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Abstract

In this study, the effects of self-thinning process on aboveground mass dynamics and stand

structure were investigated over eight years in a subtropical overcrowded (ground is al-

ways 100% covered) mangrove Kandelia obovata forest on Okinawa Island, Japan. Plants

are concurrently engaged in variable competitive interactions that take place under con-

tinuously changing densities. Competition occurs also between organs that develop under

different growth conditions which often results in the dominance of the more successful

organs at the expense of their less fortunate counterparts. This somatic self-thinning

might result in radically different self-thinning exponents for tree organs. Therefore, ap-

plying Weller’s allometric model, the slope of the self-thinning exponent αx of a partial

organ ”x” and total aboveground was calculated from the allometric constants θx and δx

obtained from the allometric relationships of mean tree height H and mean organ mass

density d (kg m−3) with mean organ mass wx. The self-thinning exponent, αx, was esti-

mated to be 1.509 for stem, 1.647 for branch, 1.090 for leaf, and 1.507 for aboveground.

The φx-value was 0.6629 ± 0.0250 for stem, 0.6072 ± 0.0229 for branch, 0.9167 ± 0.0356

for leaf, and 0.6637 ± 0.0297 for aboveground. The value did not significantly differ

from 2/3 but did significantly differ from 3/4 for stem, branch, and aboveground, indi-

cating that the self-thinning exponents for woody parts did not significantly differ from

3/2. This result suggests that the self-thinning exponent is closer to 3/2 than to 4/3. In

contrast, the φL-value for leaf significantly differed from both 2/3 and 3/4 but did not

significantly differ from 1.0, indicating that stand leaf biomass was constant regardless

of population density. The self-thinning exponent for leaf had a negligible effect on that

for aboveground due to the small amount of leaf mass compared to the combined mass

of all woody organs. The present results based on the allometric model of partial or-

gans roughly support the 3/2 power law for aboveground self-thinning. For overcrowded

K. obovata stands, self-thinning could be explained by a simple geometric model rather

than a metabolic model. Self-thinning process was eventually accompanied by changes

in the dynamics of aboveground mass and stand structure overtime. The rank of above-

ground mass w was not completely constant as the stands grew, although the values of

Spearman’s rank correlation coefficient of w significantly differed from zero (P < 0.01).

Therefore, the mass hierarchy of overcrowded K. obovata mangrove stands was dynamic

as stands grew. The mode of the frequency distribution shifted to the right each year;
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smaller trees suffered high mortality, and surviving trees that were suppressed gradually

continued to grow. The variation of H becomes small as the stands grow, and finally all

trees may have a similar height. On the other hand, SD of D0.1H was stable as the stands

grew. The frequency distribution of H was almost stable with the J-shape but at the

same time, the frequency distributions of D0.1H were L-shaped. These variations on tree

hight, aboveground mass rank and frequency distribution, skewness of stem diameter and

aboveground mass indicate that the mangrove have their own mechanisms to maintain

the stand health in the face of density changing during the self-thinning process.
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Chapter 1

General Introduction

1.1 Introduction

The study of interactions between plant populations and their implications for ecosystem

function and dynamics has been an important ecological research theme. Among these

interactions, the study of competition has occupied a prevalent place. The self-thinning

(i.e. the natural process whereby numbers of trees per unit area decreases as average tree

size increase over time) is an important component at plant competition at the population

level. It is the result of infraspecific competition in densely planted populations. The

response to density is the mortality of a fraction of the population and changes in the

distribution of aboveground biomass among surviving members (Weller, 1987). The self-

thinning and the changes in size structural of trees also have important implications

for ecology and evolution of overcrowded plant populations (e.g. Weiner and Whigham,

1988), and for the structure and the dynamics of tree populations (e.g. Ogawa and

Hagihara, 2003). It is considered as one of the most interesting themes in ecology. The

acceptance of this rule by plant ecologists is based on many observations of this power

relationship in plant populations ranging from mosses to trees. The theoretical importance

of the self-thinning rule is evidenced by many published statements of plant ecologists.

White (1981) called it one of the best generalization of plant demography. Westoby

(1981) considers it the most general principle of plant demography and suggests that

it be elevated beyond the status of an empirical generalization to take a ”central place

in the concepts of population dynamics”. Hutchings and Budd ( 1981a) emphasized
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the uniqueness of its precise mathematical formulation to a science where most general

statements can be stated in only vaguer, qualitative terms. The rule can be used also to

compare the site qualities (fertility) or histories of plant populations growing at different

site (Morris 2002). Ecologists have examined the effects of the availability of essential

resources, such as light and mineral nutrients, on self-thinning. Harper, 1977 assumes that

Plants grown at low levels of illumination thin faster and reach maximum biomass levels

sooner (Hutchings and Budd l981b) than populations grown with higher illumination.

It could be a useful management tool in forestry (Yoda et al. 1963), or in any other

applications requiring predictions of the limits of biomass production for a given species

at any density (Hutchings 1983).

The rule has empirically been discussed for more than 40 years (e.g. Yoda et al.

1963; Hozumi 1977; White 1981; Hutching and Budd 1981; Lonsdale and Watkinson

1983; Hutchings 1983; Long and Smith 1984; Hamilton et al. 1995; Enquiest et al. 1998;

Hagihara 2000; Roderick and Barnes 2004; Coomes and Allen 2007; McCarthy and Weet-

man 2007; Zhang et al. 2007; Chen et al. 2008; Analuddin et al. 2009; Deshar et al.

2012). Some authors have developed some model which predicted that the thinning ex-

ponent α should vary from the idealized value of -3/2. Some extensions and applications

of the self-thinning rule have been also proposed even though it was originally observed

in monocultures. Recently some authors have applied the thinning rule to animal pop-

ulations living in intertidal zone like bernacles, mussels (Keeley, 2003; Sibomana et al.

2013). There are two prevalent views of expected relationship between shifting (declining)

density and average aboveground biomass of survivors trees. One is the classical view,

based on a simple model of plant geometry, the other view, is based on a generalization

of scaling laws broadly observed in both plant and animals.

Yoda et al. (1963) derived a simple, geometric explanation of the self-thinning from

two assumptions: (1) plants of a given species are always geometrically similar regardless

of habitat, size, or age; and (2) mortality occurs only when the total coverage of a plant

stand exceeds the available area then acts to maintain 100% cover. The first assumption

allows the ground area, s, covered by a plant to be expressed mathematically as a power

function of plant weight, s ∝ w2/3, while the second assumption implies that the average

area covered is inversely proportional to density, that s ∝ 1/ρ. Combining these two

equations and adding a constant of proportionality, K, gives the thinning rule equation

2



w = K · ρ−3/2. This relationship is referred to as the -3/2 power law. Since eventually

all area is covered by plants, there is a maximum biomass and density that can be achieved,

called a constant final yield (Hagihara, 2014). The geometric model suggests that plants

acquire their basic resource that means sunlight for photosynthesis producing carbon and

energy-rich molecule based on the exposed surface area of the plant. However, the plant

must distribute the resource throughout a three dimensional volume.

Meanwhile, According to some authors, the assumption that plant shape is invariant

is not tenable, so, these derivations of the self-thinning rule are unsatisfactory ( Weller,

1987a). Miyanishi et al. (1979) attempted to reconcile these simple geometric models

with the fact of varying plant shapes in their generalized self-thinning law, which states

that the power of the thinning equation depends on the proportionality between plant

weight and ground area covered and the self-thinning exponent is equal to -3/2 only

if the shape is truly invariant that is isometric growth. Weller, (1987b), reexamined

the thinning rule and proposed an extension of the allometric model based on different

biological parameters. He proposed an extension of the simple models to predict the

relationships of the thinning exponent to allometric exponents derived from commonly

measured stand dimensions, such as tree height, average aboveground mass and stem

diameter at 10% of tree height (D0.1H).

A more recent view finds a different scaling law. It said that the power law should

reflect the way both plants and animals distribute resources within their bodies. Both

group use a branching network of tubes to supply resources throughout their bodies

(Enquist et al. 1998). There are few suggested rules for these branching system: 1)

the system must reach throughout organism , 2) the terminal branches have the same

diameter, in independent of the body size of the organism, and 3) the summed diameter

of each successive layer of branching should at least approximately equal the diameter

of the percent branch (Enquiest et al. 1998). These authors who developed this idea

assumed that the slope for an enormous range of plants will be closer to -4/3.

Plant ecologists are also interested in interpreting the constant K and its observed

range of variation. K has been presented as a species constant invariant to changes

in all environmental conditions except the level of illumination (Hickman 1979, Hozumi

1980, White 1981, Hutchings 1983). Many authors regard K as a parameter related to

plant architecture (Harper 1977, Gorham 1979, Hutchings and Budd 198la, Lonsdale and
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Watkinson 1983a), but some have proposed that K is insensitive to plant morphology

(Westoby 1976, Furnas 1981). White (1981) suggested that K is a rough approximation

of the density of biomass in the volume of space occupied by plants and can be considered

as a weight to volume conversion, but Lonsdale and Watkinson (1983a) provided evidence

against this hypothesis. Lonsdale and Watkinson (1983a) concluded that plant geometry,

particularly leaf shape and disposition, do influence thinning intercepts. Westoby and

Howell (1981), Lonsdale and Watkinson (1983a) have hypothesized that shade tolerant

plants should have higher thinning intercepts than intolerant plants. Understanding of K

is in a similar status as understanding of the -3/2 power.

Many theoretical and experimental studies realized that the -3/2 power law (e.g. Yoda

et al. 1963; Hozumi 1977; Hutchings and Budd 1981; Hutchings 1983; Westoby 1984;

Hagihara 2000, 2014) or the 4/3 power law of self-thinning (e.g. Enquist et al 1998; West

et al. 1999a, 1999b; Gillooly et al. 2001;Niklas et al. 2003; Dai et al. 2009; Riveros,

2011) has been shown to be valid for the application of the self-thinning rule to forest

communities. Many published scientific papers have applied the self-thinning theory for

elucidating the physiology and the aspects of life history of plants and animals (e.g. West

et al. 1997; Gillooly et al. 2001; West at al. 2002). Meanwhile few studies of the self-

thinning process have been done on mangrove forests (Analuddin et al. 2009; Deshar et al.

2012). In fact, there is some needs to verify the theoretical importance, and applicability

of the self-thinning rule, on mangrove forests especially on plant organs. Therefore, the

objectives of this study was to examine how the process growth and mortality operate on

total aboveground mass and partial organs on mangrove forests. Using Weller’s allometric

model to examine the effect of different parameters on the self-thinning exponent α and

the constant K of the power rule equation and to examine if mangrove specie obey the

same power rule.

The term ”Mangrove” refers to an assemblage of tropical trees and shrubs that grows

in the intertidal zone. Mangroves include approximately 20 families and 40 to 50 species.

According to Tomilson (1986) the following criteria are required for a species to be des-

ignated a ”true or strict mangrove”:

-Complete fidelity to the mangrove environment.

-Plays a major role in the structure of the community and has the ability to form pure

stands.
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-Morphological specialization for adaptation to their habitat.

-Taxonomic isolation from terrestrial relatives.

Mangroves are among the world’s most productive ecosystem 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 the sea (Kathiresan and Bingham, 2001;

Alongi, 2002) and they are tightly bound to the coastal environments in which they occur.

Once they established, they offer recreational potential, a sustainable supply of seafood

for aquatic animals and useful products for community subsistence (Alongi, 1996). As

a primary produce, mangroves also serve as food for herbivores and detritivores and are

important nursery and breeding sites for various animals, a renewable resource of wood,

and sites for accumulations of sediment and nutrients (e.g. Twilley 1995; Kathiresan and

Bingham 2001; Manson et al. 2005b).

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

a new species that was previously recognized as Kandelia candel (L) Druce (Sheue et al.

2003b). According to these authors, K. obovata is distributed from the gulf of Tonkin

northeastward to Kwantung, Fukien, Taiwan, and the Ryukyus. In Japan Amami Island

(Northern part of the Ryukyu Archipelago) is the northernmost limit of its biogeographical

distribution (Spalding et al. 2010). It thrives under a broad range of intertidal conditions,

including salinity level from near freshwater to full strength seawater, and tolerates a range

of flooding and other soil types (Allen and Duke, 2006).

In Manko Wetland Okinawa Island, K. obovata is the most dominant species and

plays an important role as carbon source and sink for the adjacent costal area, but also by

stabilizing sediments and protecting shorelines against erosion. Therefore a comprehensive

understanding of the structural and functional maintenances of this mangrove forests

through self-thinning process is crucial.
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1.2 Study site

This study was conducted in overcrowded stands of K. obovata Sheue, in Manko Wetland

(Fig.1), located in the southern part of Okinawa Island, Japan (26◦11
′
N, 127◦40

′
E). It is

an estuary tidal flat formed at the confluence of the Kokuba River that flows through Naha

City and the Noha River that flows through Tomigusuku City. Although located 3km

inland from the coast, it is greatly affected by the tidal flow and a large tidal flat emerges

at low tide. Based on data from 2000 to 2009 obtained from the Okinawa Meteorological

Agency, the warmth index (Kira, 1991) was 219.8 ± 15.4 (SE) ◦C month, indicating that

this area belongs to the subtropical region. During the study period of 2005 to 2011, the

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

mean annual air temperature was 23.2 ± 1.2◦C. Rainfall varied throughout the year but

exceeded 100 mm month−1 in most months and the mean annual precipitation was 2284.4

± 25.6 mm yr−1. The study area is a brackish tidal flat covering an extensive area of 58 ha

at low tide; the tidal range is 3 to 212 mm. Soil pore water salinity in the study area was

2.12 ± 0.04 (SE) % at low tide in September 2006 (Suwa and Hagihara 2008). Regular

tidal inundation occurs at the study site. The mangroves grow in a mud flat area mainly

composed of clay particles (RIS, 1999). The study site is rich in fish and benthos including

crab and nereidae. The site is also 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 wetland receives regular tidal inundation and some freshwater supply

through run-off from adjacent areas. Along with K. obovata, a few patches of Rhizophora

stylosa Griff., Bruguiera gymnorrhiza (L.) Lamk., and Excoecaria agallocha L. are also

present.

1.3 Structure of Thesis

The thesis is divided into different chapters, each of which focuses on aspects of the

investigation concerning the effects of the self-thinning process on aboveground mass

dynamics and stand structure of overcrowded K. obavata forest.

Chapter-II (Self-thinning process and consideration of two models (Yoda

et al.’s and Weller’s model)

This chapter shows statistical and mathematical differences and similarity between dif-
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ferent models to describe the self-thinning process such as Yoda et al.’model and Weller’s

allometric model. The objective was to find whether the self-thinning exponent and the

multiplying factor sttastistically obtained from Weller’s allometric model are mathemat-

ically or statistically same or different from those of the Self-thinning exponent and the

multiplying factor statistically obtained from Yoda’s equation.

Chapter-III (Self-thinning exponents of stems, branches, and leaves in over-

crowded Kandelia obovata stands)

This chapter focused on the self-thinning exponents for tree organs (stem, branch,

leaf) and aboveground. The objectives of this study were (1) to estimate mean masses for

partial organs per plot, (2) to determine self-thinning exponents for partial organs using

Weller’s allometric model, (3) to compare differences in self-thinning exponents between

woody organs (stem and branch) and the photosynthetic organs (leaf), and (4) to explain

differences in the self-thinning exponents of partial organs in relation to their different

growth patterns.

Chapter-IV (The self-thinning exponent of total aboveground mass)

This chapter provides more information about the self-thinning exponent of total

aboveground mass. That means contrary to the to Chapter 3, the self-thinning expo-

nent of total mass of trees will be determined at the same time. The method will be the

same as previous chapter.

Chapter-V (Dynamics of aboveground mass hierarchy in overcrowded man-

grove kandelia obovata stands)

This chapter provides information on dynamics of the aboveground mass of over-

crowded stands undergoing self-thinning process. The objectives were (1) to examine the

dynamics of the aboveground mass hierarchy over 8 years, (2) to observe and understand

the changes in the stand structure.

Chapter-VI (General discussion and conclusion)

This chapter provides overall synthesis of the every chapter in which the self-thinning

exponents of partial organs, the self-thinning exponent of aboveground mass and the

dynamics of aboveground mass hierarchy in overcrowded mangrove K obovata stands are

summarized. General conclusions from every chapter are also highlighted.

7



Figure 1.1: Location of the study site. The hatched area indicates the mangrove area.

The black line indicates the plot area
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Figure 1.2: A view of K. obovata stands at Manko Wetland, Okinawa Island, Japan.

Light green indicates overcrowded mangrove K. obovata stands. Dark green indicates

Tomigusuku Hill, whose altitude is 54,4m.
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