factors often co-vary. A criterion of tolerance > 0.1 was 

selected to avoid multicollinearity among the variables (Shiga et al. 2004).  

The autocorrelation coefficient rxx(k) was calculated for each litterfall 

component to evaluate its yearly cycle: 
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lag in months; N (= 48) is the total number of months in the time series; Xj and Xj+k are 

litterfall components of the jth month and (j+k)th month, respectively; and kNX −,1  and 
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NkX ,1 +  are the mean values of the components from the first to the (N-k)th month and 

from the (1+k)th to the Nth month, respectively. 

The crosscorrelation coefficient rxy(l) was calculated to identify the lag, l, in 

maturation time between reproductive organs using their time series data: 
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, where l (= 0, 1, 2,…) is the time lag 

in months; N (= 48) is the total number of months in the time series; Xj and Yj+l are the 

reproductive components, respectively, of the jth month and (j+l)th month; lN,X −1  is the 

mean value of an element from the first to the (N-l)th month; and N,lY +1  is the mean 

value of the other element from the (1+l)th to the Nth month.  

 

3.3. Results 
 

3.3.1. Vegetative phenology 

New leaf production and leaf fall of K. obovata occurred continuously throughout the 

year, but showed a clear monthly trend. Leaf litterfall was closely linked with stipule 

litterfall. Figure 3-3a shows leaf litterfall, which followed a monthly pattern, that is, the 

highest peak in July and the lowest in January. Stipule litterfall, which is an indicator of 

leaf emergence, was highest during summer (April–August). Figure 3-3b shows that the 

highest peak of stipule litterfall was in July and the lowest was in January. Branch 

litterfall, including small twigs, bark, and large branches, did not show a clear monthly 

trend (Fig. 3-3c). Figure 3-4 depicts the exponential relationship between branch 

litterfall and monthly maximum wind speed. Branch litterfall increased exponentially 

with increasing monthly maximum wind speed. During typhoons, green leaves were 

damaged and fell into the ground individually or together with living broken branches. 

These green leaves contributed excessive leaf litterfall (Fig. 3-3a). Figure 3-3c presents 

the excessive branch litterfall data (e.g. July 2006, July 2007, and October 2010); this 

excessive litterfall was attributable to typhoon events with wind speed exceeding 17.2 m 

s-1. The Japan Meteorological Agency defines a strong typhoon as having wind speeds 

of 33–43 m s-1 and a very strong typhoon as having wind speeds of 44–53 m s-1. During 

the study period, 12 strong typhoons were observed and 105 typhoons approached 
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Okinawa. Figure 3-4 depicts the exponential relationship between branch litterfall and 

monthly maximum wind speed. Branch litterfall increased exponentially with increasing 

monthly maximum wind speed. Leaves were the dominant element of litterfall during 

the entire study period. The mean total litterfall amount was 991.1 ± 35.4 g m-2 

yr-1(mean ± SE), of which leaves were the largest contributor, with an estimated amount 

of 530.6 ± 12.8 g m-2 yr-1 (Table 3-1). Table 3-1 presents the amounts of stipule and 

branch litterfalls, and their contributions to the total litterfall. 

As shown in Fig. 3-5a, vegetative organ (including leaves, stipules, and 

branches) litterfall showed a clear monthly trend, with its highest peak in summer and 

lowest in winter. The W values suggested that monthly trends in the litterfalls of 

vegetative organs, except branch, did not change significantly among years (Table 3-2). 

Leaf litterfall was significantly related to monthly mean air temperature, monthly 

maximum wind speed, and monthly rainfall, whereas stipule litterfall was significantly 

related to monthly day length and monthly maximum wind speed. Branch litterfall was 

significantly correlated with monthly maximum wind speed and monthly mean air 

temperature (Table 3-3). 

 

3.3.2. Reproductive phenology 

The reproductive cycle of K. obovata had a regular monthly periodicity (Fig. 3-6). 

Initiation of green bud primordia was observed in March and continued until April. It 

was very difficult to separate the flower bud primordia from the litterfall. In most cases, 

flower bud primordia were confused with inflorescence segments because K. obovata 

inflorescences are dichotomously branched two or three times (Sheue et al. 2003). Bud 

primordia eventually developed into green buds and then developed into mature buds. 

Flower bud litterfall started in March and continued until August, with a peak in April 

and May (Fig. 3-6a). Flower bud litterfall was not observed in the litter traps from 

September to February. Flowering started in May and continued until September with 

the most abundant flowering occurring in July and August, when most flowers fell into 

the traps, after this time the number of flowers in the traps was drastically reduced (Fig. 

3-6b). If a flower was not fertilized, it was aborted and then fell from the trees within a 

few days. Pollinated flowers also fell. Figure 3-6b shows that the highest flower 

litterfall was in August and the lowest was in October. Flower litterfall was not observed 
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in the litter traps from November to April. 

As shown in Figure 3-6c, fruiting started in August and continued until 

December. The highest fruit litterfall was observed in October and November. No fruit 

litterfall was observed in the litter traps from February to July. Hypocotyls developed 

from fruits and then turned into mature propagules. Propagules began to drop in March 

and continued until May (Fig. 3-6d). In March, mostly immature propagules were found 

in the litter traps, whereas mostly mature propagules were found in the litter traps 

during May. Figure 3-6d shows the clear monthly trend in propagule litterfall with a 

peak in April to May. Neither mature nor immature propagules were found in the litter 

traps from July to November. The average total reproductive organ litterfall was 185.8 ± 

25.5 g m-2 yr-1(mean ± SE), which contributed 18.83 % to the total litterfall (Table 3-1). 

Table 3-1 shows the detailed amounts of flower bud primordium, flower bud, flower, 

fruit, and propagule litterfall, respectively, and their percentages of contribution to the 

total litterfall.  

Figure 3-5b indicates that reproductive organs litterfall of K. obovata followed 

a very specific monthly periodicity. The calculated values of W suggested that these 

monthly trends in the litterfalls of reproductive organs did not change significantly 

among years (Table 3-2). As shown in Table 3-3, the flower bud litterfall of K. obovata 

was significantly correlated with monthly day length, monthly mean air temperature, 

and monthly mean air relative humidity, whereas flower litterfall was significantly 

correlated with only monthly mean air temperature rather than other climatic factors. 

Fruit and propagule litterfall related with monthly day length and monthly mean air 

temperature, respectively.  

Similar to other mangrove species, K. obovata had a very small proportion of 

flowers that developed into propagules. The results show that only 6.10 ± 1.7 % (mean 

± SE) of flowers developed into propagules, and 23.1 ± 5.3 % (mean ± SE) of the 

flowers developed into fruits, including both mature and immature fruits and propagules 

(Table 3-4). 

As shown in Figure 3-7a, the development phase from flower buds to flowers 

took 2 months. The development phase from flower buds to fruits took 5 months (Fig. 

3-7b). After fertilization was completed, flowers turned into fruits. The developmental 

phase from flower buds to mature propagules took 11 months (Fig. 3-7c). Development 
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from flowers to fruits took 3 months (Fig. 3-7d). As a species with viviparous 

germination, K. obovata followed the initiation of hypocotyl from fruit. Development 

from flowers to mature propagules and fruits to mature propagules took 9 months (Fig. 

3-7e) and 6 months (Fig. 3-7f), respectively. 
   

3.4. Discussion 
 

3.4.1. Vegetative phenology 

Leaf litterfall (Fig. 3-3a) and stipule litterfall (Fig. 3-3b) of K. obovata followed the 

same seasonal pattern, that is, leaf fall and leaf production were lowest in winter and 

highest in summer. Another study in Ohura Bay, Okinawa Island, Japan recorded a 

similar pattern of leaf fall and leaf recruitment of K. candel (Hardiwinoto et al. 1989). 

The present study showed that peaks in leaf and stipule litterfall occurred in the same 

month, whereas Duke (1990) reported a time lag of 1 month between leaf emergence 

and leaf fall for Avicennia marina in Australia, Papua New Guinea, and New Zealand. 

In contrast to our results, leaf fall of K. obovata in Hong Kong, showed a bimodal 

pattern, with the highest peaks in spring (February–June) and in late summer 

(August–November) (Lee 1989). The leaf production period followed the same seasonal 

pattern as that found in other mangrove species. For example, Rhizophora apiculata BL. 

in southern Thailand and A. marina (Forssk.) Vierh., Ceriops australis (White) Ballment, 

Smith & Stoddart, Rhizophora stylosa Griff., and Sonneratia alba J. Simth. in northern 

Australia showed their highest peaks during the wet summer season, that is, in the 

monsoonal season with maximum temperature and rainfall (Christensen and 

Wium-Andersen 1977; Coupland et al. 2005; Coupland et al. 2006).  

Litterfall seasonality is a common feature in most studies, but the cause for its 

seasonality is unclear (Gill and Tomlinson 1971; Lugo and Snedaker 1975; 

Wium-Anderson and Christensen 1978). The data presented in the present study 

demonstrate that leaf and stipule litterfall of K. obovata were significantly correlated 

with monthly mean air temperature, monthly maximum wind speed and monthly rain 

fall, and with monthly day length and monthly maximum wind speed, respectively. Our 

results are supported by the findings of Nakagoshi and Nehira (1986), who reported that 

cumulative temperature was directly proportional to the number of leaves and the rate of 
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leaf production in mangrove seedlings. A similar finding was observed in K. obovata 

(Gwada et al. 2000). In contrast to our results, most species in a tropical evergreen 

mountain rainforest show a good correlation with leaf shedding and precipitation 

(Bendix et al. 2006) and also display a bimodal peak in leaf production that is correlated 

with the rainy periods (Medway 1972). Kandelia obovata grows in intertidal areas and 

shows distinctly unimodal pattern, in contrast to tropical rain forests with a bimodal or 

multimodal pattern. High species diversity and appropriate humidity in tropical rain 

forests could cause multi-mode peaks of litterfall. The diversity and water condition in 

tropical rain forests differ substantially from mangrove ecosystems.  

The present study showed that the leaves of K. obovata were dominant 

(53.3 %) in the total litterfall (Table 3-1). Our results coincide with the findings of 

Wafar et al. (1997), who reported that the percentage contribution of leaf litterfall to 

total litterfall in the mangrove species Rhizophora apiculata Blume., Rhizophora 

mucronata Lamk., Sonneratia alba J. E. Smith, and Avicennia officinalis L. on the 

central west coast of India were 61.2, 61, 57.7, and 43 % respectively. The contribution 

of leaf litterfall to the total litterfall in K. obovata was lower than that recorded in other 

mangrove species such as A. marina in Kenya, where leaf litterfall constituted 514.6 g 

m-2 (83 %) of the total litterfall (Ochieng and Erftemeijer 2002). Another study on A. 

marina var. australasica in New Zealand found that leaf litterfall contributed 140–200 g 

m-2 (73 %) to the total litterfall (May 1999). The contribution (7.79 %) of the stipule 

litterfall of the present K. obovata was similar to those of R. apiculata (7 %) and R. 

mucronata (6.3 %) in India (Wafar et al. 1997).  

Branch litterfall showed a less clear monthly pattern than leaf and stipule 

litterfall (Fig. 3-3). In a typhoon month, branch litterfall was excessive compared with 

the litterfall in other months because all dead branches including broken living branches 

fell to the ground. This phenomenon shows the strong effect of the typhoon. The present 

observation supports the findings of Hardiwinoto et al. (1989) who reported that 

typhoons had strong effects on branch litterfall in Ohura Bay, Okinawa Island, Japan. 

  

3.4.2. Reproductive phenology 

We found that flower bud initiation in K. obovata started during spring (Fig. 5a), 

whereas flowering occurred during summer (Fig. 5b). During spring and summer, 
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temperature, sunshine hour, rainfall, and humidity were at their maximum (Fig. 2). Our 

results showed that flower bud and flower litterfall of K. obovata were significantly 

correlated with monthly day length, monthly mean air temperature, and monthly mean 

air relative humidity and with monthly mean air temperature, respectively, in agreement 

with Duke’s (1990) finding that climatic factors such as day length and temperature had 

a strong influence on A. marina flowering in Australia, Papua New Guinea, and New 

Zealand. Similar findings have been reported by Wium-Andersen and Christensen 

(1978), who observed flower buds and flowers of C. tagal in southern Thailand in April 

to June, consistent with the wet season. The peak period of flower bud (Fig. 3-6a) and 

flower production (Fig. 3-6b) of K. obovata coincided with the peak period of leaf 

emergence (stipule litterfall) (Fig. 3-3b), suggesting that growth of reproductive organs 

affects apex vigor (Gill and Tomlinson 1971).  

Flowering and fruiting of R. apiculata, R. mucronata, S. alba, and A. officinalis 

were found to be confined to specific periods during a year, and the contributions of 

these species to flower and fruit litterfall to total litterfall were 21.8, 23.2, 17.3, and 

18.1 %, respectively (Wafar et al. 1997). Our results showed that the contribution of the 

reproductive components of K. obovata to the total litterfall was very similar to other 

mangrove species reported by Wafar et al. (1997). According to May (1999), the flower 

and fruit litterfall of A. marina var. australasica contributed 11 % to the total litterfall.  

This is the first study to report the maturation periods of reproductive organs of 

K. obovata in its northern limit of geographical distribution. The developmental phase 

of flower bud initiation to mature propagules took 11 months (Fig. 3-7). Gill and 

Tomlinson (1971) reported that the development time to mature propagules for 

Rhizophora mangle L. in Florida was 8–13 months. The developmental phase of bud 

initiation to mature propagules was 6–8 months in Bruguiera cylindrica (L.) BL. and 

16–21 months in Ceriops tagal (Perr.) C.B. Rob. in southern Thailand (Wium-Andersen 

and Christensen 1978). According to Christensen and Wium-Andersen (1977), R. 

apiculata in southern Thailand took nearly 3 years to develop from flower bud 

primordia to mature propagules. In comparison with already reported data of species 

belonging to the family Rhizophoraceae, it appears that K. obovata growing at the 

northern limit of its geographical distribution has a relatively short maturation period. 

The present study found that a small portion of flowers developed into 
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propagules (6.1 %). Although K. obovata produces a large number of flowers, the 

flowers are small in size, self-compatible, and pollinated by small insects, which is 

similar to K. candel (Tomlinson 1994). A similar observation was made by Gill and 

Tomlinson (1971) who reported that 0–7.2 % of R. mangle flowers were fertilized. 

Although 23.1 % of the fertilized flowers developed into fruits, not all of the fruits grew, 

which may have been because of the energy required during development as well as tree 

size. This rate was higher than the range of 2.4– 5.3 % for R. stylosa, R. mangle, and B. 

gymnorhiza reported by Tyagi (2003) and for R. stylosa and C. australis reported by 

Coupland et al. (2006). It has been suggested that K. obovata has the least specialized 

pollination among Rhizophoraceae species as several types of small insects visit its 

flowers (Tomlinson 1994). Entomophilous pollination could be connected with the 

relatively high fruit set of K. obovata.  

 

3.5. Conclusion 
 The vegetative and reproductive phenology data of K. obovata was repeated each year 

over five years, although there was no significant variation among the years for the 

vegetative and reproductive components. Kandelia obovata showed unimodal leaf and 

stipule litterfall peaks in subtropical regions. The periodicity of flowering and fruiting 

are restricted to the season and it is coincide with the monthly day length, monthly mean 

air temperature, and monthly mean air relative humidity. Kandelia obovata growing at 

the northern limit of its biogeographical distribution has a relatively short maturation 

period of the reproductive organs. 
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Table 3-1. Annual amounts of vegetative and reproductive litterfall components of Kandelia obovata during the study period.  

 
Litterfall components 1st year 2nd year 3rd year 4th year 5th year Mean 
Leaf 594.58 ± 14.05 (56.8) 600.75 ± 13.73 (49.7) 545.30 ± 16.82 (60.0)  482.28 ± 10.05 (52.6) 429.96 ± 9.09 (49.2) 530.58 ± 12.75 (53.3)  
Stipule 92.77 ± 2.66 (8.87) 96.95 ± 2.08 (8.02)  82.73 ± 3.18 (9.10)  52.39 ± 2.06 (5.72) 59.50 ± 2.14 (6.80) 76.87 ± 2.42 (7.79)  
Branch 204.82 ± 14.79 (19.6) 357.08 ± 19.26 (29.5) 88.89 ± 10.65 (9.78)  159.72 ± 9.87 (17.4)  178.69 ± 8.61 (20.4) 197.84 ± 12.64 (20.1)  
Sum of vegetative organs 892.17 ± 31.51 (85.3) 1054.79 ± 35.07 (87.3) 716.91 ± 30.65 (78.9) 694.39 ± 21.97 (75.8) 668.15 ± 19.83 (76.4) 805.28 ± 27.81 (81.2) 
Bud primordium 15.58 ±  1.07 (1.49) 26.17 ±  1.57 (2.17) 21.78 ± 0.74 (2.40)  32.31 ± 0.72 (3.52) 19.06 ± 0.41 (2.18) 22.98 ± 0.90 (2.33)  
Flower bud 14.58 ±  0.61 (1.39) 10.57 ±  0.58 (0.87) 5.93 ± 0.27 (0.65)  8.88 ± 0.54 (0.97)  12.47 ± 0.47 (1.42) 10.48 ± 0.49 (1.06)  
Flower 8.72 ±  1.12 (0.83) 20.11 ±  2.07 (1.66) 25.40 ± 2.72 (2.79)  44.26 ± 2.09 (4.83) 40.57 ± 1.88 (4.64) 27.81 ± 1.98 (2.82)  
Fruit 0.85 ±  0.21 (0.08) 3.56 ±  0.41 (0.29) 3.43 ± 0.36 (0.38)  6.49 ± 0.40 (0.71)  4.27 ± 0.70 (0.49) 3.72 ± 0.41 (0.38)  
Propagule  114.35 ± 27.35 (10.9) 93.45 ± 14.09 (7.73) 135.77 ± 22.20 (14.9) 130.24 ± 22.98 (14.2) 130.35 ± 22.13 (14.9) 120.83 ± 21.75 (12.2) 
Sum of reproductive organs 154.07 ± 30.36 (14.7) 153.86 ± 18.72 (12.7) 192.32 ± 26.29 (21.2) 222.17 ± 26.72 (24.2) 206.72 ± 25.59 (23.6) 185.83 ± 25.54 (18.8) 
Total 1046.24 ± 42.54  1208.64 ± 32.50  909.24 ± 26.47  916.56 ± 48.70 874.87 ± 26.53  991.11 ± 35.35  
Values are mean (g m-2 yr-1) ± SE. Numerals in parenthesis represent the percentage for the total amounts.



 

 52

Table 3-2. Kendall’s consistency coefficient, W, showing agreement in the monthly 

changes in litterfall components of Kandelia obovata among five years of this study. 

 
 Litterfall component  Ｗ χ2 (p-value) 
Leaf 0.7589 41.74 (< 0.001) 
Stipule 0.7192 39.55 (< 0.001) 
Branch 0.3270 17.99 (0.0813) 
Flower bud primordium 0.6120 33.66 (< 0.001) 
Flower bud 0.4775 26.26 (< 0.01) 
Flower 0.8043 44.24 (< 0.001) 
Fruit 0.6867 37.77 (< 0.001) 
Propagule 0.6504 35.77 (< 0.001) 
Total litterfall 0.8151 44.83 (< 0.001) 
Degrees of freedom of the χ2 distribution are 11.  
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Table 3-3. Adjusted R2 values from stepwise method of multiple regression analysis of vegetative and reproductive litterfall components of 

Kandelia obovata in relation to environmental factors. Significant probabilities of the coefficient value are indicated by * (p ≤ 0.05), ** (p ≤ 

0.01), or *** (p ≤ 0.001).  

 
Component Monthly 

mean 
temperature 

Monthly day 
length 

Monthly 
rainfall 

Monthly mean 
relative humidity

Monthly 
maximum 
wind speed 

Equation 

 °C (x1) h month-1 (x2) mm month-1 

(x3) 
% (x4) m s-1 (x5)  

Leaf 0.31 (0.88)  0.57 (0.86)  0.48 (0.93) y = –67.0 + 4.0*** x1 + 2.1*** x5 – 0.1***x3 
Stipule  0.37 (0.99)   0.41 (0.99) y =–15.0 + 0.05*** x2 + 0.1* x5  
Branch 0.56 (0.96)    0.53 (0.96) y = –90.5 + 3.9*** x5 + 1.8* x1  
Flower bud 0.45 (0.44) 0.31 (0.89)  0.55 (0.42)  y = –12.9 + 0.03*** x2 – 0.23*** x1 + 0.1***x4 
Flower 0.28 (1.00)     y = –13.4 + 0.68*** x1 
Fruit 0.20 (0.50) 0.03 (0.50)    y = 2.8 – 0.01*** x2 + 0.1*** x1 
Propagule 0.44 (0.50) 0.11 (0.50)    y = –84.1+ 0.48*** x2 – 3.5*** x1 
 Numerals in parenthesis are the tolerances of the coefficients of the multiple regression for a component.
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Table 3-4. Mean numbers of reproductive organs (m-2 yr-1 ± SE) of Kandelia obovata and their conversion rates (% ± SE) during the study 

period. 

 
Reproductive organs 1st year 2nd year 3rd year 4th year 5th year Mean 
Flower 121.8 ± 7.0  319.9 ± 16.1 430.5 ± 20.6 793.1 ± 44.8 669.1 ± 35.7 466.9 ± 120.3 
Fruit 65.8 ± 3.0  68.4 ± 2.8  84.3 ± 3.5  92.2 ± 2.9  95.0 ± 3.6  81.2 ± 6.0  
Propagule 27.6 ± 1.2  16.4 ± 0.9  27.1 ± 1.5  33.0 ± 1.6  40.2 ± 2.2  28.9 ± 3.9  
Flower to fruit  43.4 ± 2.3  21.0 ± 1.1 20.6 ± 1.3  13.6 ± 0.8  16.8 ± 0.9  23.1 ± 5.3  
Fruit to propagule  29.6 ± 1.1  19.3 ± 1.2  24.3 ± 1.2 26.4 ± 1.3  29.7 ± 1.2  25.9 ± 1.9  
Flower to propagule 12.8 ± 0.8  4.1 ± 0.9  5.0 ± 0.8  3.6 ± 0.9  5.0 ± 0.7  6.1 ± 1.7  
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Fig. 3-1. Location of the study area. The hatched zone indicates the mangrove area. 

Arrow indicates the plot area (bold line).  
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Fig. 3-2. Climatic diagram of the four climatic factors examined (temperature, sunshine, 

humidity, and rainfall). Data were obtained from the Okinawa Meteorological 

Observatory, Naha, Okinawa.  
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Fig. 3-3. Phenograms of the litterfall of the vegetative components of K. obovata in 

Manko Wetland. 
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Fig. 3-4. Exponential relationship between monthly branch litterfall of K. obovata and 

monthly maximum wind speed (R2 = 0.83). ●: 1st year; ○: 2nd year; ■: 3rd year; ♦: 4th 

year; ▼: 5th year. 
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Fig. 3-5. Phenograms of the litterfall of the vegetative and reproductive components and 

the total litterfall of K. obovata in Manko Wetland.  
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Fig. 3-6. Phenograms of the litterfall of the reproductive components of K. obovata in 

Manko Wetland. 
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Fig. 3-7. Crosscorrelation coefficient between pairs of the reproductive components of 

K. obovata in Manko Wetland. 
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(c) Flower bud to mature propagule
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(d) Flower to fruit
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C
ro

ss
co

rr
el

at
io

n 
co

ef
fic

ie
nt

 r
xy

Time lag l  (month)



 

 62

 CHAPTER IV 

Phenological Traits of the Mangrove Rhizophora stylosa Griff. 
 

4.1. Introduction 

Mangroves are important contributors of nutrients to coastal ecosystems. Their litterfall 

is a valuable indicator of their productivity and the input of materials and energy into 

sub-tidal systems (Mackey and Smail 1995). Litterfall also indicates phenological 

events in mangrove species (Leach and Burgin 1985; Duke 1990; Clark 1994), when the 

time-lag between the formation and shedding of plant organs is known (Mehlig 2006). 

Mangrove phenology is important for understanding both the contribution of mangroves 

to near-shore productivity and plant-animal interactions within the community itself 

(Coupland et al. 2005). Phenological events in mangrove communities have been 

suggested to be influenced by local or regional environmental conditions, particularly 

day length, air temperature, rainfall, and water status (Saenger and Moverley 1985; 

Naido 1989; Duke 1990; Fernandes 1999). Many studies have documented mangrove 

litterfall to assess mangrove productivity; however, fewer studies have documented 

mangrove phenology, particularly reproductive phenology. 

Rhizophora stylosa Griff. is widespread in the Indo-Pacific region, extending in 

the western Pacific from New South Wales to Fiji and the Marshall Islands and north to 

Okinawa Island (Vannucci 2002; Duke 2006; Wilson and Saintilan 2012). The Kesashi 

River in Higashi Village, Okinawa Island, Japan, is the northern limit of the 

biogeographical distribution for R. stylosa and is 66 km north of the study area. The 

present study was conducted at Manko Wetland, Okinawa Island, which is inhabited by 

R. stylosa and other species of the family Rhizophoraceae. Because Okinawa has a 

distinctly seasonal climate, its mangroves must cope with substantial seasonal changes 

in environmental factors. Only one previous study examined the phenology of R. stylosa 

growing at the northern limit of its biogeographical distribution (Sharma et al. 2011), 

although a few studies have investigated growth (Wilson and Saintilan 2012), 

phenology (Duke et al. 1984; Coupland et al. 2005, 2006; Juliana et al. 2011), and 

litterfall production (Woodroffe 1984; Leach and Burgin 1985) of R. stylosa. In light of 
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this, we aimed to investigate the vegetative and reproductive phenology of R. stylosa 

growing in a subtropical region, to determine the development period of each 

reproductive organ, and to identify how climatic factors affect R. stylosa phenology. 
 

4.2. Materials and methods 
 

4.2.1. Study site 

The study was conducted at Manko Wetland, Okinawa Island, Japan (26o11′N, 

127o40′E) (Fig. 4-1), over four years from April 2008 to March 2013. This wetland is an 

important area for migratory birds and has been registered on the Ramsar List of 

Wetlands of International Importance (a Ramsar site) since 1999. The study area is a 

brackish tidal flat covering an extensive area at low tide; the tidal range is 3–212 mm. 

The mangroves grow in a mud flat area composed mainly of clay particles (RIS 1999). 

The area is subtropical, as determined by a warmth index of 219.8 ± 15.4 (SE) °C 

month from 2000–2009 (Okinawa Meteorological Observatory, Naha, Japan), within the 

warmth index range of 180–240°C month for subtropical regions (Kira 1991). 
 

4.2.2. Forest structure 

Four mangrove species grow at the study site. Three belong to the family 

Rhizophoraceae: Rhizophora stylosa Griff, Kandelia obovata Sheue, Liu & Yong, and 

Bruguiera gymnorhiza (L.) Lamk. The fourth species, Excoecaria agallocha L., is from 

the family Euphorbiaceae. We established five plots (4 m x 4 m each) in a R. stylosa 

stand to represent the full tidal range at which the species occurred. The number of plots 

was based on the availability of pure stands. All trees in the study plots were numbered, 

and height (H) and stem diameter at breast height (DBH) were measured in April 2010 

and 2012. The tree density, mean H, and mean DBH of R. stylosa were 2.2 ± 0.1 m-2, 

4.3 ± 0.1 m, and 4.0 ± 0.2 cm, respectively, as of 2012. 
 

4.2.3. Climate data 

Meteorological data were obtained from the Okinawa Meteorological Observatory, 

Naha, Japan, from April 2008 to March 2013 (i.e., the time period over which the field 

work was conducted). The Observatory is 2.8 km from the study area. During the study 

period, the temperature fluctuated approximately 15°C from the coldest month to the 
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warmest, and mean annual air temperature was 23.2 ± 0.2°C. Mean annual day length 

was 4362.7 ± 2.5 h yr-1. Rainfall varied throughout the year but exceeded 100 mm 

month-1 in most months. The monthly rainfall ranged from 20 mm month-1 in December 

2008 to 674 mm month-1 in August 2012 (the minimum and maximum for the study 

period, respectively), and mean annual rainfall was 2224.5 ± 247.0 mm yr-1. The mean 

monthly relative humidity was 73.5 ± 0.8 %. Monthly maximum wind speed ranged 

from 10.6 m s-1 in February 2012 to 35 m s-1 in May 2011. 

 

4.2.4. Litterfall collection 

Litterfall was collected using 1-mm mesh litter traps with a collection area of 0.2 m2. 

Two litter traps were placed in each plot > 1 m above the ground to avoid tidal water. 

Litter traps were emptied monthly, and collected litterfall was kept in a cotton bag and 

carried to the laboratory where it was separated into leaves, stipules, branches, flower 

bud primordia, flower buds, flowers, fruits, and propagules. Individual components of 

the litterfall were dried at 80°C for 48 h, desiccated at room temperature, and then 

weighed using a digital balance (EK-600H, A & D Co., Ltd., Tokyo, Japan). 

Reproductive organs (i.e., flowers, fruits, and propagules) were counted to estimate 

successful fruits and propagules. Following Duke (1990), the conversion rates from 

flower to fruit, fruit to propagule, and flower to propagule were calculated as (immature 

fruits + mature fruits + propagules) / (flowers + immature fruits + mature fruits + 

propagules), as (propagules) / (immature fruits + mature fruits + propagules), and as 

(propagules) / (flowers + immature fruits + mature fruits + propagules), respectively. 

 

4.2.5. Statistical analysis 

Kendall’s coefficient of concordance, W, was used to evaluate the degree of similarity in 

monthly change among years for each litterfall component. Litterfall data were ranked 

by monthly mass for every year, and W was calculated for monthly litterfall. If W = 1.0, 

the monthly changes in litterfall would be concordant among years, whereas if W = 0.0, 

the monthly changes would be completely different among years. A χ2 test with degrees 

of freedom of n - 1 was used to determine the significance of the W value (Saito et al. 

2003).  

We performed a stepwise multiple regression analysis to determine the effects 
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of five environmental factors — temperature, day length, rainfall, humidity, and 

maximum wind speed — on the litterfall of leaves, stipules, branches, flower buds, 

flowers, fruits, and propagules, using MA-MACRO/MRA software (ver. 3.0, Practical 

Business Education Institute, Tokyo, Japan). The stepwise multiple regression was 

continued until the adjusted R2 value showed a decreasing trend. A criterion of F value 

> 2.0 was set to determine the minimum significance of a variable to be included in the 

equation. Multiple regression analysis of environmental factors on mangrove litterfalls 

is difficult because the environmental factors often co-vary. A criterion of tolerance > 

0.1 was selected to avoid multicollinearity among the variables (Shiga et al. 2004).  

The autocorrelation coefficient rxx(k) was calculated for each litterfall 

component to evaluate its yearly cycle: 
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, where k (= 0, 1, 2,…) is the time 

lag in months; N (= 48) is the total number of months in the time series; Xj and Xj+k are 

the litterfall component mass of the jth month and (j+k)th month, respectively; and 

kNX −,1  and NkX ,1 +  are the mean values of the component mass from the first to the 

(N-k)th month and from the (1+k)th to the Nth month, respectively. 

The cross-correlation coefficient rxy(l) was calculated to identify the lag, l, in 

maturation time between reproductive organs using their time series data:
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, where l (= 0, 1, 2,…) is the time lag 

in months; N (= 48) is the total number of months in the time series; Xj and Yj+l are the 

reproductive organ mass for the jth month and (j+l)th month, respectively; lN,X −1  is the 

mean value of a reproductive organ mass from the first to the (N-l)th month; and N,lY +1  

is the mean value of the other reproductive organ mass from the (1+l)th to the Nth 

month.  

 

4.3. Results 
 

4.3.1. Vegetative phenology 

Figure 4-2 shows the monthly patterns of vegetative (leaf, stipule, branch) organ 
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litterfall in the R. stylosa stand. Leaf litterfall (Fig. 4-2a) and stipule litterfall (Fig. 4-2b) 

occurred continuously throughout the year, and each showed a clear monthly trend. Leaf 

litterfall was highest in summer (June–August) and lowest in winter 

(December–February). In contrast to other years, excessive leaf litterfall occurred in 

May and August 2011, and September 2012 because of a typhoon. Thereafter, the rates 

in that year decreased distinctly in June and July (summer). Stipule litterfall, which is an 

indicator of new leaf production, was also highest in summer months (June–August) 

and lowest in winter months (December–February). Kendall’s coefficient of 

concordance, W, revealed that the monthly leaf and stipule litterfall were strongly and 

significantly concordant among study years (Table 4-1). As illustrated in Fig. 4-3, the 

autocorrelation coefficient revealed that the leaf (Fig. 4-3a) and stipule (Fig. 4-3b) 

litterfall showed a one-year cycle. Branch litterfall, including small twigs, bark, and 

large branches, showed no clear monthly pattern (Fig. 4-2c, Table 4-1) or annual cycle 

(Fig. 4-3c). Figure 4-4 depicts the exponential relationship between branch litterfall and 

monthly maximum wind speed. Branch litterfall increased exponentially with increasing 

monthly maximum wind speed. 

Table 4-2 presents the results from the stepwise multiple regression analyses 

for variation in vegetative and reproductive (flower bud, flower, fruit, propagule) organ 

litterfall with variation in environmental factors. Leaf litterfall was significantly 

influenced by monthly maximum wind speed and monthly day length, whereas stipule 

litterfall was significantly correlated with monthly mean air temperature and monthly 

mean air relative humidity. Branch litterfall was correlated with monthly maximum 

wind speed.  

Table 4-3 summarizes the amount of vegetative and reproductive organ 

litterfall components and their contributions to the total litterfall. Mean total litterfall 

was 1225.0 ± 120.5 g m-2 yr-1, of which leaves were the largest contributor (56.5%), 

with an estimated amount of 692.7 ± 48.0 g m-2 yr-1.  

 

4.3.2. Reproductive phenology 

Reproductive components of R. stylosa were present in litter traps with regular 

periodicity across years. Flower bud primordia were very difficult to separate from 

other litterfall. In most cases, primordia were confused with segments of inflorescences. 
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Therefore, we were unable to detect any monthly pattern in the litterfall of primordia for 

R. stylosa (Table 4-1). Litterfall of flower buds, including both immature and mature 

buds, was highest in summer (June–August) and lowest in winter (December–February) 

(Fig. 4-5a). In contrast to other years, excessive flower bud litterfall occurred in May 

2011 because of a typhoon. Kendall’s W values revealed that the monthly trend in 

flower bud litterfall was significantly concordant among years (Table 4-1). Most of the 

flower litterfall was observed from April to October, with the highest abundance in July 

(Fig. 4-5b). Unfertilized flowers aborted and fell quickly from trees, and some 

pollinated flowers also fell. Kendall’s W values revealed that the monthly trend in 

flower litterfall showed strong and significant concordance among years (Table 4-1). 

Fruit litterfall of R. stylosa was highest in July and lowest in January, except in May 

2011 (Fig. 4-5c). Propagules began to drop in July and continued dropping until 

September, but the abundance of mature propagules was highest in August and 

September (Fig 4-5d). Kendall’s W values also revealed that the fruit and propagule 

litterfall had significant monthly trends (Table 4-1). The autocorrelation coefficient 

revealed that flower bud (Fig. 4-6a), flower (Fig. 4-6b), fruit (Fig 4-6c), and propagule 

(Fig. 4-6d) litterfall each had a cycle of approximately one year in length. 

Flower bud litterfall was significantly influenced by monthly mean relative 

humidity, monthly maximum wind speed, monthly mean air temperature, and monthly 

day length, whereas flower litterfall was significantly associated with monthly day 

length (Table 4-2). Fruit and propagule litterfall was significantly related to monthly 

mean air temperature. The mean total reproductive organ litterfall was 263.6 ± 40.3 g 

m-2 yr-1, which contributed 21.5 % to the total litterfall (Table 4-3). 

As shown in Fig. 4-7a, the development of flower buds to flowers took 

approximately 2–3 months. After fertilization was complete, flowers turned into fruits. 

The development phase from flower buds to fruits took approximately 4–5 months (Fig. 

4-7b). The development phase from flower buds to mature propagules took around 

11–12 months (Fig. 4-7c). Development from flowers to fruits took 2 months (Fig. 

4-7d). As a species with viviparous germination, R. stylosa followed the initiation of 

hypocotyls from fruit. Development from flowers to mature propagules and fruits to 

mature propagules took around 9–10 months (Fig. 4-7e) and 8 months (Fig. 4-7f), 

respectively.  
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Table 4-4 represents the mean number of reproductive organs and their mean 

survivorship. Mean survivorship from flowers to fruits was 34.7 ± 8.8 %, whereas mean 

survivorship from fruits to propagules was 8.2 ± 2.0 %. The mean conversion 

percentage of flowers to propagules was 2.2 ± 0.4 % for R. stylosa. 
   

4.4. Discussion 
Both leaf and stipule litterfall of R. stylosa at the northern limit of its biogeographical 

distribution were highest in summer. This is consistent with R. stylosa on Motupore 

Island, Papua New Guinea (Leach and Burgin 1985), and at its southern latitudinal limit 

in eastern Australia (Wilson and Saintilan 2012). Our results agree with the 

summarization by Duke (2006), who reported that peak leaf litterfall in R. stylosa in the 

Northern Hemisphere occurred from April–August and peak stipule litterfall occurred 

from May–August. In contrast to the present study, Duke et al. (1984) reported that R. 

stylosa litterfall on Hinchinbrook Island, northeastern Australia, showed a bimodal 

pattern. Results similar to ours were observed in southern Thailand in the congeneric 

species R. mucronata Lamk., which showed unimodal patterns with maximum leafing 

and shedding rates during the tropical monsoon season, characterized by high air 

temperatures and heavy rainfalls (Wium-Andersen 1981). Unimodal leaf and stipule 

litterfall peaks have been observed in the same genus in subtropical areas (Gill and 

Tomlinson 1971), whereas in tropical areas, unimodal and bimodal patterns have been 

observed in species of the same genus (Wium-Andersen 1981; Christensen and 

Wium-Andersen 1977). The tropical climate may cause multimode peaks of leaf and 

stipule litterfall in mangroves.  

New leaf production and leaf litterfall in R. stylosa were related to increases in 

mean air temperature and relative humidity, and with monthly maximum wind speed 

and monthly day length, respectively. This is in agreement with Gill and Tomlinson’s 

(1971) findings that leaf production by R. mangle L. in Florida, USA, was most 

common in summer when solar radiation and temperature levels were highest. Similar 

findings were also reported by Leach and Burgin (1985), who found that leaf litterfall 

from R. stylosa on Motupore Island was significantly correlated with mean maximum 

air temperature. Temperature, day length, and relative humidity may be the important 

external controlling factors for R. stylosa leaf initiation and leaf abscission in 
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subtropical regions.  

Mangroves at Manko Wetland face frequent typhoons, which disrupt the 

seasonality of branch litterfall and could be the main reason for the higher monthly 

litterfall, especially of branches, that we observed. Excessive branch litterfall in some 

months (e.g., May and August 2011) is attributed to typhoons with wind speeds 

exceeding 17.2 m s-1. Six strong typhoons (Kompasu, Chaba, Songda, Muifa, Bolaven, 

Jelawat) occurred on 1 September and 27 October 2010, 28 May and 5 August 2011, 

and on 26 August and 29 September 2012, respectively. During the typhoons, green 

leaves were damaged and fell to the ground individually or attached to living broken 

branches. These green leaves contributed to excessive leaf litterfall in May and August 

2011, and August and September 2012 (Fig. 4-2a).  

The mean total litterfall of R. stylosa (12.3 Mg ha-1 yr-1; Table 4-3) was higher 

than the 7.77 Mg ha-1 yr-1 recorded on Vaitupu, Tuvalu, South Pacific (Woodroffe 1984). 

Litterfall was lower than the 14.3 Mg ha-1 yr-1 reported for this species on Motupore 

Island (Leach and Burgin 1985) and was also higher than the 11.8 Mg ha-1 yr-1 measured 

for R. apiculata Blume and R. mucronata Lamk in the central west coast of India (Wafar 

et al. 1997). Our data suggest that litterfall production by R. stylosa at the northern limit 

of its biogeographical distribution may be comparable to that found in other mangrove 

species in tropical regions. Similar to other studies (Wafar et al. 1997; Ochieng and 

Erftemeijer 2002), the leaves of R. stylosa were the major contributors to total litterfall 

production. 

All the reproductive components of R. stylosa showed distinct monthly peaks. 

Flower and propagule litterfall in our study followed the same monthly pattern as in 

other mangrove species. For example, flowers and propagules of R. mucronata (Shunula 

and Whittick 1999) in tropical regions had one reproductive peak in summer. The 

portion of reproductive organ litterfall to the total litterfall of R. stylosa (21.5 %) at 

Manko Wetland was more than 2 % higher than reported for the same species 

(Woodroffe 1984) and was almost identical with those of R. apiculata (21.8 %) and R. 

mucronata (23.2 %) on the central west coast of India (Wafar et al. 1997). 

At Manko Wetland, reproductive organs were associated with long monthly 

day length (flowers) and monthly mean air temperature (fruits and propagules), in 

agreement with Borchert’s (2012) findings that expansion of dormant flower buds may 
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be triggered by increasing exposure to sunlight or the first heavy rains of the wet season. 

In contrast to our results, the flower bud and flower litterfall of R. stylosa on Motupore 

Island was significantly positively correlated with rainfall (Leach and Burgin 1985). At 

Manko Wetland, rainfall exceeds 100 mm in most months, and thus rainfall would not 

be a triggering factor for reproductive organ production. It may be concluded that air 

temperature, day length, and relative humidity or rainfall are the environmental clues 

that control the seasonality of reproductive organ litterfall in R. stylosa. 

This is the first study to report the maturation periods of reproductive organs of 

R. stylosa at the northern limit of its biogeographical distribution. We estimated that the 

R. stylosa needed 11–12 months to complete its reproductive cycle, which agrees with 

the 10–11 months reported by Juliana et al. (2011) for R. stylosa in Peninsular Malaysia 

and the 8–13 months reported by Gill and Tomlinson (1971) for R. mangle in Florida, 

USA. At Manko Wetland, flowers took 9–10 months to form mature propagules, in 

agreement with 11 months and 11–12 months respectively recorded for this species in 

northern (Coupland et al. 2005) and northeastern (Duke et al. 1984) Australia. The 

present reproductive cycle was shorter than that reported for R. apiculata in Malaysia 

(14–16 months) by Akmar and Juliana (2012) but almost identical to Farihah’s (2011) 

findings (11–12 months). In comparison with previously reported data, R. stylosa 

growing at the northern limit of its biogeographical distribution appears to have a 

similar maturation period to the same or congeneric species inhabiting tropical and 

subtropical regions. 

The mean conversion rate of flowers to mature propagules for R. stylosa 

(2.2 %) at Manko Wetland, Okinawa Island, was higher than those reported for the same 

species at Darwin Harbour, Australia (0.5 %; Coupland et al. 2006), in Fiji (0.8–2.1 %; 

Tyagi 2003), on Motupore Island (0.6 %; Leach and Burgin 1985), and on Hinchinbrook 

Island (1.5 %; Duke et al. 1984). Coupland et al. (2006) reported that lower rate of 

fertilization might be due to limiting maternal resources and the lack of flower 

adaptation to either animal or wind pollination. Another possibility is that because of the 

availability of effective pollinators in the study area, the present rate of successful 

fertilization and subsequent propagule production were higher. 

 

4.5. Conclusion 
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In summary, the vegetative and reproductive litterfalls of R. stylosa were measured 

monthly over four years; there was no significant monthly variation among the years in 

either. The periodicity of leaf initiation and leaf abscission in subtropical regions 

showed unimodal patterns and were governed mainly by air temperature and day length. 

The annual litterfall production of R. stylosa and its contribution to the Manko Wetland 

ecosystem was relatively high. The period of reproductive organ development agreed 

with previous reports for this species or for congeneric species in tropical and 

subtropical regions. 
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Table 4-1. Kendall’s coefficient of concordance, W, showing agreement in the monthly 

changes in litterfall components of Rhizophora stylosa among five years of this 

study. 

 
 Litterfall component  W χ2 (p-value) 
Leaf 0.83 45.6 (< 0.001) 
Stipule 0.83 45.6 (< 0.001) 
Branch 0.27 15.1 (0.1779) 
Sum of vegetative organs 0.83 45.6 (< 0.001) 
Flower bud primordium 0.14 7.9 (0.7215) 
Flower bud 0.50 27.3 (< 0.01) 
Flower 0.90 49.6 (< 0.001) 
Fruit 0.60 26.5 (< 0.01) 
Propagule 0.50 27.7 (< 0.01) 
Sum of reproductive organs 0.90 40.1 (< 0.001) 
Total litterfall 0.89 38.7 (< 0.001) 
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Table 4-2. Adjusted R2 values from the stepwise multiple regression analysis of vegetative and reproductive litterfall components from 

Rhizophora stylosa in relation to environmental factors. Significant probabilities are indicated by * (p ≤ 0.05), ** (p ≤ 0.01), or *** (p ≤ 

0.001). 

 
 
Component Monthly mean 

temperature  
Monthly day 
length 

Monthly rainfall Monthly mean 
relative 
humidity 

Monthly 
maximum 
wind speed 

Equation 

 °C (x1) h month-1 (x2) mm month-1 (x3) % (x4) m s-1 (x5)  
Leaf  0.76 (0.97)   0.57 (0.97) y = -346.5 + 8.2*** x5 + 0.8*** x2 
Stipule 0.44 (0.53)   0.49 (0.53)  y = -30.3 + 0.6** x1 + 0.3** x4  
Branch     0.65 (1.00) y = -91.7 + 6.8*** x5  
Flower bud 0.31 (0.40) 0.36 (0.40)  0.27 (0.42) 0.30 (0.87) y = -23.5 + 0.2*** x4 + 0.2** x5 - 

0.3** x1 + 0.03* x2 
Flower  0.39 (1.00)    y = -39.9 + 0.1*** x2 
Fruit 0.19 (1.00)     y = -7.9 + 0.5*** x1  
Propagule 0.20 (1.00)     y = -66.4 + 3.4*** x1  

Numerals in parentheses are tolerances of the coefficients of the multiple regression for a component. 
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Table 4-3. Annual amounts of vegetative and reproductive litterfall components of Rhizophora stylosa during the study period. 
 
Litterfall components 1st year 2nd year 3rd year 4th year 5th year Mean 
Leaf 610.0 ± 9.5 (63.1) 666.6 ± 13.5 (56.3) 577.2 ± 10.2 (56.4)  810.2 ± 26.0 (61.8) 799.5 ± 26.5 (48.7) 692.7 ± 48.0 (56.5)  
Stipule 104.3 ± 1.8 (10.8) 94.4 ± 1.6 (8.0)  126.8 ± 2.1 (12.4)  118.6 ± 1.7 (9.1)  112.9 ± 1.5 (6.9)  111.4 ± 5.6 (9.1)  
Branch 70.7 ± 4.3 (7.3)  66.3 ± 2.5 (5.6)  83.9 ± 2.1 (8.2)  198.5 ± 10.5 (15.2) 366.9 ± 26.7 (22.4) 157.3 ± 57.8 (12.8)  
Sum of vegetative organs 785.1 ± 13.4 (81.0) 827.4 ± 15.0 (70.0) 787.9 ± 12.1 (77.0) 1127.2 ± 36.8 (86.0) 1279.3 ± 52.3 (78.0) 961.4 ± 101.9 (78.5) 
Flower bud primordium 36.1 ± 1.0 (3.7) 13.2 ± 0.8 (1.1)  4.1 ± 0.2 (0.4)  9.7 ± 0.5 (0.7)  0  12.6 ± 6.3 (1.0) 
Flower bud 13.5 ± 0.4 (1.4)  11.8 ± 0.3 (1.0)  22.2 ± 0.5 (2.2)  42.5 ± 1.7 (3.3)  19.7 ± 0.5 (1.2)  22.0 ± 5.5 (1.8)  
Flower 26.6 ± 0.9 (2.6)  47.8 ± 1.5 (4.0)  44.7 ± 1.4 (4.4)  36.0 ± 1.3 (2.7)  118.0 ± 3.5 (7.2)  54.6 ± 16.3 (4.5)  
Fruit 39.7 ± 0.8 (4.1)  60.3 ± 2.2 (5.1)  35.6 ± 1.1 (3.5)  26.8 ± 1.1 (2.1)  18.0 ± 0.6 (1.1)  36.1 ± 7.1 (2.9)  
Propagule 65.2 ± 3.5 (6.6)  223.2 ± 14.0 (18.9) 128.6 ± 6.8 (12.6)  68.1 ± 3.4 (5.2)  206.6 ± 12.6 (12.5) 138.3 ± 33.3 (11.3)  
Sum of reproductive organs 181.1 ± 5.1 (19.0) 356.5 ± 14.4 (30.0) 235.2 ± 9.2 (23.0) 183.1 ± 4.9 (14.0) 362.3 ± 14.8 (22.0) 263.6 ± 40.3 (21.5) 
Total 966.2 ± 17.3  1183.8 ± 24.8  1023.1 ± 20.6  1310.3 ± 40.6 1641.6 ± 57.1 1225.0 ± 120.5  
Values are mean (g m-2 yr-1) ± SE. Numerals in parentheses represent percentages to total litterfall. 



 

 77

Table 4-4. Mean numbers of reproductive organs (m-2 yr-1 ± SE) of Rhizophora stylosa and their conversion rates (% ± SE) during the 

study period. 

 
Reproductive organs 1st year 2nd year 3rd year 4th year 5th year Mean 
Flower 443.1 ± 46.6  331.0 ± 39.4  442.1 ± 56.1  345.3 ± 63.8  921.3 ± 102.0 496.6 ± 108.7 
Fruit 389.1 ± 59.7  372.8 ± 48.6  325.4 ± 51.7  87.6 ± 15.5  54.5 ± 6.2  245.9 ± 72.3  
Propagule 12.5 ± 2.8  22.4 ± 1.1  20.2 ± 1.4  10.2 ± 2.8  8.8 ± 2.0  14.8 ± 2.7  
Flower to fruit  46.9 ± 2.7  54.3 ± 3.0  43.5 ± 2.3  22.3 ± 0.7  6.7 ± 1.0  34.7 ± 8.8  
Fruit to propagule  3.0 ± 0.4  6.0 ± 0.8  6.4 ± 1.1 11.4 ± 3.1  14.3 ± 3.4  8.2 ± 2.0  
Flower to propagule  1.4 ± 0.2  3.2 ± 0.4  2.7 ± 0.4  2.5 ± 0.7  0.9 ± 0.3 2.2 ± 0.4  
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Fig. 4-1. Location of the study area. The hatched zone indicates the mangrove area. 

Arrow indicates the plot area (filled square). 
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Fig. 4-2. Phenograms of vegetative litterfall. Vertical bars represent standard errors of 
the means, n = 5. 

0

50

100

150

200

250

300

350

AM J J A S ON D J FMAM J J A S O N D J F MAM J J A S ON D J FM AM J J A S ON D J F MAM J J A S O N D J F M

(a) Leaf

2008 2009 2010 2011 2012 2013

0

5

10

15

20

25

30

AM J J A S O N D J FMAM J J A S O N D J FMAM J J A S O N D J FMAM J J A S O N D J FMAM J J A S O N D J FM

(b) Stipule

Li
tt

er
fa

ll 
(g

 m
-2

 m
on

th
-1

)

2008 2009 2010 2011 2012 2013

0

50

100

150

200

250

300

350

400

AM J J A S ON D J FMAM J J A S O N D J F MAM J J A S ON D J FM AM J J A S O N D J F MAM J J A S O N D J FM

(c) Branch

2008 2009 2010 2011 2012 2013



 

 80

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-3. Correlograms of vegetative litterfall. 
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Fig. 4-4. Exponential relationship between monthly branch litterfall and monthly 

maximum wind speed (R2 = 0.95). ●: 1st year; ○: 2nd year; ■: 3rd year; ♦: 4th year; ▼: 

5th year. 
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Fig. 4-5. Phenograms of reproductive litterfall. Vertical bars represent standard errors of 

the means, n = 5. 
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Fig. 4-6. Correlograms of reproductive litterfall. 
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Fig. 4-7. Crosscorrelation coefficients between pairs of reproductive components of R. 

stylosa in Manko Wetland, Okinawa Island, Japan. Arrows indicate maturation periods.  
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CHAPTER V 

Litterfall of Three Subtropical Mangrove Species in the 
Family Rhizophoraceae  

 

5.1. Introduction 
Mangrove forests are among the world’s most productive ecosystems, as well as unique 

wetland ecosystems in inter-tidal coastal regions of the tropics and subtropics (Lugo and 

Snedaker 1975; Nagarajan et al. 2008). Litterfall is one of the important components of 

primary productivity, especially in view of its contribution to estuarine ecosystems 

(Woodroffe et al. 1988; Bunt 1995; Tam et al. 1998; Metcalfe et al. 2011). Mangrove 

litterfall consists primarily of leaves, which become available to consumers and 

decomposers. Litterfall is also an indicator of phenological events such as leaf 

recruitment, leaf fall, flowering, and fruiting (Leach and Burgin 1985; Duke 1990; 

Clarke 1994), if the possible time lag between formation and shedding of plant organs is 

known (Mehlig 2006). There are numerous studies on litterfall production in mangroves, 

especially in tropical regions of Australia (Bunt 1982; Mackey and Smail 1995), 

Thailand (Christensen 1978; Angsupanich and Aksornkoae 1994), and Malaysia 

(Ashton et al. 1999), but data on species commonly found in subtropical regions are 

comparatively scarce (Gwada et al. 2000; Khan et al. 2009; Sharma et al. 2012). 

This study was conducted on Okinawa Island, Japan, an area that is very 

important for migratory birds, aquatic animals, and crustaceans (RIS 1999). The study 

area is occupied primarily by Rhizophora stylosa Griff., Kandelia obovata (S., L.) Yong, 

and Bruguiera gymnorhiza (L.) Lamk., all in the family Rhizophoraceae, the most 

important family of true mangroves, which consists of 22 mangrove species and 

numerous hybrids found in tropical and subtropical areas of the world. However, very 

few studies have documented litter production (Hardiwinoto et al. 1989; Mokolensang 

and Tokuyama 1998) or leaf phenology and litterfall production (Gwada et al. 2000; 

Khan et al. 2009; Analuddin et al. 2009; Sharma et al. 2011, 2012) of these three species 

in the subtropics. Therefore, the objectives of the present study were to investigate 

phenological changes and compare litterfall production among R. stylosa, K. obovata, 

and B. gymnorhiza. This study also aimed to determine the rate of successful conversion 
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from flowers to propagules. 
 

5.2. Materials and methods 
 

5.2.1. Study site 

The study was conducted in Manko Wetland, Okinawa Island, Japan (26°11´N, 

127°40´E), over 3 years from April 2008 to March 2011 (Fig. 5-1). The study site is 

located at the junction of the Noha and the Kokuba Rivers. This area receives regular 

tidal inundation and some fresh water supply through run-off from adjacent areas (Khan 

et al. 2004). In 1999, the study area was recognized as an important wetland under the 

Ramsar Convention. The study area is a brackish tidal flat, covering an extensive area at 

low tide, and the average tidal range varies from 3 mm to 212 mm. The mud flat area is 

mainly composed of clay particles (RIS 1999). The area belongs to the subtropical zone, 

as determined by the warmth index (± SE) (i.e., the cumulative value of mean monthly 

temperatures > 5°C), which was 219.8 ± 15.4°C month (2000 to 2009; Okinawa 

Meteorological Agency, Naha), within the defined range of 180 to 240°C month for 

subtropical regions (Kira 1991). Annual mean rainfall (± SE) was 2070.2 ± 231.3 mm 

year-1. 
 

5.2.2. Forest structure 

Four mangrove species are found at the study site, three of which belong to the family 

Rhizophoraceae, Rhizophora stylosa, Kandelia obovata, and Bruguiera gymnorhiza. 

The fourth species, Excoecaria agallocha L., is in the family Euphorbiaceae and just a 

very few trees were found in a small patch of the study area. Kandelia obovata in China 

and Japan has recently been reclassified, and was previously recognized as Kandelia 

candel (L.) Druce (Sheue et al. 2003). This is the dominant species at the study site and 

occupies the majority of the area. In some places it grows together with R. stylosa and B. 

gymnorhiza.  

We established 25 plots (5 m × 5 m each) in K. obovata stands and five plots 

each (4 m × 4 m each) in R. stylosa and B. gymnorhiza stands. The plots of each species 

covered the full tidal range in which each species occurred. The numbers and sizes of 

the plots differed between the species because of the availability of pure stands of the 
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species. Seedlings were not found growing under closed canopies. All trees in the study 

plots were numbered and height (H), stem diameter at H/10 (D0.1H), and diameter at 

breast height (DBH) were measured. The mean densities of K. obovata, R. stylosa, and 

B. gymnorhiza were 2.2, 2.3, and 1.8 m-2, respectively, and the mean heights (± SE) 

were 4.3 ± 0.9, 3.9 ± 0.7, and 3.0 ± 0.1 m as of April 2010. The mean D0.1H of K. 

obovata and B. gymnorhiza (± SE) was 5.1 ± 0.1 and 3.8 ± 0.2 cm, respectively, and the 

mean DBH (± SE) of R. stylosa was 4.3 ± 0.1 cm. 

 

5.2.3. Litterfall collection 

Litterfall was collected using 1-mm mesh litter traps with a mouth area of 0.2 m2. Two 

litter traps were placed at 1 m above the ground in each plot to avoid tidal water. 

Litterfall was collected monthly in a cotton bag and separated in the laboratory into 

leaves, stipules, branches, flower bud primordia, flower buds, flowers, fruits, and 

propagules. These separated components of the litter were dried at 80°C for 48 h, 

desiccated at room temperature, and then weighed using a digital balance (EK-600H, A 

& D, Tokyo, Japan). Reproductive parts (i.e., flowers, fruits, and propagules) were 

counted to estimate successful fruits and propagules. Following Duke (1990), the 

conversion rates from flower to fruit, fruit to propagule and flower to propagule were 

calculated as (immature fruits + mature fruits + propagules) / (flowers + immature fruits 

+ mature fruits + propagules), as (propagules) / (immature fruits + mature fruits + 

propagules) and as (propagules) / (flowers + immature fruits + mature fruits + 

propagules), respectively. 

   

5.2.4. Statistical analysis 

Kendall’s coefficient of concordance W was used to evaluate a degree of the similarity 

in the monthly change among years for each litterfall component. When W = 1.0, the 

monthly changes of the litterfall are concordant among years, while when W = 0.0, the 

monthly changes are completely different among years. χ2 ( )( )Wkn   1 ⋅⋅−=  test with n 

– 1 degrees of freedom was used to determine the significance of the W value. The 

autocorrelation coefficient was calculated for each litterfall component to evaluate its 

yearly cycle. The simple regression method was used to understand the effect of 

reproductive organ litterfall on the vegetative organ litterfall. The annual mass of 
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stipules and reproductive components of litterfalls was calculated by summing the 

monthly data of each plot. A one-way ANOVA was run to test significance differences 

in the numbers of flowers, fruits, and propagules, and in the annual masses of litterfall 

components among the species. The number of replicates was 15 for R. stylosa, 75 for K. 

obovata, and 15 for B. gymnorhiza. Bonferroni's multiple comparison was used for 

post-hoc-tests using SPSS software (ver. 11.5, SPSS Inc., New York, USA). 

 

5.3. Results 
All three species showed a similar pattern in the seasonality of leaf litterfall (Fig. 5-2a). 

Leaf litterfall of R. stylosa was greatest in July and lowest in December. Kandelia 

obovata also exhibited a unimodal leaf litterfall pattern, with a peak in August and 

lowest amounts of litterfall in January. In B. gymnorhiza, leaf litterfall was highest in 

summer (June–August) and lowest in winter (December–February). Stipule litterfall, an 

indicator of leaf emergence, was also highest in summer and lowest in winter for all 

three species (Fig. 5-2b). Kendall’s coefficient of concordance, W, revealed that the 

monthly trends in leaf and stipule litterfalls for the three species showed strong and 

significant concordance among the study years (Table 5-1). However, branch litterfall 

did not show any clear monthly trend in any of the three species. There was very high 

branch litterfall in August and October 2009 and October 2010 due to typhoons (wind 

speed >17.2 m s-1) (Fig. 5-2c). Three strong typhoons (Morakot, Muifa, and Chaba) 

occurred on 6 August and 7 October 2009 and 27 October 2010, respectively. Litterfall 

of branches during the typhoons constituted a large portion of the annual branch 

litterfall. Branches that fell during the typhoons in 2009 and 2010 accounted for 44.1 % 

and 16.4 % of total annual branch fall for R. stylosa, 54.9 % and 61.1 % for K. obovata, 

and 57.1 % and 24.6 % for B. gymnorhiza, respectively. 

Flower bud primordia were very difficult to separate from other litterfall. In 

most cases, primordia were confused with segments of inflorescences. Therefore, we 

were unable to detect any seasonal pattern in litterfall of primordia for any of the 

species (Table 5-1). 

Litterfall of flower buds from R. stylosa was highest in summer (June–August) 

and lowest in winter (December–February; Fig. 5-2d). In December, no flower buds 

were observed in the litterfall. Flower bud litterfall of K. obovata started in March and 
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continued to August, and was not observed from September to February. That of B. 

gymnorhiza fluctuated throughout the year, but was highest from spring through 

summer and lowest in winter. We found mature flower buds in litterfall from April to 

August. Kendall’s W values revealed that litterfall of flower buds of R. stylosa showed 

strong and significant concordance among years, whereas that of K. obovata and B. 

gymnorhiza had less clear monthly trends (Table 5-1). 

Litterfall of R. stylosa flowers was observed from April through October, with 

the highest abundance in July (Fig. 5-2e). Unfertilized flowers were aborted and fell 

from trees within a few days, and some pollinated flowers also fell. No R. stylosa 

flowers were found in litterfall between November and February. Flower litterfall from 

K. obovata was observed from May through September, with a peak in August, after 

which their abundance was dramatically reduced. No K. obovata flowers were observed 

in litterfall from November to April. Flowers from B. gymnorhiza were found in most 

months of the year, with a maximum in September and a minimum in January. Kendall’s 

W values revealed that monthly trends of flower litterfall for all three species showed 

strong and significant concordance among years (Table 5-1). 

Figure 5-2f shows the monthly patterns of fruit litterfall of R. stylosa and K. 

obovata. Fruit litterfall of R. stylosa was highest in July and lowest in January, while 

that of K. obovata was primarily observed between August and December, and no fruits 

were found from February to July. Bruguiera gymnorhiza has no apparent fruit stage 

because propagule development immediately follows fertilization with a single 

hypocotyl emerging from an attached mature calyx. Kendall’s W values revealed that 

monthly trends of fruit litterfall for R. stylosa and K. obovata showed strong and 

significant concordance among years (Table 5-1). 

Over the course of time, hypocotyls developed from flowers or fruits and 

matured into propagules. Mature propagules of R. stylosa dropped from July to 

September, with a peak in September (Fig. 5-2g). Kandelia obovata propagules dropped 

primarily between March and May. Most propagules found in February and March were 

immature, while propagules found in April and May were mostly mature. Bruguiera 

gymnorhiza propagules were found throughout the year, but abundance was highest in 

summer and lowest in winter. Kendall’s coefficient of concordance W values revealed 

that monthly trends in propagule litterfall showed strong and significant concordance 
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among years for K. obovata, but seasonal patterns were unclear for R. stylosa and B. 

gymnorhiza (Table 5-1). Total litterfall for all three species showed a unimodal pattern, 

with a peak in summer and lowest levels in winter (Fig. 5-2h). Kendall’s W values 

showed that seasonal trends in total litterfall of all the three species showed strong and 

significant concordance among years (Table 5-1). 

As shown in Table 5-2, the mean numbers of flowers produced did not differ 

significantly between R. stylosa and B. gymnorhiza, but there was a significant 

difference in the number of flowers between these two species and K. obovata. Fruit 

production differed significantly only between R. stylosa and K. obovata, and propagule 

number differed significantly between R. stylosa and the other two species. Table 5-3 

represents the mean conversion percentage of flowers to propagules (± SE) was 2.3 ± 

0.4 % for R. stylosa, 5.9 ± 0.3 % for K. obovata, and 10.3 ± 0.5 % for B. gymnorhiza. 

Young, tender, green, and yellow leaves contributed the most to total litterfall. 

Mean leaf litterfall (± SE) of R. stylosa, K. obovata, and B. gymnorhiza was 618.0 ± 

21.7, 485.8 ± 9.0, and 468.4 ± 20.3 g m-2 year-1, respectively, which represent 58.4, 54.0, 

and 50.4% of the total litterfall for each species, respectively (Table 5-4). Mean 

propagule litterfall (± SE) of R. stylosa, K. obovata, and B. gymnorrhiza was 139.0 ± 

24.6, 132.1 ± 12.8, and 219.0 ± 29.5 g m-2 year-1, respectively, which contributed 13.1, 

14.7, and 23.6 % to the total litterfall, respectively. Mean total litterfall (± SE) was 

1057.7 ± 52.6 g m-2 year-1 for R. stylosa, 900.2 ± 15.7 g m-2 year-1 for K. obovata, and 

929.8 ± 46.8 g m-2 year-1 for B. gymnorhiza. There was no significant difference in total 

litterfall between K. obovata and B. gymnorhiza, but that of both of these species 

differed significantly from total litterfall for R. stylosa. 

The autocorrelation coefficient revealed that leaf litterfall (Fig. 5-3a) of the 

three species demonstrated an annual cycle. Figure 5-3b illustrates that stipule litterfall 

of R. stylosa and K. obovata showed a one-year cycle. Litterfall of branches (Fig. 5-3c) 

and flower bud primordia (Fig. 5-3d) of all three species did not show any clear annual 

cycle. Litterfall of flower buds, fruits, and propagules had clear annual cycles for R. 

stylosa and K. obovata, but not for B. gymnorhiza (Fig. 5-3e). Flower litterfall of all 

three species showed a clear annual cycle (Fig. 5-3f). 

Figure 5-4 shows the correlation between litterfall of stipules and litterfall of 

reproductive organ. Rhizophora stylosa (Fig. 5-4a) and K. obovata (Fig. 5-4b) showed a 
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reduction in new leaf production with increasing production of reproductive organ. In 

contrast to the results of these two species, litterfall of stipules of B. gymnorhiza 

increased with increasing litterfall of reproductive organ (Fig. 5-4c).    

 

5.4. Discussion 
This study showed that maximum leaf and stipule litterfall of all three investigated 

species occurred in summer and minimum litterfall of leaves and stipules was in winter. 

Other studies on Okinawa Island have recorded similar patterns of leaf and stipule 

litterfalls for K. obovata (Hardiwinoto et al. 1989; Gwada et al. 2000) and B. 

gymnorhiza (Hardiwinoto et al. 1989). Similar findings were observed by Duke (2006), 

with peak leaf litterfall of R. stylosa in the northern hemisphere occurring between 

April–August, and peak stipule litterfall between May–August. In contrast to the 

present study, Lee (1989) reported that K. obovata in Hong Kong had a bimodal pattern 

of leaf and stipule litterfall, with peaks in spring (February–June) and late summer 

(August–November). Unimodal leaf and stipule litterfalls peaks were also observed in 

Rhizophoraceae species in subtropical areas (Gill and Tomlinson 1971; Steinke 1988), 

whereas in tropical areas unimodal, bimodal, and trimodal patterns were observed in the 

species of the same family (Wium-Andersen and Christensen 1978; Wium-Andersen 

1981; Leach and Burgin 1985). The tropical climate could cause multimode peaks of 

leaf and stipule litterfalls in mangroves in this region.  

While there was no clear seasonal pattern in branch litterfall, it was normally 

low, but was very high in months with typhoons due to strong winds. Similar 

observations were recorded on Okinawa Island by Sharma et al. (2012) for K. obovata 

in Manko wetland and Hardiwinoto et al. (1989) for K. obovata and B. gymnorhiza in 

Ohura Bay. Mackey and Smail (1995) also reported that branch litterfall of Avicennia 

marina (Forssk.) Vierh. was correlated with storms on the Brisbane River, Queensland, 

Australia. The frequent typhoons in Okinawa could be the main reason for the higher 

total branch litterfall rate of K. obovata, when compared to R. stylosa and B. 

gymnorhiza due to K. obovata’s incompact stem structure, which may weaken in strong 

wind (Chen et al. 2009). 

Litterfall of flowers of all three species peaked in summer. The timing of 

litterfall of mature propagules of R. stylosa was similar to that reported by Coupland et 
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al. (2005) in northern Australia. Litterfall of propagules was highest between April and 

May for K. obovata and in July for B. gymnorhiza, which was consistent with the 

findings of Hardiwinoto et al. (1989) in Ohura Bay, Okinawa Island, Japan. Many 

mangrove species growing in tropical regions have one reproductive peak a year 

(Shunula and Whittick 1999; Ochieng and Erftemeijer 2002; Coupland et al. 2005) and 

their flowering and fruiting occur in summer months, similarly to as in the present study 

(Clark 1994; May 1999). 

The mean conversion rate of flowers to propagules for R. stylosa (2.3 %) was 

lower than the 3 % reported in Darwin Harbour, Australia (Coupland et al. 2006) and 

the 3.8% observed in northeastern Australia (Duke et al. 1984). Hogarth (1999) reported 

the conversion rate of flowers to propagules was 7 % for Rhizophora mangle L. and 

13% for R. apiculata BL. Rhizophora stylosa has the largest propagules among the three 

species in this study and this could have resulted in the low rate of the conversion from 

flowers to propagules. Duke et al. (1984) noted that the low conversion of flowers to 

comparatively large fruits is a feature common in tropical areas. The mean conversion 

rates of flowers to propagules for K. obovata (5.9 %) and B. gymnorhiza (10.3 %) was 

higher than the rate reported for B. gymnorhiza (3.2–4.9 %) in Fiji (Tyagi 2003), but 

lower than that of B. gymnorhiza (16.8 %) in northeastern Australia (Duke et al. 1984). 

According to Primack et al. (1981), the high rates of the conversion rates of flowers to 

propagules in K. obovata and B. gymnorhiza indicate self-compatibility, as in 

Sonneratia alba J. Simth. The conversion rates of flowers to propagules in the present 

study varied from species to species, which may be due to variation in pollinators, 

nutrients, substrates, or internal conditions of the plants.  

The mean total litterfall of R. stylosa observed in the present study (1057.7 g 

m-2 year-1) was higher than that in the South Pacific (777 g m-2 year-1; Woodroffe and 

Moss 1984), and lower than that in Papua New Guinea (1430 g m-2 year-1; Leach and 

Burgin 1985). Litterfall of K. obovata (900.2 g m-2 year-1) was within the range reported 

in other studies (872–1107 g m-2 year-1; Hardiwinoto et al. 1989; Lee 1989; Khan et al. 

2009). The mean total litterfall of B. gymnorhiza (929.8 g m-2 year-1) was higher than 

that recorded in Ohura Bay, Okinawa Island (773 g m-2 year-1; Hardiwinoto et al. 1989). 

Compared to previous results, the results of the present study may indicate that 

productivity of these mangrove species is relatively high in the Manko Wetland.  
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Leaves constituted over 50 % of the total litterfall for all three species, which is similar 

to the 61.2 % and 61.0 % reported for Rhizophora apiculata and R. mucronata Lamk, 

respectively (Wafar et al. 1997). The contributions of reproductive organ litterfall to 

total litterfall observed in the present study (24.4 % for R. stylosa, 23.0 % for K. 

obovata, and 40.0 % for B. gymnorhiza) were higher than those observed for other 

mangrove species such as R. apiculata (21.8 %) and R. mucronata (23.2 %) (Wafar et al. 

1997).  

Rhizophora stylosa and K. obovata exhibited a decreasing tendency in new leaf 

production, when the productions of reproductive organ were in maximum. This may be 

because the production of flowers and propagules imposes a heavy burden on leaf 

recruitment. Wium-Andersen and Christensen (1978) observed the same pattern in B. 

cylindrica and Ceriops tagal in southern Thailand. Duke et al. (1984) suggested that 

coordination between vegetative and reproductive organ production may indicate 

resource partitioning within plants. Potential partitioning of resources within mangroves 

was observed by Coupland et al. (2005) for S. alba, which showed a clear depression in 

leaf production at the time of peak flowering and fruiting. Duke (1990) also reported 

that leaf production was suspended in favor of propagule development in A. marina and 

subsequently leaf emergence accompanied propagule litterfall. 

In B. gymnorhiza, flowering occurred throughout the year and propagules were 

produced for more than half of the year. Flower buds and flowers of B. gymnorhiza are 

reddish or yellow in color (Allen and Duke 2006) and contain red or yellow carotenoids, 

which contributes less to photosynthetic output of the plants (Frank and Cogdell 1996). 

It is therefore assumed that B. gymnorhiza requires more leaves for photosynthesis 

during reproductive organ production. High production of newly flushed leaves helps 

trees produce more energy, which is used to produce more reproductive organs. The 

correlation was based only on litterfall of stipules and reproductive organs without 

consideration of trunk and root growth. The peak periods of litterfall of flower buds and 

flowers for all three species coincided with peak litterfall of stipules, which suggests 

that growth of reproductive organs negatively affects the vigor of the apex (Gill and 

Tomlinson 1971). 

 

5.5. Conclusion 
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 In summary, our result showed that the very clear seasonal pattern of vegetative as well 

as reproductive phenology of the three species and did not show any significant 

variation among the years for the vegetative and reproductive components of the species. 

The periodicity of flowering and fruiting of all the species were restricted to the season. 

All the species produced a large number of flowers but only a few of them were come 

into mature propagule. 
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Table 5-1. Kendall’s coefficient of concordance Ｗ  showing the degree of similarity 

in the monthly changes for the litterfall components of Rhizophora stylosa, 

Kandelia obovata, and Bruguiera gymnorhiza among the years during the study 

period. 

 
Litterfall component  R. stylosa K. obovata B. gymnorhiza 
Leaf 0.925** 0.790** 0.699* 
Stipule 0.877** 0.703* 0.739* 
Branch 0.261 0.579 0.371 
Flower bud primordium 0.204 0.544 0.242 
Flower bud 0.763** 0.347 0.362 
Flower 0.892** 0.855** 0.866** 
Fruit 0.641* 0.653* - 
Propagule 0.491 0.925** 0.488 
Total  0.932** 0.834** 0.801** 
**significance level <1%, *significance level <5%.
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Table 5-2. Mean number of flowers, fruits, and propagules (m-2 year-1) of the three 

species during the study period.  
 
Reproductive organ R. stylosa K. obovata B. gymnorhiza 

Flower 405.4 ± 29.2a 630.9 ± 27.3b 446.1 ± 24.4a

Fruit 362.4 ± 29.5a 90.5 ± 1.81b - 

Propagule 18.4 ± 1.53a      45.3 ± 2.88b      50.9 ± 4.19b 

 
Within an organ, with the same letter were not significantly different at a 5% level of 

significance using Bonferroni’s multiple comparison.
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Table 5-3. Mean conversion rates (% ± SE) of fertilized flowers into fruits and 

propagules of the three species during the study period.  
  
Reproductive organs R. stylosa B. gymnorrhiza K. obovata 

Flower to fruit  48.4 ± 3.4 - 17.7 ± 0.1 

Fruit to propagule  4.8 ± 2.4 - 33.3 ± 2.2 

Flower to propagule  2.3 ± 0.4 10.3 ± 0.5 5.9 ± 0.3 
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Table  5-4. Mean annual mass (g m-2 year-1 ± SE) of litterfall components of the three species during the study period.  

 
Litterfall component R. stylosa K. obovata B. gymnorhiza 
Leaf 618.0 ± 21.7 (58.3)a 485.8 ± 9.0 (54.0)b 468.4 ± 20.3 (50.4)b 
Stipule 108.5 ± 6.2 (10.3)a 64.9 ± 2.1 ( 7.2)b 52.9 ± 4.5 ( 5.6)b 
Branch 73.7 ± 21.2 ( 7.0)a 142.4 ± 7.1 (15.8)b 37.1 ± 13.7 ( 4.0)a 
Sum of vegetative organs 800.1 ± 36.6 (75.6)a 693.2 ± 9.9 (77.0)b 558.5 ± 32.1(60.0)c 
Flower bud primordium 17.8 ± 4.2 ( 1.7)a 24.4 ± 0.8 ( 2.7)b 1.8 ± 0.5 ( 0.2)c 
Flower bud 15.9 ± 1.9 ( 1.5)a    9.1 ± 0.4 ( 1.0)b 5.5 ± 1.0 ( 0.6)c 
Flower 39.7 ± 3.9 ( 3.8)a 36.7 ± 1.6 ( 4.1)a 144.8 ± 6.7 (15.6)b 
Fruit 45.2 ± 6.0 ( 4.3)a 4.7 ± 0.3 ( 0.5)b - 
Propagule 139.0 ± 24.6 (13.1)a 132.1 ± 12.8 (14.7)a 219.0 ± 29.5 (23.6)b 
Sum of reproductive organs 257.6 ± 28.5 (24.4)a 207.1 ± 13.8 (23.0)a 371.2 ± 32.4 (40.0)b 
Total 1057.7 ± 52.6a   900.2 ± 15.7b 929.8 ± 46.8b 
Values with the same letter were not statistically different among species at a 5% level of significance using Bonferroni’s multiple 

comparison. Numbers in parentheses represent the percentage of total litterfall. 
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Fig. 5-1. Location of the study area. The hatched zone indicates the mangrove area. 

Arrows indicate the plot area. 

 

  
 Belt-transect
(5 m x 125 m)

0 10 20 km

JAPAN

K. obovata plot

R. stylosa and 
B. gymnorrhiza 

plots 



 

 103

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-2. Monthly patterns of litterfall of vegetative and reproductive components, and 
total litterfall, of R. stylosa (filled columns), K. obovata (open columns), and B. 
gymnorhiza (hatched columns). Vertical bars represent the standard error of the mean. 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Fig. 5-1. Monthly patterns of litterfall of vegetative and reproductive components, and 
total litterfall, of R. stylosa (filled columns), K. obovata (open columns), and B. 
gymnorhiza (hatched columns). Vertical bars represent the standard error of the mean. 
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Fig. 5-3. Correlograms of monthly vegetative and reproductive litterfall components of 

R. stylosa (filled circles), K. obovata (hatched square), and B. gymnorhiza (open 

circles). 
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Fig. 5-4. Relationships between stipule litterfall and reproductive litterfall for R. stylosa 

(r = -0.675, p = 0.005) (a), K. obovata (r = -0.332, p = 0.003) (b), and B. 

gymnorhiza (r = 0.367, p = 0.178) (c). 
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CHAPTER VI 

Temporal Variation in Litterfall Production of Bruguiera 
gymnorrhiza Stands along the Okukubi River 

 

6.1. Introduction 
Mangroves are principal contributors of nutrients to coastal ecosystems. Litterfall is an 

important component of primary productivity, especially in light of its contribution to 

estuarine ecosystems (Metcalfe et al. 2011). Mangrove litterfall consists primarily of 

leaves, which become available to consumers and decomposers. In addition to leaf 

litterfall, reproductive organs of mangrove plants are often a valuable food source for a 

wide variety of animals, including insects and crabs (Robertson et al. 1992). Litterfall 

collection is a standard non-destructive technique for assessing the productivity, 

phenology, and turnover of biomass in a forest (Newbould 1967). Litterfall studies in 

forest stands have been conducted for more than a century. More recently, studies have 

focused on leaf litterfall dynamics and the ecological role of litterfall in nutrient cycling, 

as well as possible interactions with biotic and abiotic factors (Zhou et al. 2007; 

Imgraben and Dittmann 2008; Sánchez-Andrés et al. 2010).  

Litterfall is also an indicator of phenological events for mangrove species 

(Leach and Burgin 1985; Duke 1990; Clarke 1994). Seasonal variation in mangrove 

litter production is influenced by local or regional environmental factors 

(Wium-Andersen 1981; Duke et al. 1984; Wafar et al. 1997; Chen et al. 2009). In 

addition, mangrove ecosystems are highly influenced by tidal conditions and salinity 

levels (Coupland et al. 2005). There are numerous studies on litterfall production and 

decomposition in mangroves, especially in tropical regions of Australia (Queensland), 

Thailand, and Malaysia. However, data on species commonly found in subtropical 

regions are comparatively scarce (Hardiwinoto et al. 1989; Mokolensang and Tokuyama 

1998; Mfilinge et al. 2005; Sharma et al. 2012; Kamruzzaman et al. 2012, 2013).  

Bruguiera gymnorrhiza (L.) Lamk. is widely distributed from the southeastern 

coast of Africa through Asia to subtropical Australia and the southwestern Pacific (Allen 

and Duke 2006). The present study was conducted along the Okukubi River on 

Okinawa Island, Japan, which is occupied by B. gymnorrhiza of the family 
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Rhizophoraceae. Only a few studies have investigated litterfall production of B. 

gymnorrhiza (L.) Lamk. stands (Hardiwinoto et al. 1989; Mokolensang and Tokuyama 

1998; Kamruzzaman et al. 2012) growing at the northern limit of its biogeographical 

distribution (Spadling et al. 2000). Therefore, we investigated monthly change in 

litterfall production of B. gymnorrhiza in relation to environmental factors, determined 

the developmental period of each reproductive organ, examined the relationship 

between leaf litterfall per tree and tree density, and evaluated the relationship between 

leaf and reproductive organ production. 
 

6.2. Materials and methods 
 

6.2.1. Study site 

The study was conducted in a monospecific Bruguiera gymnorrhiza (L.) Lamk. forest 

along the Okukubi River (26°27’ N, 127°56’ E) (Fig.6-1), on Okinawa Island, Japan, 

over 3 years from February 2010 to January 2013. We established a non-continuous 

(215 m × 5 m) belt-transect and divided it into 43 plots (5 m × 5 m each) in the B. 

gymnorrhiza forest. Tree height (H) and stem diameter at H/10 (D0.1H) were measured in 

August 2010, 2011, and 2012. The means of tree density (ρ), H, and D0.1H were 0.70 ± 

0.09 m-2, 6.8 ± 0.3 m, and 9.3 ± 0.5 (SE) cm, respectively, as of 2012. 
 

6.2.2. Climate data 

Meteorological data were obtained from Nago Meteorological Station, Nago, Okinawa, 

Japan, from February 2010 to January 2013 (i.e., over the time period during which the 

field work was conducted). The observatory station is approximately 15.4 km away 

from the study area. During the study period, the monthly mean temperature fluctuated 

approximately 15°C from the coldest month to the hottest month, and mean annual air 

temperature was 22.7 ± 0.2°C (SE). The mean annual day length was 4363.0 ± 1.4 h yr-1. 

Rainfall varied throughout the year but exceeded 100 mm month-1 in most months. The 

monthly rainfall during the study period ranged from 35 mm in March 2011 to 703 mm 

in August 2012 with an annual mean of 2482.2 ± 145.7 mm yr-1. The mean monthly 

relative humidity was 75.1 ± 0.1%. Monthly maximum wind speed varied from the 

lowest value of 9.4 m s-1 in April 2011 to the highest of 36.2 m s-1 in May 2011. 
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6.2.3. Litterfall collection 

Litterfall was collected using 1-mm mesh litter traps with a mouth area of 0.2 m2. Two 

litter traps were placed in each plot; the traps were placed > 1 m above the ground to 

avoid tidal water. The litter traps were emptied monthly; the collected litterfall was kept 

in a cotton bag and carried to the laboratory where it was separated into leaves, stipules, 

branches, flower buds, flowers, and propagules. Individual litterfall components were 

dried at 80°C for 48 h, desiccated at room temperature, and then weighed using a digital 

balance (EK-600H, A & D Co., Ltd., Tokyo, Japan). Reproductive organs (i.e., flowers 

and propagules) were counted to estimate successful propagules. Following Tyagi 

(2003), propagule litterfall was separated into immature and mature propagules. 

Following Duke (1990), the conversion rates from flower to propagule, flower to 

immature propagule, and flower to mature propagule were calculated as (immature 

propagules + mature propagules)/(flowers + immature propagules + mature propagules), 

immature propagules/(flowers + immature propagules + mature propagules), and mature 

propagules/(flowers + immature propagules + mature propagules), respectively. 

 

6.2.4. Leaf longevity 

Leaf mass of the standing trees, wL, (kg) was estimated using the allometric equation for 

B. gymnorrhiza (Deshar et al. 2012) as follows:  

( ) 7779.02
H1.0L 01349.0 HDw ⋅=        (6-1) 

where H is the tree height (m) and D0.1H is the stem diameter at H/10 (cm). 

In a stand undergoing self-thinning leaf biomass stabilizes when annual leaf 

production is balanced by annual leaf litterfall (Waring and Running 1998; Deshar et al. 

2012; Sharma et al. 2012). Leaf biomass of the stand was estimated by applying Eq. 

(6-1) to the census data of each plot in 2010, 2011 and 2012. The ratio of leaf biomass, 

B, (kg m–2) to annual leaf litterfall, F, (kg m–2 yr–1) provides an estimate of mean leaf 

longevity, L, (yr) for trees in the stand: 

F
B

L =   (6-2)  

 

6.2.5. Statistical analysis 
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Kendall’s coefficient of concordance, W, was used to evaluate the degree of similarity in 

monthly change among years for each litterfall component. Monthly production of each 

litterfall component was ranked by weight within each year. W was calculated for 

monthly litterfall as: 
( ){ }
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of monthly litterfall in each year, n (= 12) is the number of months in a year, and m (= 3) 

is the number of years. If W = 1.0, the monthly changes in litterfall are concordant 

among years, whereas if W = 0.0, the monthly changes are completely different among 

years. A χ2 test was used to determine the significance of the W value (Hasegawa 1997).  

The autocorrelation coefficient, rxx(k), was calculated for each litterfall 

component to evaluate its yearly cycle:
 

( )
( )∑ ∑ −−

∑ −−
=

−
=

−
= ++−

−
= ++−

kN
j

kN
j N,kkjkN,j

kN
j N,kkjkN,j

xx
XXXX

XXXX
kr

1 1
2

1
2

1

1 11

)(

))((
, where k (= 0, 1, 2,…) is the time 

lag in month; N (= 36) is the total number of months in the time series; Xj and Xj+k are 

the rank of the litterfall component of the jth month and (j+k)th month, respectively; and 

kNX −,1  and NkX ,1 +  are the mean values of the rank of the component from the first to 

the (N-k)th month and from the (1+k)th to the Nth month, respectively. 

We performed a stepwise multiple regression analysis to determine the effects 

of five environmental factors (temperature, day length, rainfall, humidity, and maximum 

wind speed) on the litterfall of leaves, stipules, branches, flower buds, flowers, and 

mature propagules, using MA-MACRO/MRA software (ver. 3.0, Institute of Business 

Education, Tokyo, Japan). The stepwise multiple regression was continued until the 

adjusted R2 value showed a decreasing trend. A criterion of F value > 2.0 was set to 

determine the minimum significance of a variable to be included in the equation. 

Multiple regression analysis of environmental factors on litterfall is difficult because the 

environmental factors often co-vary. A criterion of tolerance > 0.1 was selected to avoid 

multicollinearity among the variables (Haga et al. 2004).  

A one-way ANOVA was run to test significance differences in the annual 

masses of litterfall components, the numbers of flowers and propagules, and their 

conversion rates among the years. We performed Bonferroni's multiple comparison to 
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examine the pair-wise differences by using SPSS software (ver. 11.5, SPSS Inc., New 

York, USA). 

The crosscorrelation coefficient, rxy(l), was calculated to identify the time lag, l, 

in maturation time between reproductive organs using their time series data:
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, where l (= 0, 1, 2,…) is the time lag 

in month; N (= 36) is the total number of months in the time series; Xj and Yj+l are the 

masses of the reproductive organs for the jth month and (j+l)th month, respectively; 

lN,X −1  is the mean mass of a reproductive organ from the first to the (N-l)th month; and 

N,lY +1  is the mean mass of the other reproductive organ from the (1+l)th to the Nth 

month.  

Mean annual leaf litterfall per tree was calculated by dividing annual leaf litterfall per 

plot by the number of trees in the plot. The relationship between mean annual leaf 

litterfall per tree (l, g yr-1) and population density (ρ, m-2) was described using the 

following power equation: α−⋅= ρkl , where k and α are constants. Standard major axis 

regression was performed to determine the k and α values using Microsoft Excel 2003 

and KaleidaGraph (ver. 4.1, Synergy Software, USA). 

 

6.3. Results 
Figure 6-2 shows the monthly patterns of vegetative (leaf, stipule, branch) organ 

litterfall in the B. gymnorrhiza stand. Leaf litterfall (Fig. 6-2a) and stipule litterfall (Fig. 

6-2b) occurred continuously throughout the year, and each showed a clear monthly 

pattern. Leaf litterfall was highest in summer (June–August) and lowest in winter 

(December–February). Excessive leaf litterfall occurred in August and October 2010, 

May and August 2011, and August and September 2012 because of typhoons. Due to 

frequent typhoons, the rate in the last 2 years decreased distinctly in June and July 

(summer). Stipule litterfall, which is an indicator of new leaf production, was also 

highest in summer months (June–August) and lowest in winter months 

(December–February). Branch litterfall, including small twigs, bark, and large branches, 

also showed a clear monthly pattern, with the highest peak in August (Fig. 6-2c). As 

illustrated in Fig. 6-3, the autocorrelation coefficient revealed that leaf (Fig. 6-3a), 
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stipule (Fig. 6-3b), and branch (Fig. 6-3c) litterfall showed a clear 1-year cycle. 

Kendall’s coefficient of concordance, W, also revealed that the monthly changes in leaf, 

stipule, and branch litterfall were strongly and significantly concordant among the study 

years. 

Litterfall of flower buds, including both immature and mature buds, was 

highest in summer and lowest in autumn and winter (Fig. 6-4a). Flower litterfall was 

observed throughout the year, with the highest abundance in August–September (Fig. 

6-4b). Unfertilized flowers aborted and fell quickly from trees, and some pollinated 

flowers also fell. Bruguiera gymnorrhiza has no distinct fruiting stage, because 

propagule development immediately follows fertilization, with a single hypocotyl 

emerging from an attached mature calyx. Propagule litterfall including both mature and 

developing propagules was found throughout the year, but the abundance of immature 

propagules was highest in autumn and winter months (Fig. 6-4c), whereas that of 

mature propagules was highest in spring–summer (Fig. 6-4d). The autocorrelation 

coefficient revealed that flower bud (Fig. 6-5a) and mature propagule (Fig. 6-5c) 

litterfall each had a clear 1-year cycle, whereas flower (Fig. 6-5b) litterfall showed an 

around 1-year cycle. Kendall’s W value also revealed that the monthly changes in flower 

bud, flower, and mature propagule litterfall were significantly concordant among years.  

Table 6-2 presents the results of the stepwise multiple regression analyses for 

litterfall components with environmental factors. Leaf litterfall was significantly related 

to monthly maximum wind speed and monthly day length, whereas stipule litterfall was 

significantly related to monthly mean air temperature. Branch litterfall was correlated 

with monthly maximum wind speed and monthly rainfall. Flower bud litterfall was 

significantly influenced by monthly maximum wind speed, whereas flower litterfall was 

significantly associated with monthly mean air temperature. Mature propagule litterfall 

was significantly correlated with monthly day length and monthly mean air temperature. 

As shown in Table 6-3, the annual mass of each litterfall component 

significantly differed among the years. However, there was no significant difference in 

the sum of vegetative organs litterfall among the years. Leaf litterfall (young, tender, 

green, and yellow leaves) contributed the most (65.8%) to the total litterfall, followed 

by branches (22.4%). The mean litterfall was made up of the vegetative organ of 1092.8 

± 92.8 g m-2 yr-1 and the reproductive organ of 84.7 ± 48.2 g m-2 yr-1, corresponding to 
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92.8% and 7.2% to the total litterfall, respectively. 

Table 6-4 shows the mean number of reproductive organs and their mean 

conversion rate. The numbers of flowers, propagules, immature propagules, and mature 

propagules significantly differed among the years. The conversion percentage of flowers 

to propagules including both immature and mature propagules was 15.8 ± 1.3%, 

whereas the conversion rate from flowers to mature propagules was 5.9 ± 0.8%. 

As shown in Fig. 6-6a, the development of flower buds into flowers took 1 month. 

After fertilization, hypocotyls develop from flowers and then mature into propagules. 

Flowers took 7 months to develop into mature propagules (Fig. 6-6b); thus it took 8 

months for flower buds to develop into mature propagules (Fig. 6-6c).   

 

6.4. Discussion 
The maximum leaf and stipule litterfall of B. gymnorrhiza was in summer and the 

minimum was in winter (Fig. 6-2a and 6-2b). Similar patterns for the same species have 

been reported in Ohura Bay, Okinawa Island, Japan (Hardiwinoto et al. 1989) and at 

Manko Wetland, Okinawa Island, Japan (Kamruzzaman et al. 2013). Duke et al. (1984) 

reported marked seasonal periodicity in both leaf and stipule litterfall for B. 

gymnorrhiza in northern Australia, with a peak in the summer wet season. In contrast to 

the present study, Shunula and Whittick (1999) reported that B. gymnorrhiza on Unguja 

Island, Zanzibar, Tanzania, produced litterfall throughout the year, with no significant 

seasonal differences in leaf production. Results similar to ours were observed in 

southern Thailand in the congeneric species B. cylindrica (L.) Blume, which showed 

unimodal patterns with maximum leafing and shedding rates during the tropical 

monsoon season with high air temperatures and heavy rainfalls (Wium-Andersen and 

Christensen 1978). Unimodal leaf and stipule litterfall peaks have been observed in 

Rhizophoraceae species in subtropical areas (Gill and Tomlinson 1971; Wilson and 

Saintilan 2012), whereas in tropical areas, unimodal, bimodal, trimodal patterns, and no 

distinct peak have been observed in species of the same family (Wium-Andersen and 

Christensen 1978; Wium-Andersen 1981; Leach and Burgin 1985; Shunula and 

Whittick 1999). The tropical climate could cause multimode peaks of leaf and stipule 

litterfall in mangroves. 

Mangroves on Okinawa Island face frequent typhoons, which could be the 
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main reason for the higher litterfall, especially the high leaf and branch litterfall 

observed (Fig. 6-2a and 6-2c). During typhoons, green leaves are damaged and fall to 

the ground individually or on broken branches. These green leaves create excessive leaf 

litterfall in certain months. Figure 6 depicts the exponential relationship between branch 

litterfall and monthly maximum wind speed. Branch litterfall increased exponentially 

with increasing monthly maximum wind speed. High rates of branch litterfall in some 

months were also attributed to typhoons, which have wind speeds that exceed 17.2 m s-1. 

Six strong typhoons (Kompasu, Chaba, Songda, Muifa, Bolaven, and Jelawat) occurred 

on 28 August and 27 October in 2010, 28 May and 5 August in 2011, and on 26 August 

and 29 September in 2012. Branch litterfall of B. gymnorrhiza was significantly 

concordant among the years and showed a clear 1-year cycle, possibly due to typhoons 

that frequently occurred in August. In contrast to the present study, Kamruzzaman et al. 

(2012, 2013) reported that typhoons disrupt the seasonality of mangrove branch litterfall, 

which showed no clear yearly cycle. Branch litterfall of this species varied primarily 

with monthly maximum wind speed. Similar observations were recorded on Okinawa 

Island by Hardiwinoto et al. (1989), who reported that typhoons had strong effects on 

branch litterfall of B. gymnorrhiza. Branch litterfall of Avicennia marina (Forssk.) Vierh. 

was also correlated with storms along the Brisbane River, Queensland, Australia 

(Mackey and Smail 1995).  

The relationship between mean annual leaf litterfall per tree (l, g yr-1) and 

population density (ρ, m-2) was described as l = 745.2ρ-0.9774 (Fig. 6-8). The exponent 

(0.9774) was within the 95% confidence limits of 0.9310 and 1.0238; thus, the 

following approximation holds: .ρkl .01−⋅≅  This result indicates that annual leaf 

litterfall ( ρ⋅≅ lk ) was constant regardless of the number of trees in the plot. Similar 

findings were also observed by Sharma et al. (2012) for Kandelia obovata (S., L.) Yong 

stands at Manko Wetland. These results are generally consistent with the findings of 

Deshar et al. (2012), who found that leaf biomass was constant in self-thinning stands of 

B. gymnorrhiza on Okinawa Island. 

The mean living leaf biomass of this B. gymnorrhiza stand was 1.13 ± 0.06 kg 

m-2, whereas the mean annual leaf litterfall of the stand was 0.77 ± 0.09 kg m-2 yr-1 

(Table 2). Using these values, we estimated that mean leaf longevity was 1.53 ± 0.14 yr, 

i.e., 18.4 months. The mean leaf longevity in the present study was longer than the 
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values reported for B. gymnorrhiza in Fujian Province, China (9–10 months, Wang and 

Lin 1999) and was almost identical to the 19 months reported for the same species at 

Manko Wetland (Kamruzzaman et al. 2013). Our value is also higher than the leaf 

longevity of B. cylindrica in southern Thailand (13 months, Wium-Andersen and 

Christensen 1978), but much shorter than that reported for B. gymnorrhiza in 

northeastern Australia (2–3 yr, Duke et al. 1984). These differences in leaf longevity 

might be influenced by methodological differences. Kikuzawa and Lechowicz (2006) 

observed that lifetime net carbon gain by a single leaf was rather constant across species, 

suggesting that lifetime net carbon gain by leaves of B. gymnorrhiza on Okinawa Island 

may be similar to that by leaves of the same species in Fujian Province or in 

northeastern Australia, regardless of leaf longevity. 

New leaf production and leaf litterfall were related to increases in mean air 

temperature, and to monthly maximum wind speed and monthly day length, 

respectively (Table 6-1). It was likely that the main climatic factor of new leaf 

production of B. gymnorrhiza at the Okukubi River and also at Manko Wetland 

(Kamruzzaman et al. 2013) was monthly mean air temperature. Our results support the 

findings of Gill and Tomlinson (1971), who found that leaf production of Rhizophora 

mangle L. in Florida, USA, was most common in summer when solar radiation and 

temperature levels were highest. Similar findings were also reported by Gwada et al. 

(2000), who found that air temperature was the strongest environmental factor 

influencing leaf production in other species of Rhizophoraceae at Sashiki on Okinawa 

Island. Reproductive organs of B. gymnorrhiza along the Okukubi River were 

influenced by monthly mean air temperature (flowers), and monthly day length and 

monthly mean air temperature (mature propagules), in agreement with Duke’s (1990) 

findings that day length and air temperature strongly affect A. marina flowering in 

Australia, Papua New Guinea, and New Zealand. Similar to the present study, monthly 

mean air temperature was also related to flower litterfall of the same species at Manko 

Wetland (Kamruzzaman et al. 2013). Borchert (2012) also found that expansion of 

dormant flower buds may be triggered by increasing exposure to sunlight or the first 

heavy rains of the wet season. Flowering phenograms of B. gymnorrhiza were relatively 

similar to leaf production phenograms and both were correlated with monthly mean air 

temperature. It may be concluded that air temperature and day length are the important 
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environmental clues that control the seasonality of vegetative and reproductive organ 

litterfall of B. gymnorrhiza in subtropical regions. In addition, monthly maximum wind 

speed is an important climatic factor in this area, because Okinawa Island is prone to 

seasonal typhoons. 

The mean total litterfall of B. gymnorrhiza (11.8 Mg ha-1 yr-1) was higher than 

those recorded on Irimote Island, Okinawa, Japan (8.8 Mg ha-1 yr-1, Kishimoto et al. 

1987), in Ohura Bay (7.7 Mg ha-1 yr-1, Hardiwinoto et al. 1989), and at Manko Wetland 

(10.1 Mg ha-1 yr-1, Kamruzzaman et al. 2013). This is less than 16 Mg ha-1 yr-1 reported 

for B. gymnorrhiza on Unguja Island (Shunula and Whittick 1999) and 13 Mg ha-1 yr-1 

in Ohura Bay (Mfilinge et al. 2005), but identical to 11.8 Mg ha-1 yr-1 for R. apiculata 

Blume and R. mucronata Lam. in the central West Coast of India (Wafar et al. 1997). 

Our data suggest that litterfall production by B. gymnorrhiza at the northern limit of its 

biogeographical distribution may be comparable to those found in other mangrove 

species in tropical and subtropical regions. Similar to previous studies (Wafar et al. 

1997; May 1999; Ochieng and Erftemeijer 2002; Mfilinge et al. 2005), leaves of B. 

gymnorrhiza were the major contributors to the total litterfall production. Flowers and 

propagules contributed 6.8% to the total litterfall. This value is lower than those 

recorded for the same species in Ohura Bay (7.4%, Hardiwinoto et al. 1989), in the 

estuary of the Geasashi River, Okinawa Island, Japan (13.1%, Mokolensang and 

Tokuyama 1998), and at Manko Wetland (42%, Kamruzzaman et al. 2013). The 

proportion of reproductive components to the total litterfall at the Okukubi River was 

also lower than those for R. apiculata (21.8%) and R. mucronata (23.2%) on the central 

West Coast of India (Wafar et al. 1997).  

The mean conversion rate of flowers into mature propagules for B. gymnorhiza 

(5.9%) was higher than the rate reported for B. gymnorhiza in Fiji (3.2–4.9%, Tyagi 

2003), but lower than those of B. gymnorhiza in northeastern Australia (16.8%, Duke et 

al. 1984) and at Manko Wetland (10.3%, Kamruzzaman et al. 2012). The conversion 

rate of the same species on Okinawa Island varied from location to location, which may 

be due to variation in pollinators, nutrients, substrates, or internal conditions of the 

plants.  

The period of flower bud maturation into flowers was 1 month (Fig. 6-6a), the 

same as that reported for this species on the Orissa Coast, India (Upadhaya and Mishra 
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2010) and at Manko Wetland (Kamruzzaman et al. 2013). It took 7 months for flowers 

to mature into propagules (Fig. 6-6b), similar to previous studies on the same species at 

Manko Wetland (Kamruzzaman et al. 2013) and on B. cylindrica in tropical regions 

(Wium-Andersen and Christensen 1978). Thus, B. gymnorrhiza growing at the northern 

limit of its biogeographical distribution appears to have a similar maturation period to 

congeneric species inhabiting tropical regions. 

As shown in Fig. 6-9, litterfall made up of stipules increased as that consisting 

of reproductive organs increased. Generally, the production of flowers and propagules 

imposes a heavy burden on leaf recruitment. For example, R. stylosa and K. obovata 

tend to slow new leaf production with increasing production of reproductive organs 

(Kamruzzaman et al. 2012). Duke et al. (1984) suggested that coordination between the 

production of vegetative and reproductive organs may indicate resource partitioning 

within plants. Potential partitioning of resources within mangroves was observed by 

Coupland et al. (2005) for Sonneratia alba J. Smith, which showed a clear depression in 

leaf production at the time of peak flowering and fruiting. Duke (1990) also reported 

that leaf production was suspended in favor of propagule development in A. marina and 

subsequently leaf emergence accompanied propagule litterfall. However, in the present 

study, B. gymnorrhiza tended to increase leaf production with increasing reproductive 

organ production. Similar trends were observed by Kamruzzaman et al. (2012) for the 

same species at Manko Wetland. In B. gymnorrhiza, flower buds and flowers are reddish 

or yellow in color (Allen and Duke 2006) and contain red or yellow carotenoids, which 

contribute less to the photosynthetic output of the plants (Frank and Cogdell 1996). 

Therefore, it is assumed that B. gymnorrhiza requires more leaves for photosynthesis 

during the production of reproductive organs. High production of newly flushed leaves 

helps trees produce more energy, which is used to produce more reproductive organs.  

 

6.5. Conclusion 
 In summary, our result showed that the very clear monthly pattern of each litterfall 

component except propagule litterfall and significant difference in amounts among the 

years. Branch litterfall depended on monthly maximum wind speed and increased 

exponentially with increasing monthly maximum wind speed. Annual leaf litterfall per 

plot was almost constant regardless of the tree density. The periodicity of flowering and 
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fruiting of all the species were restricted to the season. Bruguiera gymnorrhiza 

produced a large number of flowers but only a few of them were come into mature 

propagule. 
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Table 6-1. Adjusted R2 values from the stepwise multiple regression analysis of vegetative and reproductive litterfall components 

in relation to environmental factors. Significant probabilities are indicated by * (p ≤ 0.05), ** (p ≤ 0.01), and *** (p ≤ 0.001). 

 
Component Monthly mean 

temperature  
Monthly day 
length 

Monthly rainfall Monthly 
mean relative 
humidity 

Monthly 
maximum 
wind speed 

Equation 

 °C (x1) h month-1 (x2) mm month-1 (x3) % (x4) m s-1 (x5)  
Leaf  0.76 (0.88)   0.75 (0.88) y = -182.6 + 8.1*** x5 + 0.4* x2 
Stipule 0.49 (1.0)     y = -14.8 + 0.4*** x1 
Branch   0.75 (0.65)  0.66 (0.65) y = -58.6 + 3.8*** x5 + 0.1** x3  
Flower bud     0.24 (1.00) y = -0.46 + 0.5** x5 
Flower 0.14 (1.00)     y = -18.4 + 1.0** x1 
Mature propagule 0.25 (0.36) 0.04 (0.44)    y = 6.5 + 0.04** x2 – 0.3** x1 

Numerals in parentheses are tolerances of the coefficients of the multiple regression for a component 
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Table 6-2. Annual amounts (g m-2 yr-1 ± SE) of vegetative and reproductive litterfall components during the study period.  
 
Litterfall components 1st year 2nd year 3rd year Mean 
Leaf 953.4 ± 13.9a (71.0) 745.5 ± 20.3b (68.7) 625.5 ± 30.0c (56.7) 774.8 ± 95.8 (65.8)
Stipule 71.0 ± 1.2a (5.3) 45.2 ± 1.1b (4.2) 47.6 ± 1.4b,c (4.3) 54.6 ± 8.2 (4.6) 
Branch 138.7 ± 9.0a (10.3) 266.7 ± 14.5b (24.6) 384.8 ± 36.3c (34.9) 263.4 ± 71.1 (22.4)
Sum of vegetative organs 1163.2 ± 19.5a (86.6) 1057.3 ± 30.4a (97.4) 1057.9 ± 59.1a (95.9) 1092.8 ± 35.2 (92.8)
Flower bud 2.1 ± 0.5a (0.2) 8.5 ± 0.8b (0.8) 1.8 ± 0.4a,c (0.2) 4.2 ± 2.2 (0.4) 
Flower 139.5 ± 4.8a (10.4) 7.3 ± 0.7b (0.7) 19.5 ± 1.2c (1.8) 55.4 ± 42.2 (4.7) 
Propagule 38.9 ± 5.4a (2.9) 12.4 ± 1.4b (1.2) 24.0 ± 4.7b,c (2.2) 25.1 ± 7.7 (2.1) 
Sum of reproductive organs 180.5 ± 8.4a (13.4) 28.2 ± 1.9b (2.6) 45.3 ± 5.1b,c (4.3) 84.7 ± 48.2 (7.2) 
Total 1343.7 ± 25.2a 1085.5 ± 30.6b 1103.2 ± 61.9b,c 1177.5 ± 83.3 
Values with the same letter were not statistically different among years at a 5 % level of significance using Bonferroni’s multiple 
comparison. Numerals in parentheses represent percentages to the total litterfall. 
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Table 6-3. Mean numbers of reproductive organs (m-2 yr-1 ± SE) and their conversion 

rates (% ± SE) during the study period. 

Reproductive organs 1st year 2nd year 3rd year Mean 
Flower 372.2 ± 12.1a 21.1 ± 2.1b  51.6 ± 3.2c  148.3 ± 14.7 
Propagule 26.1 ± 2.9a 6.7 ± 0.6b  9.1 ± 1.4b, c  14.0 ± 1.3  

Immature propagule 23.1 ± 2.6a 4.9 ± 0.6b  3.4 ± 0.5b, c  10.5 ± 1.2 
Mature propagule 3.0 ± 0.6a 1.8 ± 0.3a, b 5.7 ± 1.4a, c  3.5 ± 0.5 

Flower to propagule  6.3 ± 0.6a 26.5 ± 2.5b  14.6 ± 1.8c  15.8 ± 1.3  
Flower to immature propagule 5.6 ± 0.5a 18.1 ± 2.0b 6.0 ± 1.0a,c 9.9 ± 0.9 
Flower to mature propagule  0.7 ± 0.1a 8.4 ± 1.6b 8.6 ± 1.6b, c 5.9 ± 0.8 

Values with the same letter were not statistically different among years at a 5 % level of 
significance using Bonferroni’s multiple comparisons.  
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Fig. 6-1. Location of the study area. A non-continuous (215 m long, 5 m wide) 

belt-transect along the river was established and divided it into 43 plots. 
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Fig. 6-2. Phenograms of vegetative litterfall. Vertical bars represent the standard errors 

of means (n = 43). 
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Fig. 6-3. Correlograms of vegetative litterfall components. Arrows indicate a 1-year 

cycle. **, Kendall’s W value with the significant probability of 0.01. 
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Fig. 6-4. Phenograms of reproductive litterfall. Vertical bars represent the standard 

errors of means (n = 43). 
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Fig. 6-5. Correlograms of reproductive litterfall components. Arrows indicate a 1-year 

cycle. *, Kendall’s W value with the significant probability of 0.05. 
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Fig. 6-6. Crosscorrelation coefficients between pairs of reproductive components. 

Arrows indicate maturation periods. 
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Fig. 6-7. Exponential relationship between monthly branch litterfall of B. gymnorrhiza 

and monthly maximum wind speed. ●: 1st year; ○: 2nd year; ■: 3rd year. 
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Fig. 6-8. Relationship between leaf litterfall per tree (l) and population density (ρ) on a 

log-log scale. The straight line is fit with 977402745 ..l −= ρ . ●:1st year; ○:2nd year; ♦:3rd 

year. 
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Fig. 6-9. Relationship between stipule litterfall and reproductive litterfall (r = 0.80, p 

<0.001). ●:1st year; ○:2nd year; ♦:3rd year. 
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CHAPTER VII 

General Discussion and Conclusion 
 

7.1. Discussion 
In subtropical regions, leaf fall and leaf production are low during winter months and 

high in summer months (Gill and Tomlinson 1971); the same was true for the studied 

species at Manko Wetland and along the Okukubi River, Okinawa Island, Japan. 

Bruguiera gymnorrhiza, Kabdelia obovata, and Rhizophora stylosa grow in intertidal 

area and show distinctly unimodal pattern, in contrast to tropical rain forests with a 

bimodal or multimodal pattern. High species diversity and appropriate humidity in 

tropical rain forests could cause multi-mode peaks of litterfall. The diversity and water 

condition in tropical rain forests differ substantially from mangrove ecosystems. 

Unimodal leaf and stipule litterfall peaks have also been observed in Rhizophoraceae 

species in subtropical areas (Gill and Tomlinson 1971; Steinke 1988; Wilson and 

Saintilan 2012), whereas in tropical areas, unimodal, bimodal, and trimodal patterns 

have been observed in the species of the same family (Wium-Andersen and Christensen 

1978; Wium-Andersen 1981; Leach and Burgin 1985). The tropical climate may cause 

multimode peaks of leaf and stipule litterfall in mangroves.  

Saenger and Moverley (1985) suggested that leaf production in mangroves was 

closely tied to changes in temperature, with seasonal increases in temperature associated 

with leaf initiation. New leaf production and leaf litterfall of all the studied species were 

mainly related to increases in mean air temperature, monthly day length, monthly 

rainfall, and monthly maximum wind speed (Table 7-1). Similar findings were also 

reported by several authors (e.g., Gill and Tomlinson 1971; Leach and Burgin 1985; 

Nakagoshi and Nehira 1986; Gwada et al. 2000), who found that leaf production and 

litterfall was significantly correlated with mean maximum air temperature and solar 

radiation. Rainfall was an important factor for new leaf production, which is generally 

consistent with the findings of Borchert (2012), who reported that heavy rains of the wet 

season cause bud break and rapid shoot growth in tropical forests. Most species in a 

tropical evergreen mountain rainforest show a good correlation with leaf shedding and 

precipitation (Bendix et al. 2006) and also display a bimodal peak in leaf production 



 

 134

that is correlated with the rainy periods (Medway 1972). Temperature, day length, 

rainfall, and relative humidity may be the important external controlling factors of B. 

gymnorrhiza, K. obovata, and R. stylosa leaf initiation in subtropical regions. In 

addition with this monthly maximum wind speed is an important climatic factor for this 

area, because Okinawa Island is within the typhoon prone area.  

The mean total litterfall of B. gymnorrhiza (10.1 Mg ha-1 yr-1) was higher than 

those recorded on Irimote Island, Okinawa, Japan (8.8 Mg ha-1 yr-1, Kishimoto et al. 

1987) and in Ohura Bay (7.7 Mg ha-1 yr-1, Hardiwinoto et al. 1989). Litterfall was lower 

than 16 Mg ha-1 yr-1 reported for B. gymnorrhiza on Unguja Island, Zanzibar, Tanzania 

(Shunula and Whittick 1999). Litterfall of K. obovata (9.9 Mg ha-1 yr-1) was within the 

range reported in other studies (8.7–11.01 Mg ha-1 yr-1; Hardiwinoto et al. 1989; Lee 

1989; Khan et al. 2009). The mean total litterfall of R. stylosa (12.3 Mg ha-1 yr-1) was 

higher than 7.77 Mg ha-1 yr-1 recorded at Vaitupu, Tuvalu, South Pacific (Woodroffe 

1984). Litterfall was lower than 14.3 Mg ha-1 yr-1 reported for this species on Motupore 

Island (Leach and Burgin 1985) and was similar to 11.8 Mg ha-1 yr-1 measured for R. 

apiculata Blume and R. mucronata Lamk. in the central west coast of India (Wafar et al. 

1997). Compared to previous studies, the present study may indicate that productivity of 

these mangrove species is relatively high in Manko Wetland. This study suggests that 

litterfall production by B. gymnorrhiza, K. obovata, and R. stylosa at the northern limit 

of their biogeographical distribution may be comparable to that found in other 

mangrove species in tropical regions. Similar to other studies (Wafar et al. 1997; May 

1999; Ochieng and Erftemeijer 2002), the leaves of B. gymnorrhiza, K. obovata, and R. 

stylosa were the major contributors to total litterfall production. Flower and propagule 

litterfall of the subtropical mangrove B. gymnorrhiza contributed 7.2–38 % to the total 

litterfall. This range is higher than the 13.1 % found by Mokolensang and Tokuyama 

(1998) for B. gymnorrhiza in the estuary of the Geasashi River, Okinawa Island. The 

contribution of the reproductive components of K. obovata (18.8 %) to the total litterfall 

was very similar to other mangrove species reported by Wafar et al. (1997). The portion 

of reproductive organ litterfall to the total litterfall of R. stylosa (21.5 %) was more than 

2% higher than reported for the same species (Woodroffe 1984) and was almost 

identical with those of R. apiculata (21.8 %) and R. mucronata (23.2 %) in the central 

west coast of India (Wafar et al. 1997). 
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The great diversity of phenological patterns found at Manko Wetland, Okinawa, 

Japan agreed with the literature (Newstrom et al. 1994). Reproductive irregularities 

have been reported in all long-term phenological studies of the species of  the family 

Rhizophoraceae, but the causes are still open to discussion. The flowering in mangrove 

species occurs throughout the year with majority of flowering during the rainy season 

(FAO 1994; Upadhyay and Mishra 2010). Many mangrove species growing in tropical 

regions have one reproductive peak a year (Shunula and Whittick 1999; Ochieng and 

Erftemeijer 2002; Coupland et al. 2005) and their flowering and fruiting occur in 

summer months, similarly to as in the present study (Clark 1994; May 1999). At Manko 

Wetland, reproductive organs were associated mainly with long monthly day length and 

monthly mean air temperature (Table 7-1). Borchert (2012) found that expansion of 

dormant flower buds may be triggered by increasing exposure to sunlight or the first 

heavy rains of the wet season. In tropical moist forests, ripening of the fruits takes place 

in a single peak before monsoon suggesting that survival of seeds and seedlings is 

critically dependent on moisture availability (Bhat and Murali 2001). However, no such 

event is seen in mangroves which indicate that rainfall is not the only source of moisture 

for all the species. Since most of the propagules and seeds of mangroves directly fall 

into the river systems or marshy ground below, the moisture need may be met from 

there. Chapman (1976) observed that mangroves do not rely absolutely on rainfall for 

survival because they can extract fresh water from the sea through salt excreting glands 

(Upadhyay and Mishra 2010).   

In case of B. gymnorrhiza at Manko Wetland and along the Okukubi River, the 

relationship between mean annual leaf litterfall per tree (l, g yr-1) and tree density (ρ, 

m-2) was described as 9905048701 ..l −= ρ  (Fig. 7-1). The exponent (-0.9905) did not 

significantly differ from -1.0 (t = 0.299, df = 152, p = 0.0624). In case of K. obovata, the 

relationship between mean annual leaf litterfall per tree and tree density was described 

as 9099071484 ..l −= ρ  (Fig. 7-2). The exponent (-0.9099) was also not significantly 

differ from -1.0 (t = 1.979, df = 123, p = 0.149). In case of R. stylosa, the relationship 

between mean annual leaf litterfall per tree and tree density was described as 
2813191850 ..l −= ρ  (Fig. 7-3). The exponent (-1.2813) was also not significantly differ 

from -1.0 (t = 0.8619, df = 23, p = 0.398). Thus, the following approximation holds: 
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01ρ .l −∝  for the three species. The present study showed that annual leaf litterfall per 

plot of B. gymnorrhiza, K. obovata, and R. stylosa were constant regardless of the 

number of trees in the plot. Similar findings were also observed by Sharma et al. (2012) 

on K. obovata stands at Manko Wetland. These data are generally consistent with the 

findings of Deshar et al. (2012), who found that leaf biomass was constant in 

self-thinning stands of B. gymnorrhiza on Okinawa Island.  

There was a variation in leaf longevity among the species of the same family in 

the study area. The average leaf longevity of subtropical mangrove B. gymnorrhiza was 

ranged from 18 to 19 months. This range was longer than those reported for B. 

gymnorrhiza in Fujian Province, China (9–10 month, Wang and Lin 1999) and B. 

cylindrica in southern Thailand (13 month, Wium-Andersen and Christensen 1978), but 

much shorter than that reported for B. gymnorrhiza in north-eastern Australia (2–3 yr, 

Duke et al. 1984). The leaf longevity of B. gymnorrhiza did not increased with 

increasing latitude, which contradicts suggestions by Wilson and Saintilan (2012) for R. 

stylosa in Australia. These differences in leaf longevity might be influenced by 

methodological differences. Kikuzawa and Lechowicz (2006) observed that lifetime net 

carbon gain by single leaf was rather constant across species, suggesting that lifetime 

net carbon gain by the leaves of B. gymnorrhiza at Manko Wetland may be similar to 

that by the leaves of the same species in Fujian Province or in the north-eastern 

Australia, regardless of the leaf longevity. According to Sharma et al. (2012), mean leaf 

longevity was 12.1 months for K. obovata and 13.9 months for R. stylosa. Variations in 

leaf longevity are likely to reflect differences in species morphology, solar radiation and 

tidal inundation.    

Severe wind disturbance (i.e., typhoons or hurricanes) have a significant impact 

in changing the timing of litterfall input in temperate and tropical forests (Sato 2004; 

Lin et al. 2003). Mangroves at Manko Wetland and along the Okukubi River faces 

frequent typhoons, which disrupt the seasonality of litterfall production and could be the 

main reason for the higher litterfall of all the three species, especially the high branch 

litterfall (Table 7-1). In a typhoon month, branch litterfall was excessive compared with 

the litterfall in other months because all dead branches including broken living branches 

fell to the ground. This phenomenon shows the strong effect of the typhoon. High rates 

of branch litterfall in some months are attributed to typhoons which have wind speeds 
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that exceed 17.2 m s-1. During the typhoons, green leaves were damaged and fell to the 

ground individually or attached to living broken branches. Similar observations were 

recorded on Okinawa Island by Sharma et al. (2012) for K. obovata in Manko Wetland 

and Hardiwinoto et al. (1989) for K. obovata and B. gymnorrhiza in Ohura Bay. Mackey 

and Smail (1995) also reported that branch litterfall of Avicennia marina (Forssk.) Vierh. 

was correlated with storms on the Brisbane River, Queensland, Australia. The frequent 

typhoons in Okinawa could be the main reason for the higher total branch litterfall rate 

of K. obovata, when compared to R. stylosa and B. gymnorrhiza. This is due to K. 

obovata’s incompact stem structure, which may weaken in strong wind (Chen et al. 

2009). 

In B. gymnorrhiza (9.8 %) of the flowers developed into propagules and the 

mean conversion rates of flowers to propagules for K. obovata (6.1 %). According to 

Primack et al. (1981), the high rates of the conversion rates of flowers to propagules in 

K. obovata and B. gymnorrhiza indicate self-compatibility, as in Sonneratia alba J. 

Simth. The mean conversion rate of flowers to mature propagules for R. stylosa (2.2 %) 

at Manko Wetland, Okinawa Island, was higher than those reported for the same species 

at tropical and subtropical areas (Duke et al. 1984; Leach and Burgin 1985; Tyagi 2003; 

Coupland et al. 2006). Coupland et al. (2006) reported that lower rate of fertilization 

might be due to limiting maternal resources and the lack of flower adaptation to either 

animal or wind pollination. Rhizophora stylosa has the largest propagules among the 

three species in this study and this could have resulted in the low rate of the conversion 

from flowers to propagules. Duke et al. (1984) noted that the low conversion of flowers 

to comparatively large fruits is a feature common in tropical areas. The conversion rates 

of flowers to propagules in the present study varied from species to species, which may 

be due to variation in pollinators, nutrients, substrates, or internal conditions of the 

plants. Another possibility is that the present rate of successful fertilization and 

subsequent propagule production were higher because of the availability of effective 

pollinators in the study area. 

Litterfall data for the three mangroves of this study have also enabled me to 

compile a detailed sequence of progressive component maturation stages. This is the 

first study to report the maturation periods of reproductive organs of B. gymnorrhiza, K. 

obovata, and R. stylosa at the northern limit of their biogeographical distribution. 
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Developmental rates of flower buds to flowers and mature propagules of B. 

gymnorrhiza (Fig. 7-4) were faster than K. obovata (Fig. 7-5), and R. stylosa (Fig. 7-6) 

in Manko Wetland, Okinawa Island, Japan. In B. gymnorrhiza, flower buds took one 

month to form flowers, which is consistent with results reported by Upadhyay and 

Mishra (2010). At Manko Wetland, flowers took eight months to form mature 

propagules, similarly to the findings of Wium-Andersen and Christensen (1978), who 

reported that B. cylindrica in tropical regions needed 6–8 months to form flower and 

mature propagules. In K. obovata, the developmental phase of flower bud initiation to 

mature propagules took 11 months, similar to the species of the same family, e.g., R. 

mangle L. in Florida was 8–13 months (Gill and Tomlinson 1971). Rhizophora stylosa 

needed 11–12 months to complete its reproductive cycle, which agrees with 10–11 

months reported by Juliana et al. (2011) for R. stylosa in Peninsular Malaysia and 8–13 

months reported by Gill and Tomlinson (1971) for R. mangle in Florida, USA. At 

Manko Wetland, flowers took 9–10 months to form mature propagules, in agreement 

with 11 months and 11–12 months respectively recorded for this species in northern 

(Coupland et al. 2005) and northeastern (Duke et al. 1984) Australia. The present 

reproductive cycle was shorter than that reported for R. apiculata in Malaysia (14–16 

months) by Akmar and Juliana (2012) but almost identical to Farihah’s (2011) findings 

(11–12 months). In comparison with previously reported data, B. gymnorrhiza, K. 

obovata, and R. stylosa growing at the northern limit of their biogeographical 

distribution appear to have a similar maturation period to the same or congeneric 

species inhabiting tropical and subtropical regions.  

There is some coordination between production of reproductive organs and 

leaves of all the studied species. Figures 7-7 and 7-8 show the correlation between 

stipule litterfall and reproductive organ litterfall of the studied species. In case of B. 

gymnorrhiza, stipule litterfall increased with increasing reproductive organ litterfall 

(Figs. 7-7a, 7-8), whereas K. obovata and R. stylosa exhibited a decreasing tendency in 

new leaf production, when the productions of reproductive organ were in maximum 

(Figs. 7-7b, 7-7c). Leaf production often occurs in the months proceeding or following 

flower and fruit production, generally with overlap. This may be because the production 

of flowers and propagules imposes a heavy burden on leaf recruitment. Wium-Andersen 

and Christensen (1978) observed the same pattern in B. cylindrica and Ceriops tagal in 
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southern Thailand. Duke et al. (1984) suggested that coordination between vegetative 

and reproductive organ production may indicate resource partitioning within plants. 

Potential partitioning of resources within mangroves was observed by Coupland et al. 

(2005) for S. alba, which showed a clear depression in leaf production at the time of 

peak flowering and fruiting. Duke (1990) also reported that leaf production was 

suspended in favor of propagule development in A. marina and subsequently leaf 

emergence accompanied propagule litterfall. In B. gymnorrhiza, flowering occurred 

throughout the year and propagules were produced for more than half of the year. 

Flower buds and flowers of B. gymnorhiza are reddish or yellow in color (Allen and 

Duke 2006) and contain red or yellow carotenoids, which contribute less to 

photosynthetic output of the plants (Frank and Cogdell 1996). It is therefore assumed 

that B. gymnorrhiza requires more leaves for photosynthesis during reproductive organ 

production. High production of newly flushed leaves helps trees produce more energy, 

which is used to produce more reproductive organs.  

 

7.2. Conclusion 
Vegetative phenology, reproductive phenology, and litterfall dynamics of the mangrove 

B. gymnorrhiza, K. obovata, and R. stylosa growing at the northern limit of their 

biogeographical distribution were evaluated and compared at Manko Wetland and along 

the Okukubi River, Okinawa Island, Japan. 

 The periodicity of leaf initiation and leaf abscission of the studied species in 

subtropical regions showed unimodal patterns. Both new leaf production and leaf 

litterfall of these species were lowest in winter and highest in summer.  

 Monthly mean air temperature and monthly day length may be the important 

environmental factors that control the seasonality of new leaf production of these 

three mangrove species in the subtropical regions. 

 Branch litterfall of all three species depended on monthly maximum wind speed 

and increased exponentially with increasing monthly maximum wind speed. 

 All the studied species showed that annual leaf litterfall per plot was almost 

constant regardless of the tree density. 

 The average leaf longevity of subtropical mangrove B. gymnorrhiza ranged from 

18 to 19 months.  
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 The periodicity of flowering and fruiting of all the species were restricted to the 

season. Monthly mean air temperature, monthly day length, monthly rainfall, and 

monthly air relative humidity are the environmental clues that control the 

seasonality of reproductive organ production of all three species. 

 All the species produced a large number of flowers, but only a few of them were 

come into mature propagule. The mean conversion rates of flowers to mature 

propagules were 2.2 % for R. stylosa, 6.1 % for K. obovata, and 9.8 % for B. 

gymnorrhiza. 

 This is the first study to report the maturation periods of reproductive organs of B. 

gymnorrhiza, K. obovata, and R. stylosa at the northern limit of their 

biogeographical distribution. The period of reproductive organ development of all 

the three species in the subtropical region appears to have a similar maturation 

period to congeneric species inhabiting tropical regions. 

 The annual total litterfall production of these three species followed the increasing 

trend (K. obovata < B. gymnorrhiza < R. stylosa). Leaves constituted over 50 % of 

the total litterfall for all three species. The contributions of reproductive organ 

litterfall to the total litterfall observed in this study were 38 % for B. gymnorrhiza, 

18.8 % for K. obovata, and 21.5 % for R. stylosa at Manko Wetland. 

 Bruguiera gymnorrhiza exhibited an increasing tendency in new leaf production, 

when the production of reproductive organs was at a maximum, while K. obovata 

and R. stylosa exhibited a decreasing tendency in stipule litterfall with 

reproductive organs litterfall.  
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Table 7-1. Adjusted R2 values from the stepwise multiple regression analysis of vegetative and reproductive litterfall components of B. 

gymnorrhiza, K. obovata, and R. stylosa in relation to environmental factors. Significant probabilities are indicated by * (p ≤ 0.05), ** (p ≤ 

0.01), and *** (p ≤ 0.001). Numerals in parentheses are tolerances of the coefficients of the multiple regression for a component. 

Species Component Monthly mean 
temperature 

Monthly day 
length 

Monthly rainfall Monthly mean 
relative humidity 

Monthly maximum 
wind speed 

  °C  h month-1  mm month-1  %  m s-1  
B. gymnorrhiza Leaf  0.65*** (0.97)   0.57*** (0.97) 
K. obovata  0.31*** (0.88)  0.57*** (0.86)  0.48*** (0.93) 
R. stylosa   0.76*** (0.97)   0.57*** (0.97) 
B. gymnorrhiza Stipule 0.20** (0.85)  0.27* (0.76)  0.22* (0.83) 
K. obovata   0.37*** (0.99)   0.41* (0.99) 
R. stylosa  0.44** (0.53)   0.49** (0.53)  
B. gymnorrhiza Branch     0.76*** (1.00) 
K. obovata  0.56* (0.96)    0.53*** (0.96) 
R. stylosa      0.65*** (1.00) 
B. gymnorrhiza Flower bud  0.12** (1.00)    
K. obovata  0.45*** (0.44) 0.31*** (0.89)  0.55*** (0.42)  
R. stylosa  0.31** (0.40) 0.36* (0.40)  0.27*** (0.42) 0.30** (0.87) 
B. gymnorrhiza Flower 0.40*** (0.53)  0.48* (0.60) 0.44*** (0.41)  
K. obovata  0.28*** (1.00)     
R. stylosa   0.39** (1.00)    
K. obovata Fruit 0.20*** (0.50) 0.03*** (0.50)    
R. stylosa  0.19*** (1.00)     
B. gymnorrhiza Propagule  0.11** (0.97)   0.18* (0.97) 
K. obovata  0.44*** (0.50) 0.11*** (0.50)    
R. stylosa  0.20*** (1.00)     
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Fig. 7-1. Relationship between leaf litterfall per tree (l) and tree density (ρ) of B. 

gymnorrhiza at Manko Wetland and along the Okukubi River on log-log coordinates. 

The straight line is fit with 9905048701 ..l −= ρ (R2 = 0.87). ▲: 1st year-Manko; ▼: 2nd 

year-Manko; ◊: 3rd year-Manko; ■: 4th year-Manko; ●: 5th year-Manko; ●:1st year- 

Okukubi; ○:2nd year- Okukubi; ♦:3rd year-Okukubi. 
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Fig. 7-2. Relationship between leaf litterfall per tree (l) and tree density (ρ) of K. 

obovata at Manko Wetland on log-log coordinates. The straight line is fit with 
9099071484 ..l −= ρ (R2 = 0.54). ▲: 1st year; ▼: 2nd year; ◊: 3rd year; ■: 4th year; ●: 5th 

year. 
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Fig. 7-3. Relationship between leaf litterfall per tree (l) and tree density (ρ) of R. stylosa 

at Manko Wetland on log-log coordinates. The straight line is fit with 
2813191850 ..l −= ρ (R2 = 0.40). ▲: 1st year; ▼: 2nd year; ◊: 3rd year; ■: 4th year; ●: 5th 

year. 
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Fig. 7-4. Phenology of reproductive organs of B. gymnorrhiza. 
 

 

 

 

 

 

 

 

 

 



 

 150

J

M 

FN 

D

J

S

A 

AA  

M

J

O

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7-5. Phenology of reproductive organs of K. obovata. 
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Fig. 7-6. Phenology of reproductive organs of R. stylosa. 
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Fig. 7-7. Relationships between stipule litterfall and reproductive litterfall for B. 

gymnorrhiza (r = 0.007, p = 0.972) (a), K. obovata (r = -0.42, p = 1.2 x 10-06) (b), and R. 

stylosa (r = -0.22, p = 0.286) (c) at Manko Wetland. ▲: 1st year; ▼: 2nd year; ◊: 3rd 

year; ■: 4th year; ■: 5th year. 
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Fig. 7-8. Relationship between stipule litterfall and reproductive litterfall for B. 

gymnorrhiza at Manko Wetland and along the Okukubi River (r = 0.27, p = 0.0006). ▲: 

1st year- Manko; ▼: 2nd year- Manko; ◊: 3rd year- Manko; ■: 4th year- Manko; ■: 5th 

year- Manko; ●:1st year- Okukubi; ○:2nd year- Okukubi; ♦:3rd year-Okukubi. 
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