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Abstract 

 

Undeniably, climate change has grown as one of the most pressing 

issues of world today.  Deforestation and forest degradation had 

contributed much to this problem since forests are important carbon sinks.  

Reflections from Rio +20 Earth Summit revealed that not much has been 

done to conserve natural resources since forest cover continuously 

disappears at alarming rates and carbon dioxide remains soaring and 

unabated.  The need for sustainable forest management (SFM) reverberates 

until today as impoverish forest communities sob when they grapple with 

the harsh impacts of climate change, realizing that the forest which provides 

them subsistence is also direly shedding off.  One such example is the 

mangrove forests where their essential services have degraded through time.  

This has affected local fisheries and even made coastal communities more 

vulnerable to threats of tidal surges and tsunami.  In the Philippines, about 

seventy percent of its original mangroves have disappeared over the past 

century.  Albeit this trend, deforestation rate has decreased today due to 

growing awareness of their ecological values. Further, the adoption of 

community-based forest management programs has started spurring efforts 

to restore coastal vegetation and protect existing growth mangroves.  

Indeed, local communities have critical roles to play in curving down 

deforestation as well as climate change. Among the successful cases of 

community-managed mangrove sites in the Philippines is the Banacon 

Island in Bohol Province.  With an aim to develop stand management 

strategies for better carbon sequestration capacity of their plantation, this 

study was conducted. Recognizing that there is not much studies on geo-

spatial analysis, allometric modelling, carbon stock capacity and stand 
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density management of mangroves in the country, this study sought to 

integrate these facets into this report in hope that such information can help 

local community and government to improve and calibrate their current 

programs on mangroves. 

 On landuse characterization aspect, the comparison between two 

available satellite images of different years (1993 and 2004) revealed three 

distinct forest landuses namely, dense mature stand, dense intermediate stand, 

and sparse mangrove.  Using maximum likelihood image classification 

approach, dense mangrove cover was found to have increase from 146.5 to 

285 ha after a decade.  This was largely attributed to continuous planting 

effort of the local community.  Dense mature (30-55 yr. old) and 

intermediate (≤ 29 yr. old) stands have expanded by forty one percent and 

sixty one percent, respectively.  This progress also showed that the 

deforestation rate (due to thinning for pole and fuelwood) was compensated 

by planting activities with as much as +1.4 ha yr-1 and +7.5 ha yr-1, 

respectively.  

 Developing appropriate allometric models for calculating tree 

biomass is of paramount importance to effective quantification of tree carbon 

stocks. Thus, sampling of 35 Rhizophora sylosa trees was conducted to 

develop allometric model specifically intended for the study site.  Key 

results showed that larger portion of tree biomass is vested in belowground 

biomass (roots) than in aboveground biomass (stem, branch, and leaves).  

Diameter and height values were identified as significant co-predictor 

variables of tree biomass.  Allometric models were then formulated in two 

formats: full and reduced.   Full model uses both diameter and height as 

independent variables for tree biomass estimation while reduced model solely 

utilizes diameter values.  Both allometric model forms yielded high 
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coefficient of determination (R2) index thus suggesting their reliability of use.  

Full model was however preferred since diameter and height variables were 

found strongly correlated parameters with one another.  Using full model can 

therefore reflect the contribution of both diameter and height on tree biomass 

calculation. 

 Responding to the study goal of developing carbon management 

strategies for mangrove forests, the last chapter dealt mainly on the 

assessment of effects of forest management on mangrove carbon stocks.  

Using standard plot sampling technique and appropriate allometric models, 

biomass and carbon stock of mature (30-55 years) R. stylosa plantations were 

assessed based on three current stand management types being implemented 

in the site.  These include: thinning, thinning with supplementary planting, 

and do nothing (non-thinning).  Do nothing approach was identified as the 

most ideal since it produced the largest carbon stock.  However, since the 

local community occasionally thins their plantations for poles and fuelwood, 

thinning and supplementary planting was therefore recommended by the 

study because of its ability to replenish density losses and augment carbon 

stocks.    

Another forest management aspect examined was plant spacing 

design.  Based on biomass and carbon stock values of young R. stylosa 

stands (20 years old) that were established using of two different spacing: 

0.5m x 0.5m; and 1.0m x 1.0m, values were found significantly larger in the 

former.  Density, tree height and survival was also seen favorable in stands 

that were raised using 0.5m x 0.5m spacing.  Therefore, closer spacing 

method was recommended as better plantation establishment strategy to 

achieve large carbon stocks.  

Species composition in natural stands also showed some likely effects 
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on the carbon stocks of natural stands.  Tree carbon stock was larger in 

Sonneratia-dominated stands where Sonneratia alba predominate.  On the 

other hand, sediment carbon stock was bigger in Avicennia-dominated stands 

owing to its thicker OM layer and larger sediment mass.  Thus, to further 

improve the carbon stocks of Avicennia-dominated stands, enrichment 

planting using Sonneratia alba was recommended to complement their 

already rich sediment carbon. 

Putting all together the relevant information about the effects of stand 

management, plant spacing and species composition on mangrove carbon 

stock, a schematic stand density management framework was proposed. This 

framework summarized the necessary conditions to achieve the most ideal 

stand density and carbon stock. 
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Chapter I. General Introduction and Review of Literature 

 

 1.1 Background 

The subtle thread that ties deforestation and poverty can be traced 

along with the inadequate knowledge and appreciation of forest resources, 

and fractional commitment toward their conservation.  Over the past two 

decades, sustainable development has become the banner framework in 

harmonizing economic development and ecological conservation (OECD 

2008).   Since its grand declaration during the first United Nations Conference 

on Sustainable Development (UNCED) in Rio de Janeiro, Brazil in June 1992 

(popularly known as the Earth Summit), many nations paved their way to 

align domestic policies and programs towards wise utilization of natural 

resources.  Sustainability standards were imposed over forest utilization and 

trading. Forest conservation also started to receive greater attention as 

biodiversity loss and climate change became pressing.    Management of forest 

commons also mainstreamed upon the recognition that deforestation is largely 

anthropogenic and better solutions boil down to empowering local 

stakeholders.    Notwithstanding much technological advances to curve down 

pollution levels and optimize natural resource use, efforts were still seen 

inadequate as global environmental condition was seen to be direr.   

Reflections from UNCED or RIO+20 on June 2012 underlined that 

over 300 million hectares of land had been lost for deforestation since the first 

conference in 1992 (CPF 2011).  Carbon dioxide emission has also increased 

by thirty six percent; biodiversity has dropped by twelve percent; and human 

population has increased by twenty six percent.    Left pending issues of 

inequitable access to forest benefits against rural poor remain exacerbating 

poverty and forest degradation in many developing countries.  Thus, another 
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hopeful call for “The Future We Want” is at hand to re-orient old paths 

towards meaningful sustainable development direction.  Nations then once 

again declare: 

We call for enhanced efforts to achieve the sustainable 

management of forests, reforestation, restoration, and afforestation, 

and we support all   efforts   that   effectively   slow,   halt,   and   reverse   

deforestation   and   forest degradation, including promoting trade in 

legally harvested forest products.  

We note the importance of such ongoing initiatives as reducing 

emissions from deforestation and forest degradation in developing 

countries, and the role of conservation, sustainable management of 

forests and enhancement of forest carbon stocks in developing countries. 

We commit to improving the livelihoods of people and 

communities by creating the conditions needed for them to sustainably 

manage forests, including by strengthening cooperation arrangements in 

the areas of finance, trade, transfer of environmentally sound 

technologies, capacity-building and governance, as well as by 

promoting secure land tenure, particularly with regard to decision-

making and benefit-sharing, in accordance with national legislation and 

priorities. 

 

United Nations General Assembly (2012) 

  

Deforestation and forest degradation continuously evolved as a global 

issue today.  The traditional notion that planting trees alone will bring back 

forest has gone upon the realization of the need to put people first before real 

sustainability to follow.  Sustainable forest management or SFM approach is 
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therefore needed to yield long-lasting and significant impacts on the ground 

(FAO 2012).  This approach largely considers seven thematic areas of 

development such as:  1) extent of forest resources; 2) biological diversity; 3) 

forest health and vitality; 4) productive forest functions; 5) protective forest 

functions; 6) socio-economic functions; and 7) legal, policy and institutional 

framework. Along these themes, international agreements, either bilateral or 

non-binding, are being made to spur cooperation and commitments between 

countries to conserve dwindling and degrading forests resources (Speth and 

Haas 2006; Desai and Potter 2008). 

As often described, forests are vital abode to countless organisms 

particularly human.  They play critical role in balancing global processes and 

providing myriad goods and services.  One of their very important functions 

is climate change mitigation by which trees and forest soil absorb atmospheric 

carbon in their biomass.  According to FAO (2010a), there remains four 

billion ha of forest around the globe today which holds as much as 289 Gt of 

carbon.   However, annual deforestation is still alarming at 13 to 16 million 

ha yr-1 thus losing 0.5 Gt C yr-1.    Deforestation is even more serious in the 

tropics where more than 100 million ha has been depleted over the past one 

and a half decade (Williams 2002; FAO 2012).    In South and Southeast Asia 

alone, denudation rate was estimated to 991,000 ha yr-1 and still counting.  

The Philippines shares a similar story where half of its lush and biodiverse 

forest cover has been lost over the past century (Bankoff 2007).  This has 

contributed to at least two percent of the total global carbon emission today 

(Lasco 1998; Sheeran 2006).  Latest statistics also reported that there is now  

7.6 million ha of forest cover left in this country with an annual deforestation 

of 2.1% (FAO 2010a, FMB 2011).  Forest conversion to agriculture lands, 

legal and illegal logging, timber poaching and mining are just few of the major 
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drivers of deforestation and forest degradation (Liu et. al 1993).   On a broader 

perspective, deforestation is exacerbated by poverty, lack of secure land 

tenure patterns, inadequate recognition rights and needs of forest-dependent 

indigenous and local communities, inadequate cross-sectoral policies, 

underevaluation of forest products and ecosystem services, lack of 

participation and good governance, absence of economic support to facilitate 

sustainable forest management, illegal trade, and national policies that distort 

markets and encourage conversion of forest to other landuses (IFF 2000).  

Among the tropical forest ecosystems, mangrove forest is the perhaps 

the most threatened though it only constitutes 0.4% of the world’s forest area 

(Kathiresan and Bingham 2001; Spalding et al. 2010).  Globally, they are 

estimated to 15.6 million ha today from just nearly 16.1 million ha in 1990 

(FAO 2010a).  Massive loss was observed in Asia where 1.9 million ha deficit 

from the 1980 figure and rate of -102,000 ha yr-1 was recorded (FAO 2007).    

In the Philippines, about half of its original mangrove forest has been lost 

since its earliest record of 500,000 ha during 1900 (Brown and Fischer 1920; 

Chapman 1976).  Two of the major causes of this decline were overharvesting 

of mangrove trees for fuelwood, charcoal, and pole, and conversion of 

mangrove areas to aquaculture ponds (Primavera 2000).  Philippine 

mangroves barely cover 247,362 ha today with an annual deforestation rate 

of 0.8% (FMB 2011).  Notwithstanding this historical downtrend, 

deforestation is showing signs of ease at least in the past two decades.  From 

2300 ha yr-1 in 1990, deforestation rate has decreased to 2000 ha yr-1 today 

that can be attributed to growing awareness of their ecological values such as 

ecotourism, biodiversity, and carbon sequestration. Further, the adoption of 

community-based forest management programs is now spurring efforts to 

restore coastal vegetation and protect existing growth mangroves. 
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Indeed, local communities have critical roles to curve down 

deforestation in tropical forests particularly the mangrove domains.  They 

need to be intimately involved in crafting sustainable forest management 

plans and programs to bolster their commitment to forest conservation and 

ensure their access to forest benefits (FPEP 2007).  A major challenge is to 

align management strategies with real site conditions.  There is a need to 

establish sound information about the ecological, bio-physical, and socio-

economic attributes of mangrove area prior to planning or improvement of 

existing forest management systems.  Sustainable levels of forest 

management is essential.  Unfortunately, this information has always been 

insufficient in many community-based mangrove projects in the Philippines 

(Primavera and Esteban 2008; Yao 2001; Gevana et al 2008; Camacho et al 

2011).  There has also been limited effort to modify government-prescribed 

forest management blueprints hence reforestation and forest protection efforts 

are often off-tracked and inadequate at best (Samson and Rollon 2008).   With 

these limitations, studies that will capture sustainable and effective mangrove 

management strategies are important.   Such studies will respond to timely 

environmental issues especially climate change by which human and forests 

are directly affected.    
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1.2 Study Objectives 

This study sought to assess the climate change mitigation potential of 

a community-managed mangrove forest in the Philippines.  It centers on 

developing carbon management strategies in mangrove forests.  Such inquiry 

entailed clear-cut understanding on how stand management contributes to 

changes in forest landuses and carbon stocks.  Communicating the salient 

findings of this study to various stakeholders will help calibrate mangrove 

management plans to become more sustainable, conservation-effective and 

responsive to the needs and aspirations of the local community.   In achieving 

this aim, this study specifically sought to: 

 

· describe spatio-temporal characteristics of mangrove forests;  

· formulate allometric models for biomass estimation;  

· estimate biomass and carbon stocks of mangrove stands; and 

· evaluate effects of stand management, plant spacing and species 

composition on carbon stock production; and  

·  propose carbon management strategies for mangrove forests. 
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1.3 Literature Review 

 

1.3.1 Mangrove forest 

Mangroves are among the world’s most productive ecosystems. They 

enrich coastal waters, yield commercial forest products, protect coastlines, and 

support coastal fisheries. They have unique characteristic by being true 

ecotones of land and ocean.  The term mangrove denotes two different concepts 

according to Lugo and Snedaker (1974) and Alongi (2010).  Firstly, it refers to 

a group of salt-tolerant plants belonging to nine orders, 20 families, 27 genera, 

and roughly 70 species.  These plants can cope with changes in water and 

sediment salinity by evolving both xeromorphic 1  and halophytic 2 

characteristics.    Secondly, it refers to complex plant communities that fringe 

tropical and subtropical (32° N to 32° S) shores and delimited by major ocean 

currents and 20 °C isotherm of seawater in winter.   Figure 1.1 shows the 

distribution of mangroves forest across the globe wherein plant diversity is 

highest in the Indo West Pacific region. 

Mangrove plants are also well adapted to deal with natural stressors 

such as high temperature, high salinity, anaerobic sediments, and extreme tides. 

However, because they live close to their tolerance limits, they are sensitive to 

other disturbances like those that are brought by human activities (FAO 2007).  

In many regions, mangrove stands are already in the brink of complete collapse 

after being favored as sewage disposal sites and aquaculture ponds (Kathiresan 

and Bingham 2001). 

 

                                                      
1 Xeromorphic characters are adaptations that enable plants to conserve water. 
2 Halophytes are plants that show adaptations for living under high salt conditions, such as 
plants that live near the sea shore. 
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Figure 1.1 Global distribution of world’s mangrove forest (Spalding et al. 

1997, Duke et al. 1998; Alongi 2010) 

 

Ironically, the fifty percent loss in the world’s mangrove forest over the 

past half century reflects the fact that mangroves are indeed valuable economic 

resources that are being wasted.  According to Costanza et.al (1998), global 

mangrove forest worth US$ 180,900,000,000 and their average monetary value 

is estimated to US$ 10,000 ha-1 yr-1.  Such price is expressed in several 

ecological services (FAO 2007; Mithapala 2008):  

 

1) Provisioning service 

· All over the world, mangrove timber is used to build and make houses, 

furniture, rafters, fences, and boats. About 300,000 m3 of mangrove 

wood is extracted annually from the Sunderbans of Bengal. 

· Mangrove wood is also used as fuelwood and still provides ninety 

percent of the fuel used in Viet Nam. 

· The leaves of species such as the Mangrove Palm (Nypa) and Screw 

Pine (Pandanus sp.) are used for thatching and weaving. Because it 
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is light, the wood of Cerbera manghas is used in Sri Lanka to carve 

masks and puppets. 

· The breathing roots of various Sonneratia spp – with their 

aerenchyma tissue – are used to make corks and fish floats. 

· Because of their salt glands, mangrove plants are a source of sodium 

and the ash of some species such as Avicennia is used as soap. 

· Bark of many species produces gums and tannins.  

· In the Bangladesh and India, honey from mangroves is an important 

local industry, producing 20 ton of honey every year from 200,000 

ha of mangroves. 

· Mangrove leaves, fruits, shoots, and roots serve as vegetables and 

edible fruits in many parts of the region and other non-timber forest 

products such as sugars and drinks are extracted from different 

species such as Sonneratia. 

· About 70 different mangrove plants are listed as having traditional 

medicinal uses for treatment of various ailments and diseases.  

· As much as eighty percent of global fish catches are directly or 

indirectly dependent on mangroves.  

· Annual commercial fish harvests from mangroves have been valued 

at 6,200 USD per km2 in the United States to 60,000 USD per km2 in 

Indonesia.  

· The annual market value of seafood from mangroves is estimated at 

US$7,500-167,500 per km2.  

2) Regulating Service 

· Trees protect shoreline from tidal surges and extreme wind 

conditions.  A good example of this is the 2004 Tsunami in the Indian 
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Ocean where mangroves in Sri Lanka helped minimize the 

horrendous impact of tidal waves. 

· Mangrove reduces the effects of flooding and sea water intrusion. 

· Mangrove traps and filters pollutants from both land and sea. 

3) Supporting Services 

· Mangrove trees and sediments are rich carbon sink. 

· They also enhance land accretion or sedimentation therefore 

providing habitat for many flora and fauna. 

· Mangrove enriches coastal waters through its high organic 

accumulation which provide nutrients to marine flora and fauna. 

4) Cultural services 

· Mangrove forests are being developed to provide more aesthetics 

such as construction of boardwalks. 

· Mangrove sustains traditional fishing practices in many regions. 

 

Albeit countless benefits, amngroves are often undervalued (Clough 

2013).  The high population pressures in coastal zones led to conversion of 

mangrove areas to urban centers.  In order to augment food security and boost 

national economies, many governments have also encouraged development of 

agriculture, shrimp and fish farming, and salt and rice production over 

mangrove domains. These have resulted to massive fragmentation, degradation, 

and pollution of coastal areas.  One good example of this is Philippines where 

mangrove decline has been attributed to increase in brackish water ponds 

(Figure 1.2). 
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Figure 1.2 Temporal change in area covered by mangroves vs. brackishwater 

ponds (Primavera 2000) 

 

Over the last few years, however, awareness of the importance and 

value of mangrove ecosystems has been growing, thus leading to crafting of 

new legislations for better protection and management of coastal forests (FAO 

2007).  Widespread restoration of mangrove areas through natural regeneration 

or active planting has also been observed. 

 

 

1.3.2 Community-based mangrove management 

Like in the uplands, community forestry became the key forest 

management paradigm in mangroves today (Gilmour and Fisher, 1991; Pulhin, 

2000; Walters 2004).  Governments are no longer viewed as sole stewards of 

this ecosystem upon realizing that communities can be effective vanguards as 

well.     Community-based reforestation and management which is now being 

promoted enthusiastically by governments, non-government organizations, and 

aid agencies is believed to cultivate sense of stewardship among the people 

towards newly planted forests (Kaly and Jones 1998; Melana et al 2000; 

Walters 2004).  However, several studies in the Philippines raised some 

contentions about the effectiveness of this approach pointing that many co-
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managed mangrove development projects have failed to achieve the desired 

economic and environmental..   Some of these issues include: 1) elusive tenure 

rights of the local people towards the mangrove trees they planted hence local 

people just served as short-term employees of the reforestation project rather 

than owners (Yao 2001); 2) wrong motivations in participation as reforestation 

projects became a strategic reason for some people to secure tenure over 

intertidal spaces which they later plan to clear and put up new houses or ponds 

(Walters 2004); 3) poor zonation of state-owned coastal areas that allowed 

private individuals  or groups to own mangrove areas and later convert to other 

purposes (Farley et al 2009); 4) widespread tendency in planting trees that are 

not their natural habitat which has resulted to high mortality rate, low diversity, 

and stunted stands  (Samson and Rollon 2008); and 4) on the governance 

context, local governments and local communities usually cannot adequately 

manage mangroves because of their limited area of jurisdiction, limited 

research capacity, budget constraints, and the dominance of parochial interests 

in local politics favoring wealthy fishpond owners and illegal buyers of 

mangrove wood.  Against this backdrop, community-based management of 

mangroves needs more ground for improvement.   

     

 

1.3.3 Mangrove landuse change  

Ramirez-Garcia (1998) once noted that “If we want to assess and 

challenge the deforestation problem on mangrove covering areas, we have to 

recognize that many people in coastal areas of the tropics and subtropics need 

to open land for grazing and farming purposes, and more recently for 

aquaculture production. These disturbance activities, mainly in developing 

countries, have been specific and direct causes on cover retraction and 
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destruction of mangrove communities.” Indeed, the distribution, abundance and 

trade-offs in the mangrove cover had been widely assessed around the world. 

Many of these works involving mapping techniques using aerial photograph 

(Ball 1980; Lucas et al. 2002), satellite imagery (Manson et al 2002; Ambastha 

et al. 2010), video imagery (Everitt et al. 1991), and very recently through laser 

technology called Light Detection and Ranging Detection and Ranging or 

LIDAR (Zhang 2008; Knight et al. 2009).  Through time, remote sensing (RS) 

and geographic information system (GIS) tools have improved to provide more 

options for superb vegetation classification and mapping presentation.    

In other studies, ecological assessment methods were also done to 

explain changes in the floristic composition and density conditions in coastal 

forests.  Plots and non-plot sampling methods were used to determine 

ecological information (taxonomy, biomass, diversity, etc).  Duke et al. (1998) 

and Alongi (2010) made a good summary of the key environmental and 

ecological factors affecting mangrove cover change and distribution. These 

factors largely include temperature, solar radiation, rainfall, tide, salinity, 

sedimentation, sediment nutrients, water quality, propagule dispersal, 

pollination, flora-faunal interaction, species competition and mutualism, and 

photosynthesis, among others.  One interesting example is the interaction 

between the sesarmid crabs (Sesarmidae) and Avicennia plants in Australia.  

Smith (1992) observed that the propagules of Avicennia were selectively 

removed as they are being eaten by these organisms. It was then proposed that 

the commonly observed bimodal intertidal distribution of Avicennia marina 

was due to the presence of sesarmid crabs along the intertidal zones. 

Lastly, social researches are being done to complement mapping and 

ecological analyses.  Many of these works have centered on the assessment of 

anthropogenic factors affecting mangrove change. To name a few, there are 
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studies that looked on policy and governance (Primavera 2000; Saunders et al. 

2008; Farley et al. 2010), income, livelihood and patterns of use (Hue and Scott  

2008; Hussain and Badola 2010), tenure security (Adger and Luttrell 2000), 

gender issues (Rivera and Newkirk 1997 ), traditional values (Bandaranayake 

1998), and climate change vulnerability and adaptation (Tri et al. 1998; 

Dahdouh-Guebas et al. 2005).   Various participatory rural appraisal (PRA) 

approaches such as focus group discussion, key informant interview, and 

household survey have also been applied to collect needed information.   

Fundamentally, beyond all these tools and methods is the question of 

how reliable and accurate are the results we are getting. Bearing in mind that 

mangrove cover assessment encompasses wide spectrum of subjects, it is 

always crucial that research objectives, scope, and scale must be clearly defined 

at the beginning.   

 

1.3.4 Mangrove and climate change impacts mitigation 

In April of 2011, Nature Geoscience has headlined mangroves as 

among the most carbon-rich forests in the tropics, in which their carbon stocks 

can surpass those that are in other terrestrial forest types (Nature Geoscience 

2011).  This was based on the studies of Donato et al. (2011) which underscored 

mangrove’s huge capacity to offset atmospheric carbon by as much as 1,023 tC 

ha-1 and bulk of this stock (49–98%) are stored in peat or sediment.  In 

comparison with other forest ecosystems, carbon stocks ranges only from 66 to 

217 tC ha-1 based on the regional averages reported by FAO (2010).  Such 

advantage however reflects that mangrove deforestation largely contributes by 

as much as 0.12 PgC yr-1 or 10% to the total global carbon emission from forest.  

This irony calls for more visible actions to avert mangrove loss (Gilman et al. 

2006; FAO 2012).    
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 With the growing interests to validate mangrove’s mitigative roles in 

reducing the impacts of tsunami and tidal surges, several studies (eg. Kathiresan 

and Rajendran 2005; Danielsen et al. 2005; Yanagisawa et al. 2009) have 

confirmed that mangrove forests can significantly reduce tidal inundation 

during a tsunami event.  Effectiveness to attenuate tidal force largely was found 

largely dependent on stand density, age, tree diameter, area, exposure (seaward 

or landward), species composition, and sediment and shore slope (Alongi 2008).  

In one hydraulic experiment of Mazda et al. (1997), six-year-old mangrove 

forest with 1.5 km width was found effective in reducing one meter high of 

waves at the open sea and 0.05 m at the coast thus suggesting the significant 

preventive role of mangrove stand against tidal abnormalities.          

 In terms of adaptation to climate change, mangroves respond to sea-

level and temperature rise.  Spalding et.al (2010) believe that the expected 2-

4 °C climb in global temperature in the next 100 years will be greatly threaten 

mangroves as they will tend to move landward in response to impacts of sea-

level rise.  This will therefore lead to disruption diversity, change in flowering 

and fruiting, and expansion to higher latitudes where the range is limited by 

temperature.  McLeod and Salm (2006) and Gilman et.al (2006) stressed the 

importance of ameliorating degraded mangrove sites to help them become more 

resilient to climate change.  Some of their proposed strategies to achieve this 

include: 1) application of risk-spreading strategies to address the uncertainties 

of climate change; 2) identification and protection of critical areas that are 

naturally positioned to survive climate change; 3) manage human stresses on 

mangroves; 4) fortification of mangrove areas using engineering approaches; 5) 

establishment of  buffer zones for mangrove migration; 6) restoration of 

degraded mangrove sites; 7) establishment of  regional monitoring and 

protected area networks that will monitor and safeguard mangroves; 8) 

development of alternative livelihoods to local community as means to reduce 

mangrove destruction; and 9) establishing partnership with a variety of 

stakeholders to solicit support to respond to the impacts of climate change.  
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1.3.5 Carbon stock assessment techniques  

Carbon stock assessment studies in mangroves largely encompasses 

measurements of organic matter at different carbon pools namely: trees; forest 

floor; and sediments using plot techniques (Saenger 2002; Alongi 2010).  The 

number of sampling plots is determined using simple and stratified random 

sampling models prescribed by UNFCCC for Afforestation/Reforestation 

Clean Development (A/R CDM) projects (eg. AR-AM0001, AM0005, and 

AM0006).  Plots are usually nested to capture the varying contribution of trees 

and sediment to total carbon stock (Pearson et al. 2005).  Total carbon stock is 

expressed in weight per unit area (eg. ton C ha-1; megagram C ha-1).   

Prior to carbon stock assessment is the calculation of biomass or dry 

mass of different carbon pools.  This can be done through destructive sampling 

or harvesting and/or non-destructive sampling.  The former provides a direct or 

actual weight measurement of biomass, while the latter gives biomass estimate 

based on mathematical models.  Non-destructive measurement of trees include 

the use of allometric equation3 (Komiyama et al. 2008; Pearson et al. 2005).  

Allometric regression models are commonly formulated using actual tree 

values (diameter, height, wood density, basal area) to predict dry weight 

(usually in kg), volume (m-3) and carbon stock (tC ha-1).  Dry weight of trees 

and its parts (stem, branch, leaves and roots) can be calculated using field values 

such as diameter at breast height (dbh) and height.  The reliability of allometric 

models can be assessed based on correlation indices among the variables used 

as well coefficient of determination (R2) between predictor values (usually dbh 

and height) and biomass (Clough and Scott 1989; Clough et al. 1997; 

Komiyama et al. 2008; Kairo et al. 2009). 

 

                                                      
3 Allometric or biomass equation is a regression-based model that estimates the total 
dry weight (kg or ton) of trees.  Roughly half of the total tree dry weight is carbon 
(Komiyama et al. 2008; Pearson et al. 2005; Hairiah et al. 2001) 
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1.3.6 Mangrove plantations 

Plantation or planted forestry 4 is underscored as one of the remedies 

curving down greenhouse gases levels in the atmosphere while serving as 

carbon sinks (FAO 2010a).  Their wood products also have advantages over 

competing products made of other materials (cement, plastic, and metal) 

because they are renewable, energy efficient, and environmentally friendly 

(FAO 2006).    However, such vital services (among many others) are often not 

best realized because many of these plantations have not always lived up their 

full potential. This is because of the lack of knowledge, capacity and capability 

in providing enabling policies, and plans and technical support systems to 

warrant their sustainable management.   

 Critical in the integration of SFM principles in planted forest 

management is the good grasp of handful limitations that ‘artificial’ or 

‘industrial’ forests have. FAO (2010b) presaged that forest plantations do not 

purport to provide social, environmental, and economic functions of indigenous 

forests5. They can take over many, though not all its functions such as protection 

of biodiversity, non-timber forest products, etc.  Typically, planted forest only 

serves as a landuse option to improve logged-over and degraded forest lands 

and unprofitable marginal agricultural and aquaculture areas.  Its advantages 

may include better production of wood, fiber, fuel and non-wood products for 

commercial and subsistence purposes, and social and environmental services 

ranging from combatting desertification, soil and water protection, recreation, 

                                                      
4 Planted forest or forest plantation is a type of forest that is established by planting 
native or introduced species either through afforestation or reforestation for 
productive (eg. wood, food and fiber) and protective (eg. carbon sequestration, wind 
break, etc) (FAO 2010b) 
5 Indigenous forest pertains to a forest that comprises of plants that are known to be 
naturally living in the area.  It also denotes the natural habitat or original forest 
ecosystem (www.climatechange.govt.nz).   
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genetic conservation, shelter or habitat for some wildlife, and sequestering 

carbon.  In view of the latter role, the responsible management of plantations 

can complement and supplement the REDD-Plus initiatives.  It also opens 

avenues to empower local communities to manage forest well and realize the 

various economic benefits that can be derived therein.     

 In the Philippines, areas covered by planted forests are increasing.  This 

can be largely reflected by the National Greening Program of the National 

Government which targets rehabilitation of 1.5 million ha forestlands and 

coastal areas from 2011 to 2016 (DENR 2011).  Private companies were also 

visible in reforestation initiatives such as the Tokyo Electric Power Corporation 

and Marubeni Corporation (a coal-fired power generation plant) in Quezon 

Province. In 2003, they had successfully established 157 ha of Rhizophora 

plantation which was the first mangrove project in the country that was 

specifically intended for possible carbon offset project in the future (Gevana et 

al 2009).  

While massive afforestation and reforestation projects are sailing today, 

there is also a mounting concern about the widespread monoculture plantations 

particularly in the mangrove domains (Primavera and Esteban 2008; Samson 

and Rollon 2008).   Walter (2003) and Samson and Rollon (20008) reported 

that many of the mangrove rehabilitation projects in the Philippines over the 

past three decades have used single species (particularly Rhizopora sp.)  

because of its relative convenience and cheaper cost of establishment.  Results 

were argued dismal as seen in the stunted growth of trees and high mortality 

rates.  Albeit this pressing concern, there were also reports that commending 

the establishment of dense monoculture mangrove plantations.  For instance, 

Camacho et al. 2011 and Carandang et al (2013) regarded Banacon Island as 

one of the successful cases where its lush R. stylosa plantations were found 
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sufficient to meet domestic needs for wood (fuelwood and poles) in addition to 

large carbon stock they hold. Further, the local community of Banacon Island 

deems their R. stylosa planting as the reason why they have now a traditional 

practice of conserving mangrove forest.   

 

1.3.7 Mangrove restoration and rehabilitation 

Mangrove plantations are developed with an aim of either restoring 

or rehabilitating degraded coastal forests.  Lewis (1999) defines restoration 

as the return from a disturbed or totally altered condition to previously 

existing natural, or altered condition by some human condition.  The ultimate 

goal of it is to create a self-supporting ecosystem that is resilient to 

perturbation without further assistance. Rehabilitation, on the other hand, 

pertains to re-establishment of some ecological attributes of the degraded 

ecosystem, or complete replacement of the ecosystem’s structural and 

functional characteristics (Field 1998). These two conceptual objectives often 

overlap and unclear in many mangrove re-vegetation projects today, with 

little consciousness on the potential impacts of planting mangroves on the 

ecological well-being of mangrove areas as well.  In the Philippines, 

Primavera and Esteban (2008) and Samson and Rollon (2008) expressed 

caution towards continuous establishment of monoculture plantations or 

planting species that are not within their range of natural habitat.  They found 

out that many plantation projects yielded low survival and growth rates and 

to some extent have incurred damages to the diversity and habitat of other 

marine ecosystems. On the contrary, low diversity planting are being seen 

effective in Vietnam and South America (Hong and San 1993; Perdomo et al. 

1998; Twiley et al. 2000; Ellison 2000).   This strategy was noted helpful in 

providing platform for higher diversity forest in the future, provided that the 
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stand will not be harvested.   Kaly and Jones (1998) and Ruiz-Jaen and Aide 

(2005) provided several considerations in crafting well-guided mangrove 

restoration or rehabilitation plans.  These include: diversity (flora and faunal); 

vegetation structure (crown cover, density, height, and biomass); and 

ecological processes (sediment nutrients, soil organic matter, herbivory, 

dispersal, pollination, predation, parasitism, and marine fauna breeding and 

population).  Samson and Rollon (2011) also underlined the need to capture 

socio-political and governance aspects of mangrove rehabilitation in crafting 

mangrove plans particularly tenure rights (particularly the reversion of 

aquaculture ponds back to mangrove forest) and socio-economic aspect 

(income and livelihood sources that will be generated from mangrove 

development). 

 

 

1.3.8 Sustainable mangrove management for climate change mitigation 

negotiations 

IUCN (2012) noted that it is just a matter of time that mangroves will 

be soon included in the United Nations Conference on Climate Change 

(UNFCCC) negotiations on Reducing Emissions from Deforestation and Forest 

Degradation (REDD+) framework particularly in its carbon financing 

mechanisms.  Termed as blue carbon sink together with salt marshes and 

seagrass meadows, mangroves has been recognized as an essential component 

in climate change mitigation strategies since the Conference of the Parties (COP) 

in Durban or COP 17 last November 2011.  To date, the Intergovernmental 

Panel on Climate Change or IPCC have revised its Guidelines for National 

Greenhouse Gas Inventories on Wetlands to guide governments and private 

sector in the assessment and valuation of carbon stock, sequestration, and 
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emissions from these ecosystems (IPCC 2013).  More visible projects on carbon 

financing are expected to come over the next few years.   

While these agreements are being anticipated, explorations on 

payments for ecosystem services (PES) projects have also taken steps.  Wunder 

(2005) defined PES as voluntary transaction where a well-defined 

environmental service (or land use likely to secure that service), is ‘bought’ by 

a service buyer (minimum of one) from a service provider (minimum of one) if 

and only if the service provider secures service provision (conditionality).  The 

main purpose of it is to create incentives to change behavior around resource 

use (Padilla et. al. 2005). These incentives can be monetary or in-kind such as 

capacity building, livelihoods training, infrastructures, or tenure rights 
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1.4 Methodology 

 

1.4.1 Study site 

The Philippines is known for its romantic moniker as Perla del mar de 

oriente (in Spanish) or Pearl of Orient Sea because of its splendid natural 

tropical beauty.  Among these is the verdant and blue coastal ecosystem which 

is fourth longest in the world with a length of 36,289 km.  As an archipelagic 

country with 7,107 islands, tracts of coastal vegetation such as beach forest and 

mangroves are very common.   As a matter of fact, the capital city of Manila 

was named after a mangrove shrub called nilad (Scyphiphora hydrophyllacea) 

which used to be predominant along its scenic bay.   But in the turn of this 

century, mangroves became extremely pared from once lush extent.  Today, 

they only share 3.2% to the total forest cover of the country after a series 

dramatic decline (Figure 1.3). Largest remaining cover of 56,261 ha can be 

found in the province of Palawan; 20,565 ha in Sulu; and 14,170 ha in Quezon 

(Long and Giri 2011).   

 

 

Figure 1.3 Trend and major causes of mangrove forest cover in the Philippines  
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Natural mangrove forest of the Philippines can be categorized into five 

distinct formations namely, a) Rhizophora stand along river and intertidal 

mudflats; b) Avicennia stand at inundated beach and mudfalts; c) Sonenratia at 

subtidal sediments; d) Rhizophora stylosa along coralline substrates; e) Nypa 

forest along brackish rivers and lagoons; and e) mix trees, shrubs, and thorny 

bushes in elevated coasts (Figure 1.4).   Based on the listings of Fernando and 

Pancho (1980) and Primavera (2000), these formations harbor 40 species of 

major and minor mangroves that belong to 16 families, and as much as 30 

species of mangrove associates (primarily shrubs and vines).   

 

 

Figure 1.4 Common mangrove formations in the Philippines: a) Rhizophora 

along river; b) Avicennia stand; c) Sonneratia stand; d) R. styolsa on corralines; 

e) Nypa stand; and f) mixed species in elevated coast 
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Banacon Island was selected as a case for this study (Figure 1.5). 

Geographically, it is located at the northwestern part of Bohol Province 

covering two small barangays6  namely, Banacon and Jagoliao that are home 

to at least 300 households.  The main island has an area of about 660 ha that 

lies along 10º 03’ 30” to 10º 15’ 30” N and 124º 03’ 30 –124º 14’ 30” E; and 

forms part the eco-diverse protected marine sanctuary of Danajon Double 

Barrier Reef (Pichon 1977).   Roughly 1,115 ha of the nearby marine protected 

sandbars and seagrasses were additionally devolved by the DENR and 

Municipal Government of Getafe to the local community as expansion sites for 

their mangrove afforestation projects. The climate of the island belongs to Type 

IV of the Corona Classification which depicts ‘no distinct dry season’.   Its 

sediment is typically sandy to mud with pH ranging from 7.65 to 8.59.      

Historically, the main island was used to be devoid of good mangrove 

cover in early 1950s (Walters 2004).  Sandbars and reefs were very common in 

the area with just few strips of heavily deforested natural mangroves.  Many 

local residents cut Sonneratia, Rhizophora, and Avicennia trees during those 

times which they later sell to bakeries in the nearby city of Cebu.   Recognizing 

the huge economic gains from fuelwood, many residents started planting 

mangroves in their backyard in hope that they will get profitable income from 

the trees in the future.   This initiative was inspired by a local resident known 

as Mr. Eugenio Paden who developed a dense planting method7 of raising R. 

stylosa propagules on sandbars and shallow mudflats.   Exhibiting ease in 

harvesting and planting propagules, other residents has then followed him.  This 

initiative eventually became a traditional practice that was carried through by 

                                                      
6 Barangay pertains to village or smallest political or administrative division in the 

Philippines  
7 Direct field planting of R. stylosa propgules with a distance of 0.5m x 0.5m to ensure 

greater survival and faster growth. 
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their succeeding generations even though that they faced the unexpected cutting 

ban policies of the government. 

 

 

 

Figure 1.5 Location map of Banacon Island, Getafe, Bohol, Philippines 

 

According to Yao (2001), efforts to legalize local community’s rights 

to harvest their plantations were initiated as far back as 1978 when the Bureau 

of Forest Development (now Forest Management Bureau or FMB) of the 

Department of Environment and Natural Resources (DENR) has placed their 

plantations under the Community Tree Farm Program.  However, this was not 

sustained because the DENR later implemented the Integrated Social Forestry 

Program (ISFP) in 1982 which required a different tenure instrument called 

Certificate of Stewardship Contract (CSC) allowing the community to manage 

and harvest their plantations for at least 25 years.  Before even before CSC was 

issued, Presidential Proclamation No. 2151 (Declaring Certain Islands and/or 

Parts of the Country as Wilderness Areas) was enacted in 1981 declaring all 

mangrove forests as protected area.  With these unenduring frustrations, the 
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planters of Banacon started harvesting and selling trees illegally.  To avoid the 

risk of being caught, they sold poles and fuelwood on-site at a very low cost.  

This then became a major problem of the government and local community as 

mangrove plantations are being tremendously peeled-off undervalued and 

unaccounted.   

Stricter policies to avert mangrove deforestation were then passed in 

the later decade through Republic Act 7161 or Act of Incorporating Certain 

Sections of the National Revenue Code in 1991, and Republic Act 7586 or 

National Integrated Protected Areas System Act (NIPAS of 1992).  However, 

these legislations did not totally prevent illegal harvesting of mangroves.  

Another attempt was made to provide Banacon planters Community-based 

Forest Management Agreement (CBFMA) which they have long sought for.  

Managed cutting of mangrove plantations was then allowed by the virtue of an 

Executive Order 263 issued in July 1995 known as Community-based Forest 

management as the National Strategy to Ensure the Sustainable Development 

of the Country’s Forestlands and Providing Mechanisms for Its Implementation 

and DENR Administrative Order 1998-10 or Guidelines on the Establishment 

and management of CBFM Projects with Mangrove Areas.  In 2004, Banacon 

planters were organized into a People’s Organization 8  called Banacon 

Fisherfolks and Mangrove Planters Association or BAFMAPA whom was 

vested with CBFMA title.  Of the 300 households, 100 of them became 

members of this organization.  Less extractive methods such as thinning or 

selection cutting was then allowed to improve plantations as long as the trees 

they cut will be used for household consumption such as fuelwood and poles 

for seaweed farms and house construction.  With vast areas of plantation today, 

                                                      
8 Prior to issuance of their tenure right, the local community must be organized and 

legally registered as a People’s Organization. 
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there is also a strong local interest to commercially them for additional income.  

DENR however remain rigid on the cutting ban because of the enduring rule of 

RA 7161.  In hope that this policy will someday be revised to favor commercial 

cutting in plantations, BAFMAPA has prepared its Community Resource 

Management Framework (CRMF) which is a plan or document to ‘sustainably’ 

harvest and replant plantations for commercial purpose.   

With the continuous planting efforts despite seemingly hopeless tenure 

process, their plantations amassed to about 500 ha and continuously expanded 

towards nearby seagrass areas and sandbars.  Some private corporations have 

also invested in the afforestation project such as the Kanepackage Philippines 

Inc. or KPG (an international corrugated box production company) which eyes 

200 ha plantation as part of their corporate social responsibility (CSR) project 

and potential source for carbon credits in the future (Figure 1.6).  

 

 

 

Figure 1.6 Mangrove plantation establishment in Banacon Island 
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The success story of Banacon has been well-recognized in the country 

and abroad.  In 1981, BAFMAPA received the Likas Yaman Award or the 

Natural Resources Award from the DENR for their exemplary performance in 

coastal reforestation.  In 1991, they also received the prestigious Outstanding 

Tree Farmer Award from the Food and Agriculture Organization (FAO).   

It was mainly because of the abovementioned achievements why this 

study has chosen Banacon Island as its site.   With the remarkable success in 

mangrove planting, Banacon undoubtedly possesses a huge potential to have a 

carbon sequestration project in the future.  Marching towards this goal however 

demands ample information on mangrove landuses, biomass, carbon stocks, 

plantation management regime, and stakeholders’ roles and interests.  Such 

information are often lacking in many community-managed mangrove sites in 

the Philippines (Primavera 2000; Walters 2003; Gevana and Pampolina 2009; 

Camacho et al. 2011); and yet vital to formulate sustainable forest management 

plans and programs that will harmonize social interests with the ecological 

well-being and economic values of mangroves.    

 

1.4.2 Data collection and research framework 

Data collection 

Actual field collection was conducted from May 2012 to February 2013.  

Initial field visits and scoping work (i.e., reconnaissance survey, GPS control 

point collection, and pre-sampling of carbon stocks) was done from July 2011 

to January 2012. 
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Research framework 

This dissertation is composed of four chapters.  Chapter I is the 

general introduction which describes the motivations of the study. The research 

framework shown in Figure 1.7 was used to specify the scope of the study, and 

to serve as guideline for data analyses and logical presentation of results that 

were presented in three other chapters.  Chapter II entitled Forest Landuse 

Characterization in a Small Mangrove Area: The Case of Banacon Island, 

Bohol, Philippines dealt about remote sensing and mapping using GIS 

techniques (Box A). Information about mangrove landuses were used to 

determine the number of sample plots required for carbon stock assessment.  

Biomass Modelling of Rhizophora stylosa constituted Chapter III (Box B).  

This largely included discussions on formulating allometric or biomass 

equations that are necessary for computing carbon stocks of Rhizophora stylosa 

trees.  With information on tree biomass models, the aboveground and 

belowground tree carbon stocks were assessed as part of the last chapter, 

Chapter IV (Box C) entitled Effects of Forest Management on Carbon Stocks 

of Mangrove Forests.  Carbon stocks (both trees and sediments) were assessed 

and compared across: a) stand management and plant spacing, for plantations; 

b) species composition, for natural stands.  Significant correlations and 

differences oserved from these assessments were used to conceptualize carbon 

management strategies for Banacon mangrove forests.  

 



 
30 

 

 

 

 

 

 

 

 

Figure 1.7 Research framework of the study 
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Chapter II. Forest Landuse Characterization in a Small Mangrove Area: 

The Case of Banacon Island, Bohol, Philippines 

 

2.1 Introduction 

Mangrove forest is indeed one of the most productive ecosystems of 

the world. It contains a diverse group of halophytic species that belongs to eight 

different families (Lugo and Snedaker 1974). Mangroves also enrich coastal 

waters, yield commercial forest products, protect coastlines, and support coastal 

fisheries.  About fifty five percent of the world’s population live on mangrove 

ecosystems and draw heavily from their goods and services.  In a less 

documented role, mangrove trees also regulate flooding, erosion, siltation, and 

tidal surges thereby providing habitat to human and countless organisms. 

Nearly two-thirds of all kinds of commercial fishes also depend on mangroves 

for their growth, reproduction, and survival.   

The proximity of mangroves to population centers leads to their 

massive degradation and loss.  In many regions, mangrove areas are used for 

sewage disposal, converted to human settlement and industrial sites, and 

excavated for aquaculture ponds.  Globally, there are only 15.2 million ha of 

mangroves left and deforestation rate is still quite alarming with about 102,000 

ha year-1 (FAO 2007). Massive loss was reported in Asia of about 1.9 million 

ha since 1980.    In some regions, mangrove areas are already in the danger of 

complete collapse (Kathiresan and Bingham 2001).   

The Philippines shares a similar story because seventy percent of its 

original mangrove forest was lost over the past century.  Overharvesting of 

mangrove trees for fuelwood, charcoal and pole, and conversion of mangrove 

areas to fish ponds are the main drivers of mangrove deforestation (Brown and 

Fischer 1920; Chapman 1976; Primavera 2000).  Today, Philippine mangroves 
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cover about 247,362 ha with annual deforestation rate of 0.8%.  But 

notwithstanding this historical decline, deforestation is now showing signs of 

ease because of the appreciation of the need to conserve their broader values 

such as ecotourism, biodiversity, and carbon sequestration. Further, the 

adoption of community-based forest management programs in conserving rural 

coastal areas has spurred efforts to restore degraded mangroves and protect the 

remaining stands by the local communities. This direction must be continuously 

pursued to ensure the sustainable delivery of their key ecological and economic 

benefits.  Moving forward on this aim however demands ample information 

about mangrove forests’ status.   This is where geospatial information are 

needed.  Information about land cover and trends of forest cover changes could 

provide yardstick for better crafting of policies and programs most especially 

related to community development.   Geospatial information on forest cover or 

landuse and landuse changes in a small island mangrove site of Banacon Island 

in the Philippines could also be provided showing the potential of mangrove 

ecosystem in climate change mitigation.  
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2.2 Materials and Methods 

 

2.2.1 Study site 

Banacon Island is primarily composed of two vegetation types: 

plantation and natural forest stands (Figure 2.1).  Plantation is mainly 

composed of Rhizophora stylosa, locally known as bakhau.  This species is very 

adaptive to high saline sand and corraline substrates.  It is also found resilient 

against frequent tidal surges compared with other Rhizophora species.  Ages of 

these plantations range from newly planted to fifty five years old mangroves. 

Sparse natural mangroves are also common in the island.  Trees that belong to 

Avicennia and Sonneratia genera predominate these stands.  Sparse natural 

mangroves are common along subtidal sediments and shallow mudflats.  They 

also serve as the main source of fuelwood for the local people.   

 

 

 

Figure 2.1 General view of mangrove forest in Banacon Island (a. & b. dense 

mature stand: 30 to 55 years old; c. dense intermediate or young stand: ≤ 29 

years old; and d. sparse mangrove area) 
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2.2.2 Data acquisition and analysis 

Landuse classification and landuse change detection was performed 

following the methodological framework in Figure 2.2. This framework 

suggests the straightforward sequence for analyzing remotely sensed images.  

Image analysis was done using ENVI 4.3 (ITT Visual Information Solutions, 

Boulder, CO, USA); while final maps were created using ARCGIS 9.2 (ESRI, 

Redlands, CA). 

 

Figure 2.2 Methodological framework for analyzing remotely sensed data. 

 

Data availability 

Landsat 5 TM images were used to generate geospatial information of 

the study site (Table 2.1).   These images can be freely accessed on-line from 

the US Geological Survey (USGS) Earth Resources Observation and Science 

Center (http://earthexplorer.usgs.gov/).  However, only two data sets (dated 

1993 and 2004) were used for image classification and change detection 

analyses as other Landsat scenes for the study site have either scan line errors 

or severe cloud cover.  Budgetary constraints to purchase images from other 
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commercial sources (eg. IKONOS) had also limited the data acquisition.  Hence, 

the 2004 image was therefore temporarily used as the platform for current 

ground-truthing or validation recognizing that large portion of plantations and 

sparse natural mangrove areas remained almost intact when compared with the 

latest image shown from Google Earth Version Ver. 4.3.7284.3916 in 2012 and 

findings of field validation.  However, this was underlined as a major limitation 

of the study since there had been considerable changes in mangrove cover from 

2004 to 2012.   

 

Table 2.1 List of land satellite images used in the study 

Scene 
Code 

Data Set Acquisition 
Date 

Acquisition 
Time 

Tidal Height 
(m) 

113-53 Landsat 5 
TM 

06-16-1993 13:22:35 +1.33 

113-53 Landsat 5 
TM 

09-02-2004 13:43:33 +1.63 

 

 

Image preprocessing 

Satellite images were orthorectified and projected to UTM 51 N 

coordinate system and WGS 1984 datum.  Image sharpening was not done 

because of the superb quality of images in terms of intensity, hue, saturation, 

and sharpness.  However, radiometric correction was performed to minimize 

innate internal (remote sensors of Landsat pre-lunch and in-flight adjustments) 

and external (effect of atmosphere, terrain, aspect, etc) errors on the images.  

Radiometric improvement included radiance (Equation 1) and reflectance 

(Equation 2) corrections as suggested by Chander and Marksham (2003). 
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   (1) 

where:  
Lλ = cell value as radiance 
Qcal = digital number that users receive with Level 1 Landsat products 
LMINλ = spectral radiance scales to QCALMIN 
LMAXλ = spectral radiance scales to QCALMAX 
Qcalmin = the minimum quantized calibrated pixel value (typically = 1) 
Qcalmax = the maximum quantized calibrated pixel value (typically = 255) 

 

       (2) 
where: 
ρλ = unitless planetary reflectance 
Lλ = spectral radiance (from earlier step) 
d = earth-Sun distance in astronmoical units 
ESUNλ = mean solar exoatmospheric irradiances 
θs = solar zenith angle 

 

Image classification and detection 

Supervised classification of Landsat 5 TM images was performed using 

maximum likelihood algorithm with an aid of ENVI 4.3 (ITT Visual 

Information Solutions, Boulder, CO, USA). According to Bolstad and Lillesand 

(1991), this approach is the most statistically robust in assessing remotely 

sensed images.  The procedure is based on Bayes Theory of Joint Probabilities 

that accounts marginal distributions of data sets and their respective internal 

correlations under the assumption of multivariate normality in N-dimensional 

Eucledean space (Conese and Maselli 1992).    

Selection of end-member training data set for pixel-based classification 

was performed for initial classification of land, water and vegetation features. 

Determination of specific forest land cover types (eg. plantation, natural stand 

and sparse mangrove area) was based on the rough site characterization done 
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by Camacho et al. (2011) for carbon stock assessment study.   At least 1.90 level 

of training data separability among training data was observed to yield better 

classification results.    

To measure the accuracy of classification results, eighty one (81) 

ground-truth or reference points were collected using Garmin Etrex GPS 

Receiver (Garmin Inc. Kansas, USA). This activity was done from June to 

November 2012.  Reiterating the foreseen limitation in classifying older image 

(2004) using recent (2012) ground-truth points, this study temporarily 

dismissed the likely differences in growth and forest cover expansion because 

of three major premises. First, Rhizophora trees grow at a slow rate of 

0.26±0.01 cm yr-1 (Saenger 2002).    Second, new plantations from year 2000 

were established outside the main island (area being assessed and classified in 

this study) hence not much increase in forest cover (in terms of dense 

intermediate stands) was expected.  Lastly, landuse classification for 2004 

satellite image coincided well with recent data such as ground-truth points, 

information from key informant interviews, and Google Earth image 

comparison (Appendix 2.3). Consequently, six major classes or attributes that 

are relevant for image classification (Figure 2.3). 
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Figure 2.3 Year 2012 Google Earth image showing land and sea attributes of 

Banacon Island; identification based on ground-truthing, key informant 

interviews and site characterization of Camacho et al. (2011) 

 

Accuracy Testing 

Accuracy test was also performed using ENVI 4.3 (ITT Visual 

Information Solutions, Boulder, CO, USA) to assess the validity of the 

supervised classification performed.  Classification results were compared with 

ground data to assess the likely errors.  There were two types of errors measured 

as suggested by Congalton (1991). Omission error was assessed to determine 

the percentage of pixels that should have been put into a given class but were 

not.  On the other hand, commission error was computed to determine the 

percentage of pixels that were placed in a given class that should actually belong 

to other class.  Both these errors also reflect user's accuracy and producer's 

accuracy. User's accuracy indicates the probability that a given pixel will appear 

on the ground as it is classed, while producer's accuracy represents the 

percentage of a given class that is correctly identified on the map.  Kappa index 

(k) was also obtained to further describe the proportion of agreement between 
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the classification and the validation results after random agreements by chance 

are removed to consider these data (Bishop et al. 1975). Values range from 1 

which indicates a perfect agreement to -1 which then indicates no agreement at 

all. Null value or 0 represents agreement which is exactly equal to the 

agreement that can be expected by chance.  Kappa index can be measured by 

the equation stated below (Equation 3): 

 

 

(3) 

where: 
k = Kappa index 
Xii = sum of diagonal inputs of error matrix 
Xi+ = sum of row i of error matrix 
X+i = sum of column i of error matrix 
N = no. of elements in error matrix 

 

 

Landuse change analysis 

Likely changes in forest cover were assessed by comparing the results 

of pixel-based classification of two Landsat 5 TM images (year 1993 and 2004).  

Change detection was done using ENVI 4.3 (ITT Visual Information Solutions, 

Boulder, CO, USA) and ARCGIS 9.2 (ESRI, Redlands, CA). 
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2.3 Results and Discussion 

 

2.3.1 Image preprocessing 

Results of radiance and reflectance calibration values are summarized 

in Appendix 2.1 and 2.2.  Using gain and offset parameters, band radiances 

were re-scaled back to their correct values.   Reflecatance correction using ρλ 

values was also performed to address the environmental distortion effects in the 

satellite images. Corrected images are shown in Figure 2.4.    

 

 

Figure 2.4 Radiance and reflectance calibrated images (Bands: green,  

red and nIR) 

 

2.3.2 Vegetation cover classification 

Results of classification revealed three major classes, that is, forest, 

coastal sand (including built-up areas), and sea (Table 2.2).  Forest was further 

classified into three types, that is, dense mature stand; dense intermediate stand; 

and sparse mangrove area (Figure 2.5). Dense mature stand was primarily 

composed of R. stylosa plantations with ages of at least 30 years and stand 

density of 100 stems m-2.  Old natural stands composed of huge diameter 

Avicennia and Sonneratia sp. were also identified in this class.  Tree diameter 

and height of these stands ranged from 4.1 to 68.2 cm and 4.5 to 12 m, 

respectively.  Similarly, dense intermediate or young stand was predominantly 
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R. stylosa plantations with ages 15 to 29 years old and stand density of 149 to 

324 stems 100 m-2.  Tree diameter and height range of these stands ranged from 

2.1 to 11.0 cm and 5 to 8 m, respectively.  Lastly, sparse mangrove area was 

natural vegetation with around 100 stems 100 m-2.  The most common species 

found in this vegetation include stunted (<10 cm diameter; <6m height) 

Avicennia marina, Avicennia marina var. rumphiana, Sonneratia alba. 

Thinned portions or gaps in R. stylosa plantations were classified under this 

category.   

Based on the 1993 image, sparse mangrove area was largest among the 

forest cover classes with 393.2 ha.  It was found common from western to 

middle portions of the island.  Dense mature stand covered about 80 ha.  This 

stand was frequent at the eastern portion of the island surrounding the built-up 

areas.  Lastly, dense intermediate stand was estimated to about 66.5 ha in the 

western portion.  Non-forest classes such as sea and coastal sand covered about 

952 ha and 56.7 ha, respectively. 

In view of the 2004 image, sparse mangrove area remained largest 

among forest cover classes with 173.9 ha.   Dense intermediate stand followed 

with 172.0 ha which are now frequent from western and central portions as well.  

Dense mature stand remained common at the eastern portion with 113.0 ha. 

Non-forest classes showed 886.2 ha for sea and 203.2 ha for coastal sand. 
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Table 2.2 Area distribution of land and sea attributes of Banacon Island in 1993 
and 2004 

Landuse Year 1993 Year 2004 
 ha % ha % 
Dense mature stand 80.0 5.2 113.0 7.3 
Dense intermediate 66.5 4.3 172.0 11.1 
Sparse mangrove area  393.2 25.4 173.9 11.2 
Coastal sand 56.7 3.7 203.4 13.1 
Sea 952.0 61.5 886.2 57.2 
Total 1548.5 100.0 1548.5 100.0 
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Figure 2.5 Forest landuse map of Banacon Island in 1993 and 2004  
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2.3.3 Classification accuracy 

An overall accuracy of 80.6% and kappa index of 0.66 were achieved 

in the classification of the 1993 image.  Errors in the image classification were 

obtained for dense intermediate stand with a producer accuracy of only 29.7%. 

Misclassifications were due to difficulties in classifying the boundaries between 

dense intermediate stand, sparse mangrove area, and dense mature stands 

(Table 2.3). Commonly, intermediate stands overlap with other forest cover 

classes because it portrays the transition stage between sparse mangrove area to 

dense mature stand.   On the other hand, fairly accurate classification was 

achieved in 2004 image with an overall accuracy of seventy five percent and 

kappa index of 0.62.  Most of the errors were due to misclassification among 

dense intermediate stand, sparse mangrove area, and coastal sand that yielded 

producer accuracy of 39.2%, 44% and 72.7%, respectively.  The difficulties of 

classifying the transition zones between coastal sand to sparse mangrove areas, 

and sparse mangroves to intermediate stands were due to limited resolution of 

satellite images used.   This therefore suggests the need to re-validate these 

results using high resolution maps. 
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Table 2.3 Accuracy level of supervised classification 

Year/ Class 

Ground 
Truth 
(pixel) Error (pixel) Accuracy (%) 

1993  Commission Omission Producer User 
Dense mature 
stand 889 158/889 627/1358 53.8 82.2 
Dense 
intermediate 
stand 739 1/739 1744/2482 29.7 99.9 
Sparse mangrove 
area 4369 3058/4369 39/1350 97.1 30.0 
Coastal sand 630 86/630 424/968 56.2 86.4 
Sea 10578 39/10578 508/11047 95.4 99.6 
OVERALL 
k-index    

80.6 
(0.66) 

2004      
Dense mature 
stand 1256 345/1256 442/1353 67.3 72.5 
Dense mixed 
intermediate 
stand 1911 745/1911 1812/2978 39.2 61.0 
Sparse mangrove 
area 1932 456/1932 1189/3365 43.9 76.4 
Coastal sand 2260 1881/2260 142/521 72.7 16.8 
Sea 9957 873/9957 15/9099 99.8 91.2 
OVERALL 
k-index    

75.0 
(0.62) 
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2.3.4 Vegetation cover change 

The comparison of two images revealed that mangrove cover has 

improved after a decade as seen in the expansion of dense mature and 

intermediate stands (Table 2.4, Figure 2.6 and Figure 2.7).   In total, dense 

forest cover has increased from 146.5 ha to 285 ha from 1993 to 2004.  The 

area covered by dense mature stand has increased by forty one percent which 

can be attributed to maturation of dense intermediate stand (17%).  More than 

half (59%) of its original cover was also retained owing to protection activities 

of BAFMAPA particularly forest patrolling around the plantation areas that are 

within proximity (half kilometer distance) with their office.  However, about 

twenty percent of it also became sparse at the northeastern portion where lesser 

protection activities were done.  Domestic cutting for poles and fuelwood on 

this site was the major cause of this loss.  By estimate, at least 120 trees month-

1 are being harvested by the local community for seaweed poles, house 

construction posts, and fuelwood. This contributes to 1.6 ha yr-1 denudation in 

the area.  Roughly twenty one percent became dense intermediate stand which 

indicates the sparse and bare areas that were immediately replanted after timber 

were extracted.  Comparing this loss with the rate of plantation development (3 

ha yr-1), planting has exceeded cutting with a net rate of 1.4 ha yr-1. 

 

 

 

 

 

 

 



 
47 

 

Table 2.4 Percentage distribution of 2004 landuses reflecting the contribution 

from various landuses in 1993 (as baseline) 
Y

ea
r 

20
04

 
Year 1993 

Landuse 
Dense 

mature 
stand 

Dense 
intermediate 

stand 

Sparse 
mangrove 

area 

Coastal 
sand Sea 

Dense mature 
stand 59.1 14.6 2.6 9.8 0.1 

Dense 
intermediate 
stand 

20.7 19.0 59.9 38.6 2.0 

Sparse mangrove 
area 11.0 32.9 15.3 6.8 2.3 

Coastal sand 9.0 24.4 19.2 41.4 6.7 

Sea 0.2 9.1 3.0 3.3 88.9 

Class Total 100.0 100.0 100.0 100.0 100.0 

Class Changes 40.9 67.1 40.1 58.6 11.1 
 

 

Dense intermediate stand has also expanded by sixty one percent which 

can be owed much to reforestation activities. However, at least 40 ha of its 

original cover was lost, mainly due to cutting for fuelwood because electricity 

and gas supply services are still absent in the island.  Fuelwood harvesting 

(whole tree chopped into fuelwood pieces) was estimated to be at least 156 trees 

yr-1.  This contributes to not less than 3 ha yr-1 deforestation rate in the area.  

Young trees are also being cut for seaweed fences with a rate of 200 trees 

household-1 yr-1. Comparing this estimate with the progress in plantation 

establishment, there is a net change of 7.5 ha yr-1 on this stand indicating that 

reforestation was able to compensate the area that had been lost due to cutting. 

About eighty five percent (85%) of the sparse mangrove area was 

converted to other classes.  Largest part of this area (60%) became dense 

intermediate plantation in 2004 with a rate of about 11 ha yr-1 because of 

planting.  Conversely, nineteen percent became bare area or coastal sand 

particularly along the peripheries of the island.   
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Figure 2.6 Major exchanges in area (in percentage) among mangrove 

landuses between years 1993 and 2004. 

 

The increase in coastal sandy areas can be attributed to two likely 

reasons. Information obtained from key informant interviews revealed that: 1) 

young regenerants of Avicennia and Sonneratia were naturally removed in the 

event of southwest monsoon (June to September) when storms and strong tides 

are more frequent each year; and 2)  cutting of mature trees for fuelwood has 

opened more spaces in already sparsely vegetated sites that were not replanted.  

By estimate, 146.7 ha was added to this class. However, comparing this loss 

with the expansion of plantations, at least 30 ha or a net change of 2.8 ha yr-1 

was estimated which also suggests that planting efforts of the local community 

was able to offset denudation.  Small portion (66 ha) of the sea area was also 

classified as coastal sand (6.7%), sparse mangrove (2.3%), and plantation stand 

(2.1%) in the 2004 image. Seaward expansion of plantations over this site was 

estimated to 4.5 ha or 0.4 ha yr-1.  
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Figure 2.7 Changes in the land and sea attributes between 1993 and 2004 
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2.4 Conclusion and Recommendation 

Supervised classification using maximum likelihood approach revealed 

three distinct forest landuse in Banacon, namely, dense mature stand, dense 

intermediate / young stand, and sparse mangrove area.  Dense stands were 

primarily composed of monoculture plantations of R. stylosa while sparse 

mangrove areas were natural stands predominated by Avicennia and Sonneratia 

sp. Large portion of sparse mangrove area was converted to dense plantations 

because of the continuous planting by the local community.  This has 

compensated the rate of thinning for pole and fuelwood.  Overall, the expansion 

of plantations suggested that forest cover has improved after a decade. In order 

to refine these findings, high resolution images (other than Landsat sources) are 

needed to minimize the errors committed in classifying the overlaps between 

the classes identified.  Furthermore, acquiring satellite images for other years 

(particularly the most recent) will also help validate and enrich the findings 

obtained.  

On the management aspect, results of the study could serve as basis for 

sustainable planning and implementation of CBFMA.  Denuded portions of the 

stands should be targeted for future reforestation instead of the bare coastal sand 

with seagrass meadows in order to avoid detrimental impacts on marine 

biodiversity.  Furthermore, the island also possesses a good ecotourism 

potential because of its scenic mangrove plantations and double barrier reef 

ecosystem.  For this reason, proper zoning of mangroves into productive (tree 

plantation and seaweed farm), protective (tidal buffer), and ecotourism zones is 

necessary to achieve effective to efficient forest management.  Lastly, the local 

government should hasten its work in providing electrification facilities in the 

area for this can also help ease the dependency of local community on mangrove 

fuelwood.  
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Chapter III. Allometric Modelling for Estimating Tree Biomass of 

Rhizophora stylosa  

 

3.1 Introduction 

Scholarly work on tree biomass1 started to expand rapidly in 1960s but 

limited studies were done to cover mangroves (Kusmana et al. 1992; 

Komiayama et al. 2008).  Mangrove biomass researches only received 

considerable attention in 1990s upon recognition of the climate change problem 

and tsunami (Kathiresan and Rajendran 2005; Danielsen et al. 2005; 

Yanagisawa et al. 2009; Alongi 2010; Donato et al. 2011).  Biomass was then 

regarded as a good indicator of carbon stock and tidal attenuation capacity 

(Lasco and Pulhin 2003; Gevana and Pampolina 2009; Yanagisawa et al. 2009).   

Tree biomass is measured through destructive (felling or harvesting) 

and non-destructive methods.  In old growth mangroves where the weight of 

individual trees often reach several hundred kilograms, destructive means of 

biomass measurement is nearly impossible and often not permissible 

(Komiyama et al. 2005).  Thus, non-destructive approach provides a more cost-

effective and environment-friendly option (Brown et al. 1989; Pearson et al. 

2005).   The recently approved UNFCCC Guidelines on Afforestation and 

reforestation of Degraded Mangrove Habitats (AR-AM 0014) underscored the 

usefulness of non-destructive method in carbon stock accounting.  This 

involves the use of trees biomass models or allometry.   

Allometry pertains to establishment of relationship between the 

biomass of whole tree, or its component parts, and some readily measured field 

parameters such as diameter and height.  Such relationship is expressed through 

                                                      
1 Biomass pertains to the dry mass or dry weight (organic matter) of t tree and its parts 
(aboverground: stem, branch & leaves; belowground: roots) (Pearson et al. 2005). 
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a statistical model known as regression. The most popularly developed 

allometric regressions include polynomial and power (Putz and Chan 1986; 

Brown et al. 1989; van Noorwijik 1999).  Polynomial models (usually quadratic 

or cubic equations) offers good regression fits but their inherent shape is 

sometimes ‘non-natural’ and extrapolation usually fall outside the range of the 

original calibration (Ketterings et al. 2001 as cited by Santos et al. 2010).  On 

the other hand, power model is a widely used function because of its high 

reliability and attractive interpretations for scaling (Clough and Scott 1989; van 

Noorwijik 1999; Saenger 2002; Komiyama et al. 2005; Komiyama et al. 2008).  

It is based on Shinozaki’s pipe model theory which suggests that the 

aboveground weight of tree is reflected by the squared diameter at trunk base 

(Shinozaki et al. 1964).   

This chapter was aimed at developing allometric equations for 

Rhizophora stylosa trees.  Specifically, it dealt with the selection of appropriate 

allometric models for estimating aboveground (stem, branch and leaves) and 

belowground (root) biomass for R. stylosa trees in Banacon Island, Philippines. 

Such information are important to account tree carbon stock. 
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3.2 Materials and Methods 

3.2.1 Duration and study site 

Harvesting of tree samples was done in November 2012 covering 

young and mature R. stylosa plantations at the eastern side of Banacon Island 

(Figure 3.1).  Stem, branch, leaves and roots samples were obtained from trees 

at random locations and ages as part of the thinning activity conducted by 

BAFMAPA members.   Thinning management of the local community can be 

described as irregular, unplanned or occasional since people only harvest trees 

in times that they need pole and fuelwood.  Thinning is also perceived by the 

local community as somewhat illegal since the national laws strictly prohibit 

commercial cutting of mangrove trees.     

 

 

Figure 3.1 Sampling sites of tree harvesting for allometric model 

development 
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3.2.2 Allometric model development  

 Figure 3.2 summarizes the procedures in allometric modelling.  First 

among the steps is tree harvesting and segregation of tree parts based on 

biomass pool: aboveground (stem, branch, leaves) and belowground (roots).  

Subsamples are then collected from each tree part and later sent to laboratory 

for ovendring.  Percent dry mass of subsamples is determined to compute the 

total dry mass of the larger samples represented.  Total dry mass or biomass 

values are then correlated with field parameters (diameter and height).  As a 

rule, allometric modelling is pursued only if field parameter(s) (serving as 

independent or predictor variables) are significantly correlated with tree 

biomass to be predicted.    If one or both are significantly related, regression 

analysis is performed to determine the ‘best-fitting’ relationships between them.  

Selection of the most suitable regression models was done by comparing full 

model (using diameter and height as independent variables) and reduced model 

(using diameter only as independent variable) through variance analysis or f-

test and further tests of correlation.  Selected allometric equations are validated 

by comparing computed biomass (using allometry) and actual values (field nad 

laboratory measurements).  A more detailed description of the methods 

involved in allometric modelling are presented in the succeeding pages. 
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Figure 3.2 Methodological framework for tree biomass modelling 

 

Destructive sampling of Rhizophora stylosa trees 

Sampling of Rhizophora stylosa trees at various ages and sizes was 

done at random locations as part of the occasional thinning activity of the local 

community. Thinning management of plantations can be described as irregular 

since the local community only cut trees based on their needs.  Large size R. 

stylosa (>10 cm) are usually harvested for poles intended for house construction, 

seaweed farming and fuelwood, while small diameter saplings (< 10 cm) are 

for house fencing and fuelwood.   Destructive sampling was done using simple 

tools for sizing and weighing tree parts which include hand saw, chain block, 

abaca rope, bolo and digging bar.  A total of 35 trees with ages ranging from 20 

to 57 years old were obtained.  Such sample size coincided well with the 

sampling design of Clough and Scott (1989) for R. stylosa with n=23 and 

Komiyama et al. (2005) for R. apiculata with n=33.  Diameter (cm) of each tree 
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was measured at 0.3m above the prop or stilt root, while total tree height (m) 

from the diameter line to crown tip. 

 

Tree parts segregation, subsampling and ovendrying  

Each part (leaves, branches, stem, and roots) was segregated using bolo 

and handsaw, and thereafter weighed for initial or fresh weight using portable 

weighing scale (Figure 3.3).  Sub-samples of about than 500g were obtained 

from each part and later sent to laboratory at the University of the Philippines 

Los Banos for oven-drying (at 70 °C until constant weight) for dry mass or 

biomass determination.  The formula for computing sample dry mass was:  

 Dry	mass	(kg) = subsample	dry	masssubsample	fresh	mass ∗ fresh	mass	of	whole	sample 

 

Dry mass of stem, branch and leaves were measured separately and 

combined (to represent aboveground biomass or AGB).  Root dry mass (coarse 

and fine roots) represents the belowground biomass.  Total ovendry weight 

(TODW) or total biomass was determined by adding together AGB and BGB 

values. 

 

Allometric modelling 

Tree biomass (kg) was correlated with stem diameter (cm) and height 

(m) using SPSS ver. 16.0 (IBM, Chicago, USA).  Recognizing that variables 

are significantly correlated, regression modelling was then performed by 

treating biomass as dependent variable, and diameter and height as independent 

variables was done using Microsoft Excel 2013 (Microsoft, USA) and 

Microsoft Curve Expert Professional Ver. 1.6 (Microsoft, USA).  Correlation 

and regression were tested at significance of p ≤ 0.05 level.  Coefficient of 
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determination (R2) values of regression models was used as a criterion for 

selecting the appropriate biomass models since it indicates the goodness of fit 

between the variables.     

 

 

Figure 3.3 Destructive sampling, parts segregation and weighing of R. stylosa 

fresh biomass as part of thinning activities of BAFMAPA in Banacon Island 

 

Allometric model selection 

Biomass equations are presented in full model (both diameter and 

height as regression parameters) and reduced model (diameter as sole 

regression parameter).  Test of mean variance (using f-test) was performed 

using SPSS ver. 16.0 (IBM, Chicago, USA) to check if there are significant 

variations between these models.  Values were compared at a significance level 

of p ≤ 0.05. As a decision rule, reduced model is selected if its group mean 

values do not significantly differ to that of full model.  In principle, full model 

says that there are three groups of two observations, and within each group the 

observations have the same mean, these three group means may be different 
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from one another (Iowa State University 2012).  Variance analysis was done 

using the following equation: 

  = (SSEreduced	– 	SSEfull)	–	(DFEreduced	– 	DFEfull) ⁄  

where:  f = test statistic that has an F-distribution under the null hypothesis 
 SSE = Error sum of squares 
 DDE = Degrees of Freedom for Error 
 

 In addition, correlation test between diameter and height values was 

done to provide an additional criterion for model selection.  Such that, if 

diameter is significantly correlated with height, full model should be used in 

order to capture their combined contribution in biomass estimation. Some 

examples of full model (a); and reduced models (c) expressed in power forms 

are shown below: 

 

a) y = a * Db Hc  or  y = a * (Db +Hc) 

b) y = a *Db  or  y = a *Hb 

where:  y = biomass (kg) 
 D = diameter (cm) 
 H = total height (m) 
 a, b & c = regression parameters 
 

Test of validity was also performed to check the reliability of the 

allometric models selected.  This was done by comparing computed values 

(using allometry) with actual values (field measurements) values using test of 

independent sample t-test  at a significance level of p ≤ 0.05. 
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3.3 Results and Discussion 

 

3.3.1 Tree diameter and height 

Diameter and height values of harvested R. stytlosa trees are presented 

in Table 3.1 and Figure 3.4.  Diameter ranged from 3.5 to 14.2cm with a mean 

value of 7.2±3.4cm.  Height ranged from 4.1 to 13.5m with an average of 

8.3±3.5m.  Both variables were found significantly and positively correlated 

with each other suggesting that as diameter increases, height also increases.  

This relationship was noted for mangrove trees in natural and plantation stands 

(Hong 1996; Padron 1996).  

 

  

Figure 3.4 Correlation between diameter and height of R. stylosa 

 

 
3.3.2 Biomass values and relationship 
 
Aboveground biomass 

The summary of aboveground biomass (AGB) and its relation to 

diameter and height values is presented in Table 3.1 and Figure 3.5, 

respectively.  By estimate, AGB ranged from 2.3 to 58.8 kg with an average of 

21.5±4.5kg.  Among the aboveground parts, stem has the largest biomass with 
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13.1±2.7 kg followed by branch of about 9.8±1.75 kg and lastly by leaves with 

2.0±0.4 kg.  This conformed well to the reports of Clough (1992) and 

Komiyama et al. (2005) where AGB of Rhizophora trees was found larger in 

stem and smaller fractions are vested in branches and leaves.  Alongi (2010) 

also mentioned that stem biomass usually measures as much as seventy one 

percent of the total tree biomass (TODW) of mangrove trees -- a value that is 

comparably higher than the estimate for this study i.e. only 28.5%.    Overall, 

AGB contributed about forty five percent to TODW. Larger portion (55%) 

is vested in roots.   

 Diameter was revealed as significant a variable when correlated with 

AGB yield an index of r= 0.94 (Table 3.2).  This condition was also true for 

stem, branch, and leaves biomass where values ranged from r= 0.83 to 0.94.  

On the other hand, height and aboveground biomass yielded lower but 

significant correlation index ranging from r= 0.61 to 0.76.   

Common in many allometric studies on mangroves (eg. Clough and 

Scott 1989; Ong et al. 2004; and Kairo et al. 2009) is the use of diameter or 

DBH as sole predictor of biomass being strongly related to each other.  

Allometric models presented in Figure 3.5 also indicate the high coefficient of 

determination of using diameter with R2= 0.75 to 0.95. However, many robust 

models have also included height as co-predictor (Brown 1997; Komiyama et 

al. 2005; Pearson et al. 2005; Alongi 2010).   
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Figure 3.5 Aboveground dry weight of R. stylosa in comparison with diameter 

and height 
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Table 3.1 Summary of tree diameter, height and biomass (in parts, sum and percentage contribution to sum) of R. stylosa 

Tree DBH HT Dry wt (kg) 
 (cm) (m) Stem (%) Branch (%) Leaves (%) Roots / BGB (%) AGB (%) Total (TODW) 

1 3.5 4.1 1.7 43.6 *  0.6 15.0 1.6 41.4 2.3 58.6 3.9 
2 3.5 4.9 2.0 34.3 *  0.4 7.2 3.3 58.6 2.4 41.4 5.7 
3 3.6 4.0 1.2 20.7 *  0.4 7.1 4.0 72.2 1.6 27.8 5.6 
4 3.6 4.0 1.1 25.3 *  0.5 10.1 2.9 64.6 1.6 35.4 4.5 
5 4.1 4.4 1.5 20.7 *  0.7 9.1 5.2 70.2 2.2 29.8 7.4 
6 4.1 3.2 1.2 18.9 *  0.4 6.5 4.9 74.6 1.7 25.4 6.6 
7 4.3 4.3 1.3 22.5 *  0.4 7.6 4.1 69.9 1.7 30.1 5.8 
8 4.3 3.9 1.7 20.3 *  0.5 5.8 6.2 73.9 2.2 26.1 8.5 
9 4.5 4.5 2.1 27.2 *  0.7 9.6 4.8 63.1 2.8 36.9 7.6 

10 4.5 3.9 1.5 17.9 *  0.8 9.3 6.0 72.8 2.2 27.2 8.3 
11 4.5 3.3 2.0 19.3 *  0.7 7.1 7.7 73.6 2.8 26.4 10.4 
12 4.8 8.9 4.3 36.6 1.7 14.7 0.3 2.9 5.4 45.8 6.3 54.2 11.7 
13 5.1 8.9 4.2 35.3 1.4 11.6 2.8 23.5 3.5 29.6 8.3 70.4 11.8 
14 5.3 4.3 2.3 23.3 *  0.7 7.6 6.7 69.1 3.0 30.9 9.7 
15 5.4 7.8 5.0 30.3 2.7 16.6 1.2 7.5 7.5 45.6 8.9 54.4 16.4 
16 5.7 9.0 4.9 47.6 1.8 17.4 0.4 3.6 3.2 31.4 7.0 68.6 10.2 
17 6.0 9.4 5.0 40.2 1.2 9.5 1.8 14.7 4.5 35.6 8.1 64.4 12.5 
18 6.0 10.8 8.4 29.4 2.6 9.1 1.2 4.4 16.3 57.1 12.2 42.9 28.5 
19 6.2 9.1 3.1 19.2 4.4 27.4 0.6 3.8 7.9 49.5 8.1 50.5 16.0 
20 6.4 9.5 7.9 22.1 5.2 14.7 2.1 5.8 20.4 57.4 15.2 42.6 35.6 
21 6.7 8.8 8.9 27.1 5.3 16.1 1.8 5.6 16.8 51.2 16.0 48.8 32.8 
22 6.7 8.7 5.7 32.3 3.7 20.8 0.5 3.0 7.8 44.0 9.9 56.0 17.7 
23 6.7 10.8 7.1 29.4 4.2 17.4 1.3 5.6 11.6 47.7 12.7 52.3 24.2 
24 6.7 9.7 5.4 18.7 6.9 24.1 1.5 5.1 15.0 52.1 13.8 47.9 28.8 
25 9.7 12.4 23.3 26.1 5.5 6.1 2.8 3.2 57.6 64.6 31.5 35.4 89.1 
26 10.2 11.0 22.9 25.5 12.2 13.6 2.2 2.5 52.4 58.4 37.4 41.6 89.7 
27 10.5 11.9 23.1 29.5 10.7 13.6 2.6 3.3 41.9 53.5 36.4 46.5 78.4 
28 10.5 11.8 19.9 32.1 6.6 10.7 1.9 3.0 33.6 54.2 28.4 45.8 61.9 
29 11.5 12.4 27.9 30.3 8.2 8.9 3.7 4.0 52.3 56.8 39.9 43.2 92.2 
30 11.8 12.7 36.2 30.5 12.9 10.8 4.4 3.7 65.4 55.0 53.5 45.0 118.8 
31 11.9 7.8 29.0 24.3 11.5 9.7 4.5 3.8 74.2 62.3 45.0 37.7 119.2 
32 12.7 13.3 60.5 47.1 20.1 15.6 2.5 1.9 45.5 35.4 83.0 64.6 128.5 
33 13.7 13.2 36.4 27.7 22.5 17.2 5.4 4.1 67.0 51.0 64.3 49.0 131.3 
34 14.0 11.0 40.1 30.0 32.6 24.3 6.0 4.5 55.2 41.3 78.7 58.7 133.9 
35 14.2 13.5 50.3 31.0 41.6 25.7 11.3 7.0 58.8 36.3 103.1 63.7 161.9 

Average 7.2±0.6 8.3±0.6 13.1±2.7 28.5±1.3 9.8±1.8 15.51.2 2.0±0.4 6.5±0.7 22.3±4.0 54.8±2.2 21.5±4.5 45±2.2 43.9±8.2 
* no distinct branching hence included as stem weight (kg) 
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Belowground biomass 

Belowground biomass was accounted from 1.6 to as much as 58.8 kg 

(Table 3.1).  It contributed about fifty five percent to TODW, a value that is 

slightly larger than AGB.  This can be likely explained by two likely factors, 

namely, age and stand density.   According to Alongi (2010) and Clough et al. 

(1997) root biomass of R. stylosa tend to increase with age by as much twenty 

five percent to fifty percent to support the increasing aboveground weight that 

goes with age.  Further, faster root growth is usually evident in dense plantations 

as trees adapt to intense competition over sediment nutrients       

Results of correlation test also indicate that diameter-BGB relationship 

has higher index (r= 0.94) as compared to ht-BGB (r= 0.72) (Figure 3.6 and 

Table 3.2).  In view of coefficient of determination, diameter-BGB yielded a 

more reliable regression with R2=0.89. 

 

 

Figure 3.6 Belowground dry weight of R. stylosa in comparison with diameter 

and height 

 

 

 

 

 



64 
 

Total tree biomass 

Total dry weight (TODW) ranged from 3.9 to 161.9 kg (Table 3.1). 

Diameter held again as a stronger variable when correlated with TODW than 

height with R2=0.98 and R2=0.76, respectively (Table 3.2 and Figure 3.7).  

Similar to earlier observations, regression models using diameter values yielded 

a higher R2 than height with 0.96 and 0.77, respectively. 

 

 

Figure 3.7 Total dry weight (TODW) of R. stylosa in comparison with diameter 

and height 

 

Table 3.2 Pearson correlation (r) and respective significance values (p) 

between biomass and predictor variables (diameter and height) 

Biomass Pool 
Predictor 

Diameter Height 
r p r p 

I.    AGB 0.94 0.00 0.74 0.00 
Stem  0.94 0.00 0.76 0.00 
Branch 0.85 0.00 0.61 0.00 
Leaves 0.83 0.00 0.63 0.00 

II.   Belowground or root 0.94 0.00 0.72 0.00 
III. TODW 0.98 0.00 0.76 0.00 
Mean  0.91±0.02 - 0.70±0.03 - 
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3.3.3 Allometric modelling  

Noting the significant correlations between biomass (dependent), 

diameter and height (independent), allometric models that consider both full 

and reduced forms were formulated (Table 3.3.).  In view of reduced models, 

diameter-based equations appeared more robust than height-based equations as 

R2 values ranged from 0.75 to 0.96.  Height-based equations only yielded about 

R2 = 0.38 to 0.83.  Such difference can also be largely attributed to strong 

correlation observed between diameter and biomass observed.  With this 

condition, diameter-based equations are suitable models for biomass estimation.  

This agreed with the findings of Brown (1989), Clough and Scott (1989), Ong 

et al. (2004) and Kairo et al. 2009  wherein diameter is being used a sole 

predictor of tree biomass.   

Full models also demonstrated high goodness of regression fit with R2 

ranging from 0.86 to 0.99 (Table 3.3. and Appendix 3.1).  This therefore 

suggested that diameter and height (when combined) are reliable co-predictors 

of biomass.  This kind allometric models conformed to the works of Brown 

(1997) for non-mangroves; and in Komiyama et al. (2005), and Alongi (2010) 

for mangroves. 

 

Table 3.3. Summary of allometric models for biomass estimation of R. stylosa  

Biomass 
Pool 

Using D Using H Using D & H 

Equation R2 Equation R2 Equation R2 

Stem y = 0.037*D2.729 0.95 0.057*H2.33 0.78 y = 0.027*D2.1*H7.6 0.92 

Branch y = 0.051*D2.245 0.81 0.004*H3.06 0.38 y =  0.000020*(D5.38+H4.73) 0.95 

Leaves y = 0.047*D1.742 0.75 0.083*H1.33 0.52 y =  0.047*(D1.74+H2.07) 0.99 

AGB y = 0.045*D2.868 0.95 0.061*H2.52 0.83 y =  0.025*D2.58*H0.51 0.96 

BGB y = 0.134*D2.40 0.89 1.36*100.26H 0.62 y =  0.435(D1.92+H-24.3) 0.86 

TODW y = 0.178*D2.586 0.96 1.84*100.30H 0.77 y =  0.2448*(D2.3+H1.24) 0.98 
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3.3.4 Allometric model selection  

Using the diameter and height values of the 35 trees sampled, biomass 

were computed using full and reduced allometric models; and thereafter their 

respective group means were compared (Table 3.4).  In general, values 

obtained from the two models did not significantly vary.  This suggests that 

reduced model (diameter-based equations) should be favored over full model.  

 However, based on the second criteria for model selection, diameter 

and height were found significantly related to biomass, and was observed 

strongly correlated with each other (see Table 3.2 and Figure 3.5). This implies 

that full model should be preferred over reduced model since it can reflect the 

significant contribution of both parameters to biomass estimation.  Thus, the 

following allometric equations are recommended for R. stylosa plantations in 

Banacon Island, Philippines: 

 

a) Stem: y = 0.027*D2.1*H7.6 

b) Branch: y =  0.000020*(D5.38+H4.73) 

c) Leaves: y =  0.047*(D1.74+H2.07) 

d) AGB: y =  0.025*D2.58*H0.51 

e) Root / BGB: y =  0.435(D1.92+H-24.3) 

f) TODW: y =  0.2448*(D2.3+H1.24) 

 
where:  y = biomass (kg) 

   D = diameter (cm) 
   H = total height (m) 
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Table 3.4 Analysis of variance comparing full and reduced allometric models 

across different biomass pools 

Biomass Pool Sum of Squares df Mean Square f p 
Stem      

Between Groups 2.88 2.00 1.44 
0.01 0.99 

Within Groups 24121.41 102.00 236.48 
Branch      

Between Groups 13.50 2.00 6.75 
0.07 0.93 

Within Groups 6128.07 66.00 92.85 
Leaves      

Between Groups 2.29 2.00 1.14 
0.39 0.68 

Within Groups 295.75 102.00 2.90 

AGB      

Between Groups 25.20 2.00 12.60 
0.02 0.98 

Within Groups 71866.88 102.00 704.58 
Root / BGB      

Between Groups 660.81 2.00 330.41 
0.57 0.57 

Within Groups 58852.02 102.00 576.98 
TODW      

Between Groups 3.26 2.00 1.63 
0.00 1.00 

Within Groups 245096.03 102.00 2402.90 
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3.3.5 Allometric model validation 

 Biomass values using full models were compared with actual biomass 

measurements of 35 trees (Table 3.5; Appendix 3.2).  In general, no significant 

difference was observed between the two data sets which indicates the 

reliability of allometric models to estimate actual dry mass.   Mean differences 

were also small which suggests good accuracy of the models developed. Among 

the biomass pools, mean difference was smallest in TODW while largest in 

roots.  Figure 3.8 also shows the close similarity between the actual and 

computed biomass.   

 

Table 3.5 Difference test between actual and computed biomass of R. stylosa 

trees using full model 

Biomass Pool t f Mean Difference (kg) p 

Stem 0.81 0.06 0.04 0.81 

Branch 0.34 0.18 1.05 0.67 

Leaves 0.72 1.39 0.32 0.24 

AGB 0.15 0.01 0.94 0.92 

Root/BGB  0.82 0.06 4.78 0.80 

TODW 0.03 0.00 0.35 0.98 
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Figure 3.8 Actual versus computed biomass (kg) across different 
biomass pools of R. stylosa 
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3.4 Conclusion 

Larger portion (55%) of tree biomass was observed in roots than in 

aboveground tree parts. Diameter and height were found significantly 

correlated with biomass thus allometric modeling considered both these 

variables in regression analysis.  Allometric models were formulated in two 

formats: full and reduced; noting as well their R2 as index of reliability.   Full 

model uses both diameter and height as independent variables s while reduced 

model solely utilizes only the diameter values.  Both allometric models yielded 

high coefficient of determination (R2) values.  Full model was however 

preferred over reduced model since diameter and height variables were found 

significantly and strongly correlated with each another.  Such preference 

reflected the importance of capturing the contribution of both diameter and 

height in biomass estimation.  Comparison between computed biomass using 

allometry and actual biomass showed no significant difference thus suggesting 

the validity of full models to effectively estimate tree biomass of R. stylosa trees 

in Banacon Island.   
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Chapter IV. Effects of Forest Management on Mangrove Carbon Stocks 

 

4.1 Introduction 

Mangroves are highly productive carbon sinks1. Like other plants, they 

absorb and sequester carbon dioxide from the atmosphere and convert them to 

sugar and other organic compounds through photosynthesis.  Along this natural 

course, vast amount of carbon amasses in leaves, stem, branches which is 

collectively termed as aboveground carbon stock.  Considerable portion of this 

carbon is also stored in coarse and fine roots representing belowground carbon 

stock. As plant grows, additional carbon is stored through litterfall and woody 

debris thus augmenting carbon build-up in sediments.   

Equally essential in understanding biomass and carbon sequestration is 

the concept of net primary production or NPP (Clough et al. 1997).   Plants and 

atmosphere exchange varying amount of carbon that is highly dependent on 

species, age, stand density, pest and diseases, edaphic and micro-climatic 

condition and silvicultural management.  Commonly, NPP accounts the balance 

between the products of photosynthesis and losses via leaf dark respiration, of 

which the resulting amount of carbon is used by plant for its growth and tissue 

maintenance (Alongi 2010). Further, NPP can be measured in terms of litterfall 

production and gas exchanges between plants and atmosphere (Clough et al. 

2000; Bouillon et al. 2008).  Additional or net amount of carbon stored in tree 

or stand therefore indicates the sequestration capacity or rate.  

Soil or sediment is also a major component of mangrove carbon pool2. 

Donato et al. (2011) reported that as much as ninety eight percent of mangrove 

                                                      
1 Carbon sink pertains to any ecosystem that has the ability to absorb carbon dioxide 
from the atmosphere (eg. forest, ocean, agricultural farms, etc.) 
2 Carbon pool is defined as a reservoir that has the capacity to store and release carbon 

(eg. tree, forest floor and soil).   
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carbon stock is stored in peats or sediments.  This indicates that mangrove 

sediment can exceed the amount of carbon stocks that other terrestrial forests 

have.  The organic-rich mangrove sediment is often described as smelly, sticky, 

and anoxic mud that is composed of dead hard corals and carbonate sand with 

textures ranging from fine silt to clay (Alongi 2010; Donato et al. 2011). 

Compared with other forest types, mangrove sediment does not have a typical 

soil profile and its physiochemical properties is modified or determined by 

constituent trees and roots, parent rock, geomorphology, tides, and rainfall 

(Alongi et al. 2005; Ferreira et al, 2007b).  Accrual of soil carbon is therefore 

driven by two major processes, namely, export and flocculation of organic 

material from rivers and nearby watersheds; and burial rates or sedimentation 

of organic materials available in its site (Fujimoto 2000).  On the average, the 

sediment carbon accumulation rates in mangrove is ten times the rate of the 

terrestrial temperate forests, and up to 50 times of the rate for terrestrial tropical 

forests (Laffoley and Grimsditch 2009). 

Indeed, mangrove forests are rich carbon sink.  Forest conservation 

must be pursued to sustain their essential mitigative roles against climate 

change.  However, information about their carbon stock capacities are always 

limited thus impairing the ability to craft sustainable forest management plans 

and programs.   Since this information remain scarce in the Philippines (Lasco 

and Pulhin 2003; Gevaña et al. 2008; Gevana and Pampolina 2009), this study 

was conducted to generate benchmark estimates for plantation and natural 

mangrove forests in Banacon Island.  Specifically, the study sought to examine 

the effects of stand management, plant spacing and species composition on 

carbon stocks.  Such information are essential to improve current stand 

management systems by developing strategies to further improve carbon stock 

production. 
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4.2 Materials and Methods 

 

4.2.1 Duration and study site 

Field data collection took place from June 2012 to March 2013.  

Sample sites were established along the eastern and western portion of Bancon 

Island, Philippines covering mangrove plantations and natural stands, 

respectively.  Based on the results of landuse characterization, R. stylosa 

plantation covers 300 ha while natural stand has 174 ha (Figure 3.1).    

 

 

Figure 4.1 Location of carbon stock sampling sites in Banacon Island, Bohol, 

Philippines 

 

4.2.2 Methodological framework 

The methodological framework in Figure 3.2 served as guide for 

biomass and carbon stock assessment.  This framework suggests that it is 

important that sampling design (i.e. no. of sample plots and location of 

sampling sites) has been determined in order to guide field research in 
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collecting needed amount of data from the field.  Field sampling covers the 

assessment of two carbon pools: trees and sediments.   Their values are summed 

up to compute total carbon stocks. More detailed descriptions of carbon stock 

assessment are explained in the succeeding sections. 

 

Sampling design 

Sample computation was done following the approved guidelines of 

the United Nations Framework Convention on Climate Change (UNFCCC) for 

accounting carbon stocks in Clean Development Mechanism (CDM) projects 

(i.e AR-AM0001, AM0005, and AM0006) (Pearson et al. 2005).  An online 

plot calculator tool3 based on these guidelines was used for convenient yet 

reliable sampling computation (Pearson et al. 2005).  Pre-sampled information 

required (eg. mean and standard deviation of carbon stock of R. stylosa 

plantations and natural stands) were obtained in 2011 as part of a small research 

project of the University of the Philippines Los Banos.  These data were duly 

published in the Journal of Forest Science and Technology (Camacho et al. 

2011).  Information about the sampling area (ha) were based on the landuse 

analysis that were reported in Chapter 2.   

To determine the minimum number of sample plots, the following 

equation was used: 

 

 

 

 

   

                                                      
3 Carbon plot calculator tool used by Winrock International based on AR-AM0001, AM0005 
and AM0006 methods (Available at: www.winrock.org/Ecosystems/tools.asp) 

Where: 
n  = total number of plots 
nh  = number of plots in stratum h 
N  = number of sampling units in the population 
Nh = number of sampling units in stratum h 
s  = standard deviation of carbon stock 
sh  = standard deviation of carbon stock in stratum h 
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Results showed that the number of samples required for R. stylosa 

plantations with a mean pre-sampled carbon stock of 197.9±14.8 tC ha-1 was 

two (2) sample plots.  On the other hand, at least six plots was required for 

natural stands with a pre-sampled carbon stock mean of 88.5±14.1 tC ha-1.  

Given this, five plots per plantation stand, and ten plots for natural stands were 

established to gather basic stand information such as tree species, diameter, and 

height.  Since regenerants were observed absent or minimal in the plantation 

areas, they were not included in the measurement.   
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Figure 4.2 Methodological framework for biomass and carbon stock assessment of mangrove forest in Banacon Island
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Sampling site selection 

Based on the results of landuse analyses in Chapter 2, three major 

landuses were identified, namely: 1) young R. stylosa plantations; 2) mature R. 

stylosa plantation; and 3) natural stands.  An ocular survey of these landuses 

revealed that they have varying densities (no. of trees per area), sizes (diameter 

and height) and ages.  Therefore, carbon stock assessment was done following 

these attributes.    

 

a) Mature Plantations 

In view of mature stands (30 to 55 years old), stand variations can be 

further attributed to different stand management practices of the local 

community (Figure 4.3). These include: 1) thinning; 2) thinning with 

supplementary planting; and 3) doing nothing.  Thinning pertains to 

occasional and selective cutting of mature R. stylosa trees in plantations.  This 

type of management was described as irregular and unplanned since the local 

residents harvest trees (in any amount) depending on their needs.  Commonly, 

big diameter trees (>5 cm) trees are harvested for their poles (for building house, 

seaweed posting and boat construction) while small diameter saplings (<5cm) 

are for house fencing and fuelwood.  Thinning locations are also random and 

usually common along stand peripheries and trails for more convenient 

extraction and hauling of tree.  By estimate, about 1,400 trees are being 

harvested annually from mature stands according to BAFMAPA.  Most of the 

thinned stands are situated near the settlement area at the eastern portion of the 

island.  Their ages are around 50 to 55 years.   

Thinning with supplementary planting was also identified as a major 

stand management practice in the study site.  This type is characterized mixed 

tree ages and sizes because as a result of major harvesting during 1970s and 
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replanting in 1980s.  Replanting was done in stand gaps to help plantations 

revert back to once lush and very dense plantations.  It follows a planting 

spacing of 0.5m x 0.5m, a traditional spacing method observed by the local 

community.  Such practice was found common along the northeastern portion 

of the island where local community of Banacon is located.   

Mature stands that were left unthinned and unreplanted reflects the 

management practice called do nothing.  These are relatively homogenous in 

age (50 to 55 years old), density (approx.  11,550 trees ha-1) and sizes 

(D=7.3±0.1cm; H=12.7±0.2m).  With still intact and lush vegetation, stands 

with these management were identified as potential ecotourism spot by the local 

community and DENR. 

 

 

Figure 4.3 Mature stands as categorized in terms of stand management type:  

a) thinning; b) thinning with supplementary planting; and c) do nothing 

 

b.  Young plantations 

 Variations in stand structure (density, diameter and height) of young R. 

stylosa plantations (20 years old) can be largely attributed to plant spacing 

design.  Plantation raised by the local community using the traditional 0.5m x 

0.5m spacing was deemed more successful than the 1.0m x 1.0m experimental 

spacing method of the government in terms of survival and density (Figure 4.4). 

Both these stands are situated at the same stretch of sand bars hence they are 



 
79 

 

exposed to similar environmental conditions such as tidal changes, sunlight, 

wind, sediment composition, etc.  The distance between these stands was 

roughly 30m.   

 

 

Figure 4.4 Young plantations as categorized in terms of plant spacing used 

during plantation establishment:  a) 0.5m x 0.5m; and b) 1m x 1m  

 

c. Natural stands 

 Variations in the structures of natural stands are reflective of their 

species composition. Commonly situated along the western portion of the island, 

there are two dominant natural stands were observed, namely: a) Sonneratia-

dominated; and b) Avicennia-dominated (Figure 4.5).  The former is 

primarily composed of Sonneratia alba, a large tree that reaches 15m in height, 

belongs to Family Lythraceae, and has distinct cone-shaped aerial root system 

called pneumatophore.  This tree can also tolerate wide fluctuations in salinity 

and often grow on exposed, soft but stable mudflats along banks of tidal rivers, 

creeks and within sheltered bays of offshore islands and reef cays (EOL nd). 

On the other hand, Avicennia-dominated stand is primarily comprised of 

Avicennia marina, a pioneer medium sized tree (2-5 m tall) that is common 

along downstream to intermediate estuarine zones.  One of the one of the unique 

morphological features of this plant is its pencil-shaped roots called 
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pneumatophore (EOL nd).  Another species co-dominating S. alba and A. 

marina i is Rhizophora stylosa.  The presence of this species in natural stands 

can be attributed to the presence of nearby monoculture plantations.  This tree 

is very adaptive to high salinity environment of sandy loam to sandy corraline 

substrates growing to a height of as much as 20m tall (Camacho et al. 2011).  

 

 

Figure 4.5 Natural stands as categorized in terms of dominant species 

composition: a) Sonneratia-dominated stand; b) Avicennia-dominated stand 

 

Tree carbon stock sampling 

 Plot sampling followed the standard plot technique developed by 

Hairiah et al. (2001) (Appendix 4.1).  This plot has a dimension of 5m x 40m 

that is specifically designed carbon stock accounting in plantation, natural and 

agroforest stands.  All trees measuring 3.5 cm diameter inside the plot were 

accounted in terms of their local name, species, diameter (cm) and total height 

(m) following the required diameter of the allometric equations that will be used.  

A minimum distance of 30m between plots was observed since plantations and 

natural stands are both contiguous and homogenous in distribution.   

 To calculate tree biomass of R. stylosa trees, allometric equations in 

Chapter 3 were used.  Specifically, full models of AGB and BGB (using 

diameter and height parameters) were applied to determine the specific 

contribution of trees to aboveground and belowground carbon stock.  The 



 
81 

 

choice of these equations was reflective of the significant difference observed 

between the carbon content of AGB (stem/branch and leaves) and BGB (roots).   

A more detailed information about this finding is presented in the Result and 

Discussion section in the succeeding pages.   

 Because no allometric model was developed for Sonneratia spp., 

Avicennia spp. and other mangrove species from this study, equations of 

Komiyama et al. (2005) were used.  This equations have R2 of 0.98 for AGB 

and 0.95 for BGB. In summary, the following biomass equations were used: 

 

For Rhizophora stylosa: 

 Aboveground biomass (AGB):   y =  0.025*D2.58*H0.51 

Root / belowground biomass (BGB):  y =  0.435(D1.92+H-24.3) 

where:  y = biomass (kg) 
  D = diameter (cm) 
  H = total height (m) 
    

  
For non-R. stylosa: 

 Aboveground biomass (AGB):   y = 0.251 p D2.46 

Root / belowground biomass (BGB):  y = 0.199 p0.899 (D2)2.22 

where:  y = biomass (kg) 
  D = diameter (cm) 

p = wood density (Sonneratia spp: 0.475 t m-3; 
Avicennia spp: 0.506 t m-3 ) 

 
 

To determine the amount of carbon stock of R. stylosa trees, percent 

carbon content of each tree part was assessed by obtaining three composite 

samples for each tree part: wood (stem and branch), leaves and roots.  Each 

composite sample was composed of five samples obtained from different trees.  

Composite sampling was done during the destructive sampling activities 

described in Chapter 3.  Five subsamples of about 100g were collected from 



 
82 

 

tree parts, ovendried (at 70°C until constant weight), milled to powder, mixed 

together to represent one composite sample, and was later sent to National 

Instrumentation Center for Environmental Management (NICEM) in Seoul 

National University, Korea for total carbon content analysis.  

For non-R. stylosa trees, the general carbon content of 45.9 percent 

proposed by Lasco and Pulhin (2003) for various tropical trees was used.  

Finally, tree carbon stock (kg) was then computed by multiplying carbon 

content with tree biomass.   

 

Sediment carbon stock 

Sediment carbon stock assessment has two components: 1) soil carbon 

content analysis; and 2) soil carbon stock measurement.  Sediment carbon 

content analysis involved collection of 200g of sediment samples from the 

organic matter (OM) layer of each sample plot.  Organic matter layer was 

determined through visual inspection of sediment coloration and composition 

such that: OM layer represents the layer with darker and muddy substrates.  This 

activity was done by digging the sediment using a tamper bar during the event 

of low tide.  Height or thickness of OM was measured using a meter tape. 

Samples from each plot were air-dried and mixed together to form one 

composite sample for each stand type.  These samples were sent to soil 

laboratory of the Department of Agriculture in Tagbilaran City, Bohol, 

Philippines for carbon content analysis.  Other samples were also sent to 

Agricultural Systems Cluster Soil Laboratory of the College of Agriculture at 

University of the Philippines Los Baños for carbon content test. 

 To compute sediment carbon stock, bulk density was determined by 

choosing an undisturbed spot inside plot, carefully driving core samplers into 

the organic layer of the sediment (at least 50cm depth).  Four core samples were 
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obtained from each plot and later ovendried (at 105oC for two days University 

of the Philippines Los Baños.  Soil carbon stock was computed using the 

following equations: 

 

Bulk Density (g cm -3) = Dry weight of core (g) / volume of cylinder (cm3) 
 
Sediment mass (t ha-1) = bulk density * 10000m2 * OM depth (m) 
 
Sediment carbon stock (tC ha-1) = sediment mass * % carbon content 
 
 

Total carbon stock 

Total carbon stock (tC ha-1) was computed by getting the sum of tree 

and sediment carbon stocks.  Litter at the forest floor was not included in the 

assessment since this component is usually absent as they are displace and flush 

away during tidal changes. 

 

4.2.3 Identification of carbon management strategies 

 Total carbon stock values were compared based on stand typologies 

that best describe major mangrove landuses, namely: mature plantations (stand 

management: a. thinning; b. thinning with supplementary planting; and c. do 

nothing); young plantation (plant spacing: a. 0.5m x 0.5m; and b. 1.0m x 1.0m); 

and natural stands (species composition: a. Sonneratia-dominated stand; and b. 

Avicennia-dominated stand) to determine the most effective stand management 

approaches to improve carbon stocks.  Tests of differences and correlations 

were performed at a significance level of α=p ≤ 0.05 in order to generalize 

findings.   

 For young plantations, plant spacing was used as the criterion to 

compare stand density, survival and carbon stocks.  This therefore posed a 

research question: “Will closer spacing yield better survival and carbon stock 
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in plantations at the age of 20 years old?”  In mature plantations, stand 

management was set as the basis to identify the most effective density 

management arrangement to produce larger carbon stocks. This sough to 

answer the research question: “Will thinning (with or without supplementary 

planting) improve carbon stock of mature plantations?”  Lastly, species 

composition was selected as criterion to compare natural stands.  This dealt on 

examining if carbon stocks if species composition can affect stand carbon stock 

capacities.  
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4.3 Results and Discussion 

 

4.3.1 Tree and sediment carbon content analysis 

Tree carbon content 

Three composite samples were collected from stem (including branch), 

leaves and roots of R. stylosa.  These samples were ovendried and analyzed in 

terms of percentage carbon content.  In view of aboveground pool, stem has 

larger carbon content than leaves with 46.1 percent and 44.0 percent, 

respectively.  On the hand, belowground or root carbon content was also 

accounted to 46 percent (Figure 3.6).   

 

 

Figure 4.6 Percentage of carbon contained in stem (including branch), leaves 

and roots of R. stylosa tree 

  

 Variance analysis (ANOVA) was done to check if carbon content 

values vary between stem, leaves and root samples (Table 4.1).  Result showed 

that there is significant variations among them which suggests that tree carbon 

stock computation should be done separately according to tree parts.   
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Table 4.1 Analysis of variance among percentage carbon content values across 

composite samples (stem/branch, leaves and roots) of R. stylosa 

Level Sum of Squares df Mean Square f p 

Between Groups 8.95 2 4.47 
33.43 0.00 

Within Groups 0.80 6 0.13 

Total 9.75 8    

 

 Furthermore, since stem and leaves could possibly represent a single or 

combined carbon content index to represent AGB, an additional difference test 

was performed.  As a decision rule, if the mean carbon content of stem and 

leaves do not significantly differ from one another, their combined average 

should be used.  Results showed no significant difference between these parts 

hence the average (i.e 45.08±0.49 %C) carbon content for AGB was established 

(Table 4.2).  Carbon of BGB was 46.1±0.2%. 

 

Table 4.2 Comparison between percentage carbon content in stem and leaves 

of R. stylosa using independent t-test 

Assumption t f Mean Difference (%) p 

Equal variances assumed 6.99 
0.08 

2.11 
0.93 

Equal variances not assumed 6.99 2.11 
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Sediment carbon content 

Sediment carbon content of mature stands varied across stand 

management types.  Stands that have thinning has the highest carbon content of 

about 4.0% (Figure 4.7).    This value can be owed to their topography and 

location, being situated along the peripheries of settlement area, thus serving as 

an ‘embayment’ pool that traps organic materials from nearby natural stands 

and domestic wastes from local residents.   Values for stands that are being 

managed in terms thinning with supplementary planting was 2.4%, and for do 

nothing was 3.1%.   

In comparison with mature Rhizophora stands elsewhere, Lacerda et al. 

(1995) in Sepetiba Bay in Southern Brazil has estimated lower carbon content 

of 0.8%.   

 

 

Figure 4.7 Sediment carbon content of mature R. stylosa 

plantations across stand management types 

  

 Between the two young R. stylosa plantations of different plant spacing, 

carbon content for stands with 0.5m x 0.5m spacing was higher at 2.3% versus 

1.4% for 1.0m x 1.0m spacing (Figure 4.8).  One likely reason for such 

difference is that denser vegetation (0.5m x 0.5m) has more trees that can 

produce litter, and more roots that traps more organic material carried by tides. 
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Figure 4.8 Sediment carbon content of young R. stylosa 

plantations between plant spacing used 

 

 Lastly, sediment carbon content for natural stands based was larger in 

Sonneratia-dominated stands (3.4%) than in Avicennia-dominated stands (2.5%) 

(Figure 4.9).  In a related study of Gevaña et al. (2008) in Luzon, Philippines, 

estimates for Avicennia-dominated stands was found smaller at 1.9%. Larger 

estimate was reported by Badarudeen et al. (1996) for mixed species mangroves 

of Kumarakam inIndia with as much as 4.9%.   

 

 

Figure 4.9 Sediment carbon content of natural mangrove 

stands based on dominant species composition 
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4.3.2 Carbon stock of mature Rhizophora stylosa plantations based on 

stand management  

 

Biometric description 

Biometric description and other site information for mature plantations 

based on stand management type are presented in Table 4.3.  Effects of stand 

management on density, diameter and height were assessed by comparing mean 

biometric values across different stand management types.  

 

Table 4.3 Summary of stand density, diameter and height values of mature R. 

stylosa plantations across stand management types  

Plot Density 
(trees ha-1) 

Ave. D 
(cm) 

Ave. H 
(m) 

Management type: Thinning 
Location: N 10° 11’ 52”; E 124° 10’ 52” 
Stand Age (yr): 50-55; Estimated area (ha): 35 
Plot 1 2250 12.8±0.3 10.6 
Plot 2 2450 11.6±0.5 10.6 
Plot 3 2850 12.2±0.4 9.5 
Plot 4 3050 13.7±0.4 6.3 
Plot 5 6500 10.42±0.2 6.5 
Average 3420±782.9 12.1±0.5 8.7±1.0 
Management type: Thinning with supplementary planting 
Location: N 10° 12’ 12”; E 124° 10’ 46” 
Stand age (yr): 30-55; Estimated area (ha): 55 
Plot 1 9300 7.6±0.2 13.0 
Plot 2 10250 6.8±0.2 13.0 
Plot 3 12900 5.5±0.2 11.0 
Plot 4 15800 6.2±0.1 10.5 
Plot 5 10800 7.9±0.2 10.5 
Average 11810±1,158.9 6.8±0.5 12.6±1.4 
Management type: Do-nothing 
Location: N 10° 11’ 58”; E 124° 10’ 40” 
Stand age (yr): 50-55; Estimated area (ha): 20 
Plot 1 10900 7.6±2.1 12.1 
Plot 2 12000 7.1±0.1 13.0 
Plot 3 13150 7.1±0.1 12.5 
Plot 4 11150 7.2±0.1 13.0 
Plot 5 10700 7.4±0.2 13.0 

Average 11580±450.7 7.3±0.1 12.7±0.2 
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Comparison of biometric information among management types 

a) Density 

Density of mature plantations was largest in stands under thinning with 

supplementary planting having 11,810 trees ha-1.  This was closely followed by 

the unharvested or do nothing stands with 11,580 trees ha-1.  Surprisingly, there 

were only 3,420 trees ha-1 estimated for stands with thinning.  According to 

local residents, such smaller density is reflective of the severity of harvesting 

done in the past.  However, such loss can be also attributed to various natural 

causes such as self-thinning4 and possible incidences of diseases, wave surges 

and exposure to extreme temperature.  Unfortunately, since the local 

community and DENR lacks monitoring record on thinning, it is difficult to 

account the effects of cutting and natural factors on stand density changes.   

Comparison of density between stand management types was found 

significant (Table 4.4).  This suggest that all management interventions (i.e, to 

thin, to replant, or do nothing) will always have considerable effects on stand 

stocking.  Thus, if the goal of stand management is to increase stand density, 

thinning with supplementary planting and do nothing will be a more favorable. 

 

 

 

 

 

 

                                                      
4 Self-thinning is the natural stand process whereby numbers of trees (usually even-aged) per 
unit area decrease as average tree size increases over time.  It is common during the stem 
exclusion stage of the stand where trees compete for finite space to favor growth thus resulting 
to mortality for less-competitive trees (Oliver and Larson 1996). 
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Table 4.4 Analysis of variance among density (tree ha-1) values across mature 

R. stylosa plantations of different stand management types  

Level Sum of Squares df Mean Square f p 
Between Groups 2.28E+08 2 1.14E+08 

31.7 0.00 
Within Groups 4.32E+07 12 3598583 
Total 2.72E+08 14    
 

b) Diameter   

Largest mean tree diameter value was noted in stands with thinning 

having around 12.1±0.5 cm.  This can be attributed to its relatively sparse 

stocking condition which may have likely favored tree growth.  Normally, if 

stand density is smaller, diameter growth is enhanced as trees become more 

liberated from intense competition over space (Chan 1996; Saenger 2002).  This 

observation was also reflected in Figure 4.10. This figure suggests that as 

density increases, tree diameter decreases.   In view of two other management 

types: trees under do nothing and thinning with supplementary planting 

approaches have mean diameter of 7.3 cm and 6.8 cm, respectively.   

Diameter values across stand management types also varied 

significantly (Table 4.5).  This suggests that indeed thinning, non-thinning and 

supplementary planting has significant effects on tree diameter.  Thus, if the 

goal of stand management is to develop plantations with large diameter trees, 

thinning of stand will be more favorable.  

In terms of distribution, diameter values followed a normal curve 

(Appendix 4.2 to 4.4).  Observable truncations and skews in some diameter 

classes are reflective of management activities done particularly thinning with 

supplementary planting.  At a glance, stand with do nothing treatment showed 

the ‘most normally’ distributed diameter than with other management types. 
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Figure 4.10 Correlation between density and diameter values across 

mature R. stylosa plantations of different stand management types 

 

Table 4.5 Analysis of variance among diameter (cm) values across mature R. 

stylosa plantations of different stand management types  

Level Sum of Squares df Mean Square f p 
Between Groups 87.41 2.00 43.71 

51.36 0.00 
Within Groups 10.21 12.00 0.85 
Total 97.62 14.00    

 

 

c) Height 

 Tree height also varied significantly across stand management types 

where largest values were observed in stands under thinning with 

supplementary planting and do nothing management (Table 4.1 and Table 4.6).  

On the average, stands with these management interventions yielded height 

values of around 12m as compared to thinned with only 8.7m.  Such difference 

is also reflective of the density condition whereas trees under denser stands tend 

to compete with each other in terms of crown dominance for better access to 

sunlight (Oliver and Larson 1996).  This observation was also reflected in 

Figure 4.11 where density and height are positively correlated. 
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Table 4.6 Analysis of variance among height (m) values across mature R. 

stylosa plantations of different stand management types  

Level Sum of Squares df Mean Square f p 
Between Groups 43.04 2.00 21.52 

9.99 0.00 
Within Groups 25.83 12.00 2.15 
Total 68.87 14.00    

 

 

 

 

Figure 4.11 Correlation between density and height values across 

mature R. stylosa plantations of different stand management types 

 

 

Tree biomass and carbon stock 

 Table 4.7 presents the summary of tree biomass and carbon stock for 

mature R. stylosa plantations across stand management types. In view of stands 

under thinning management, biomass and carbon stock for AGB were 

accounted to 165.3 t ha-1 and 74.6 tC ha-1, respectively. Their belowground 

(BGB) biomass and carbon stock were 214.1±30.6 t ha-1 and 98.7±124.1tC ha-1 

each. Total biomass was then estimated to 379.5 t ha-1 with an equivalent carbon 
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stock of 173.3±19.1 tC ha-1.  AGB shared 43.8% of the total carbon stock while 

BGB contributed 56.2%. 

 Tree carbon stock for stands with thinning with supplementary planting 

was accounted to around 78.5±8.9 tC ha-1 for AGB and 116.0±10.7 tC ha-1 for 

BGB.  These values had contributed 40.1% and 59.9% to the total carbon stock 

(amounting to 194.5±19.0 tC ha-1), respectively. 

 Lastly, stands with do nothing management type have carbon stocks of 

around 92.5±2.6 tC ha-1 in AGB, 128.5±3.4 tC ha-1in BGB, and 221.0±5.8 tC 

ha-1 in total.  This has the largest tree carbon stock among mature stands 

assessed.  Bulk (58.1%) of the total carbon stock was shared by roots or BGB.   

 Values obtained from this study are comparable with the estimates 

abroad.  For instance, Putz and Chan (1986) about 135 to 230 tC ha-1 for non-

thinned mature (>80 years old) Rhizophora stands of Matang Mangrove Forest 

in Malaysia.  Nagasuka (1979) estimated about 92.6 tC ha-1 for Rhizophora 

apiculata stand in Ryukyu Island, Japan with a stand density of 9,600 trees ha-

1.  Lastly, around 200 tC ha-1 was reported for R. apiculata stand in Ranong, 

Thailand with a stand density of 2,346 trees ha-1 by Tamai et al. (1986). 
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Table 4.7 Tree biomass and carbon stock of mature R. stylosa plantations 

based on stand management types, including percentage contribution of  

aboveground (AGB) and belowground (BGB) biomass to total carbon stock 

Plot Biomass (t ha-1)  Carbon stock (tC ha-1) 
 AGB BGB Total  AGB % BGB % Total 

Thinning  
Plot 1 141.1 159.5 300.6  63.6 46.4 73.5 53.6 137.1 
Plot 2 137.5 151.6 289.1  62.0 47.0 69.9 53.0 131.9 
Plot 3 166.4 192.0 358.4  75.0 45.9 88.5 54.1 163.5 
Plot 4 188.2 255.2 443.4  84.9 41.9 117.7 58.1 202.6 
Plot 5 193.3 312.5 505.8  87.2 37.7 144.0 62.3 231.2 
Average 165.3 214.1 379.5  74.6 43.8 98.7 56.2 173.3 
SE 11.6 30.6 41.8  5.2 - 14.1 - 19.1 

Thinning with supplementary planting  
Plot 1 192.9 251.0 443.9  87.0 42.9 115.7 57.1 202.7 
Plot 2 182.7 234.1 416.8  82.4 43.3 107.9 56.7 190.3 
Plot 3 101.0 176.0 277  45.5 35.9 81.2 64.1 126.7 
Plot 4 175.8 285.1 460.9  79.3 37.6 131.4 62.4 210.7 
Plot 5 217.9 311.8 529.7  98.3 40.6 143.7 59.4 242 
Average 174.1 251.6 425.6  78.5 40.1 116.0 59.9 194.5 
SE 19.6 23.2 41.6  8.9 - 10.7 - 19.0 

Do nothing  
Plot 1 222.1 289.6 511.7  100.2 42.9 133.5 57.1 233.7 
Plot 2 192.5 268.5 461  86.8 41.2 123.8 58.8 210.6 
Plot 3 214 301.8 515.8  96.5 41.0 139.1 59.0 235.6 
Plot 4 192.6 262.6 455.2  86.9 41.8 121 58.2 207.9 
Plot 5 204.7 271.2 475.9  92.3 42.5 125 57.5 217.3 
Average 205.2 278.7 483.9  92.5 41.9 128.5 58.1 221.0 
SE 5.8 7.3 12.7  2.6 - 3.4 - 5.8 
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Comparison of tree carbon stock among management types 

1) Aboveground versus belowground carbon stock 

Overall, carbon stock is significantly larger in BGB than in AGB as 

seen across the stands under different management types (Table 4.8 and Figure 

4.12).  Their mean difference was estimated to 2.11 tC ha-1 thus showing that 

more carbon stock is stored in roots than in other tree parts.  This observation 

conformed to the studies of Alongi (2010) and Clough et al. (1997) of which 

root biomass (hence carbon stock) of Rhizophora spp. were reported to as much 

as fifty percent of the total carbon stock.  Large root biomass and carbon stock 

are also likely due to trees’ essential mechanism to support aboveground weight, 

and indicative of their adaptation to poor sediment fertility (Alongi 2010). 

 

Table 4.8 Comparison between aboveground (AGB) and belowground (BGB) 

carbon stock of mature R. stylosa plantations using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 4.32 
4.29 

2.11 
0.05 

Equal variances not assumed 4.32 2.11 
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Figure 4.12 Aboveground, belowground and total tree 

carbon stock across different stand management types 

 

 
2) Total tree carbon stock across management types 

Comparison of total tree carbon stock across different management 

types of mature R. stylosa plantations revealed no significant variation (Table 

4.9).  This suggests that there is no guarantee that non-cutting and non-

replanting (as seen in do nothing stand) will always yield larger tree carbon 

stocks.  Furthermore, density did not hold as significantly correlated variable 

with total tree carbon stock (Figure 4.13).  This implies that increasing the 

density by non-thinning or supplementary planting may not assure significant 

increase in tree carbon stock.    
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Table 4.9 Analysis of variance among total tree carbon stock (tC ha-1) values 

across mature R. stylosa plantations of different stand management types  

Level Sum of Squares df Mean Square f p 
Between Groups 5726.13 2 2863.1 

2.30 0.15 
Within Groups 15199.65 12 1266.6 
Total 20925.78 14    

 

 

 

 

Figure 4.13 Correlation between stand density and total tree carbon stock 

of mature R. stylosa plantations across different stand management types 
 

 

Sediment carbon stock 

 Table 4.10 provides the summary of sediment carbon stock values and 

other related properties such as OM height, bulk density, volume and mass for 

mature R. stylosa plantations.  In view of stands under thinning, sediment 

carbon stock was estimated to 223.8±22.7 tC ha-1. Their organic matter (OM) 

layer depth was estimated to 70cm while bulk density was 0.9±0.1 g cm-3. 

 Smaller carbon stock was observed from stands under thinning with 

supplementary planting with 185.1±19.6 tC ha-1.  However, their OM layer 

was found thicker at 100cm, while bulk density showed a similar average with 

thinning with about 0.9 g cm-3.   
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 Sediment carbon stock of mature stands with do nothing management 

was estimated to 252.7±24.8 tC ha-1, a value that is largest among the 

management types.  This can be largely attributed to its thick OM layer that 

measured 120cm.  Average bulk density of these stands was estimated to 0.8 g 

cm-3. 

 Values obtained from this study somehow conformed to the estimates 

abroad.  For instance is the the Rhizophora mangrove of Hinchinbrook, 

Australia stores where sediment stores 182 to 381 tC ha-1 (Matsui 1998). 

  

 

Comparison of sediment carbon stock across stand management types 

 No significant variation was observed among sediment carbon stocks 

of mature R. stylosa plantations across different stand management types 

(Table 4.11).  This indicates that thinning or non-thinning, supplementary 

planting nor non-replanting, will yield significantly larger sediment carbon 

stock over the other.  However, such observation needs to be validated by 

testing the relationship between sediment carbon stock and tree carbon stock.  

Such inquiry builds on a hypothesis that denser vegetation (larger tree carbon 

stock) will have larger sediment carbon stock since there are more trees that 

provide organic materials in sediment through litterfall, and trap more floating 

detritus by roots. 
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Table 4.10 Sediment carbon stock and other related properties of mature R. 

stylosa plantations across stand management types 

Plot 
Ave. 

Ovendry 
wt. (g) 

OM 
height 
(cm) 

Bulk 
Density 
(g cm-3) 

Volume 
(m3ha-1) 

Wt.  
(t ha-1) 

Carbon 
stock 

(tC ha-1) 
Thinning      
Plot 1 82.1 70 0.8 5853.8 5097.9 204.4 
Plot 2 94.6 70 1.0 6745.1 6505.2 260.9 
Plot 3 84.7 70 0.9 6039.2 5437.8 218.1 
Plot 4 97.8 70 1.0 6973.3 7065.6 283.3 
Plot 5 69.4 70 0.7 4948.3 3815.2 153.0 
Average - 70 0.9 6111.9 5584.3 223.8 
SE - - 0.1 358.4 567.0 22.7 
Thinning with supplementary planting 
Plot 1 75.8 100 0.8 7720.9 6041.6 142.0 
Plot 2 100.1 100 1.0 10191.0 10410.0 244.6 
Plot 3 94.4 100 1.0 9610.4 9249.0 217.4 
Plot 4 82.4 100 0.8 8388.1 7076.5 166.3 
Plot 5 79.6 100 0.8 8102.9 6600.0 155.1 
Average - 100 0.9 8802.7 7875.4 185.1 
SE - - 0.0 469.7 834.8 19.6 
Do nothing      
Plot 1 82.5 120 0.8 10084.0 8491.0 265.8 
Plot 2 79.1 120 0.8 9668.4 7937.8 248.5 
Plot 3 90.9 120 0.9 11110.8 10287.9 322.0 
Plot 4 65.1 120 0.7 7951.1 5345.1 167.3 
Plot 5 81.6 120 0.8 9974.0 8304.5 259.9 
Average - 120 0.8 9757.7 8073.3 252.7 
SE - - 0.0 512.6 793.5 24.8 
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Table 4.11 Analysis of variance among sediment carbon stock (tC ha-1) values 

of mature R. stylosa plantations across stand management types 

Level Sum of Squares df Mean Square f p 
Between Groups 11516.2 2 5758.085 

2.27 0.14 
Within Groups 30369.4 12 2530.782 
Total 41885.5 14    

 

 

Total carbon stock 

 The summary of total carbon stock of mature stands based on stand 

management types is presented in Table 4.12.  In view of values for stands 

under thinning, total carbon stock was estimated to 397±21.4 tC ha-1. Larger 

portion (56.3%) of this stock was contributed by sediment.   

 In terms of stands with thinning and supplementary planting, total 

carbon stock was accounted to about 379.6±15.3 tC ha-1.  Tree shared the larger 

portion with 1945.5 3 tC ha-1 (51.2%) than sediment with 185.1 3 tC ha-1 

(48.8%).  

 Lastly, the total carbon stock of stands with do nothing management 

was largest at 473.7±26.63 tC ha-1.  Similar in the case of stands under thinning, 

sediment has the larger share with 220.6±14.1 tC ha-1 or 52.8%. 
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Table 4.12 Total carbon stock and percentage contribution of tree and 
sediment pools in mature R. stylosa plantations across stand management 
types 
 

Plot Carbon Stock Pool Total 
 Tree Sediment 

 tC ha-1 % tC ha-1 % tC ha-1 
Thinning    
Plot 1 137.1 40.1 204.4 59.9 341.5 
Plot 2 131.9 33.6 260.9 66.4 392.8 
Plot 3 163.5 42.8 218.1 57.2 381.6 
Plot 4 202.6 41.7 283.3 58.3 485.9 
Plot 5 231.2 60.2 153 39.8 384.2 
Average 173.3 43.7 223.8 56.3 397.2 
SE 19.1 4.0 22.7 4.0 21.4 
Thinning with supplementary planting   
Plot 1 202.7 58.8 142 41.2 344.7 
Plot 2 190.3 43.8 244.6 56.2 434.9 
Plot 3 126.7 36.8 217.4 63.2 344.1 
Plot 4 210.7 55.9 166.3 44.1 377 
Plot 5 242 60.9 155.1 39.1 397.1 
Average 194.5 51.2 185.1 48.8 379.6 
SE 19 4.2 19.6 4.2 15.3 
Do nothing         
Plot 1 233.7 46.8 265.8 53.2 499.5 
Plot 2 210.6 45.9 248.5 54.1 459.1 
Plot 3 235.6 42.3 322 57.7 557.6 
Plot 4 207.9 55.4 167.3 44.6 375.2 
Plot 5 217.3 45.5 259.9 54.5 477.2 
Average 221.0 47.2 252.7 52.8 473.7 
SE 5.8 2.0 24.8 2.0 26.6 
Overall Average 196.3 47.4 220.6 52.6 416.8 
Overall SE 10.0 2.3 14.1 2.3 16.9 

 

 

Comparison of total carbon stock across stand management types 

 At a glance, sediment seems to have contributed larger carbon stock 

than trees (Figure 4.14).   However, results of their statistical test of difference 

revealed otherwise which suggests that both these pools have somewhat even 

contribution to total carbon stocks (Table 4.13). Correlation test also showed 

that carbon stock values between trees and sediment are independent of one 

another (Figure 4.14).  This implies that there is no guarantee that increasing 
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or decreasing the amount of tree biomass will always yield a corresponding 

change in sediment carbon stock, and vice versa.   

 

 

Figure 4.14 Total carbon stock of mature R. stylosa 

plantations across stand management types 

 

Table 4.13 Comparison between tree and sediment carbon stock of mature R. 

stylosa plantations using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 1.41 
2.55 

24.3 
0.12 

Equal variances not assumed 1.41 24.3 

 

 

 

Figure 4.15 Correlation between tree and sediment carbon stock of 

mature R. stylosa plantations across stand management types 



 
104 

 

In general, mature plantations of R. stylosa store about 416.8±16.9 tC 

ha-1 (Table 4.12).  Estimates significantly varied from one another, and largest 

stock was observed in ‘left-alone’ or stand under do nothing management.  This 

suggest that leaving the stands untinned may produce more carbon stock than 

with thinning or thinning with supplementary planting treatments (Table 4.14). 

However, such assumption may not always hold true since the result of t-test 

revealed no significant difference in favor of stands with do nothing 

management (Table 4.15). 

 
 
 
Table 4.14 Analysis of variance among total carbon stock values of mature R. 

stylosa plantations across stand management types 

Level Sum of Squares df Mean Square f p 
Between Groups 25054.3 2 12527.2 

4.30 0.04 
Within Groups 34883.8 12 2907.0 
Total 59938.1 14    

 
 

Table 4.15 Comparison between total carbon stocks of mature R. stylosa 

plantations across management type using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Do nothing vs. thinning     
Equal variances assumed 2.00 

0.15 
76.5 

0.71 
Equal variances not assumed 2.00 76.5 

Do nothing vs. thinning with supplementary planting  

Equal variances assumed 2.75 
0.58 

94.2 0.47 

Equal variances not assumed 2.75 94.2  
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4.3.4 Carbon stock of young Rhizophora stylosa plantations based on 

plant spacing design 

 

Biometric description 

 Biometric information that describe young even-aged R. stylosa 

plantations based on plant spacing designs (0.5m x 0.5m and 1.0m x 1.0m) are 

summarized in Table 4.16.  In terms of density, young stands that were 

established using 0.5m x 0.5m spacing contain as much as 26,400±2,144 trees 

ha-1.  Looking at their average diameter, values ranged from 4.6 to 4.9 cm, with 

an overall mean measurement of 4.8cm.  Their distribution generally followed 

a normal curve but with some skewness in Plot No. 1 and 3 indicating a larger 

frequency of trees belonging to lower diameter classes from 3.5 cm to 4.5 cm 

(Appendix 4.5).    On the other hand, height was found homogenous for all 

stands with a mean of 4.1 m.   

 In view of stands that were planted through 1.0m x 1.0m interval, 

average density was estimated to 2,500±428 trees ha-1.  Larger density was 

observed in Plots 4 and 5 have with 3,440 and 3,500 trees ha-1, respectively.  

Diameter showed an overall average of 5.1±0.2cm and their distribution 

appeared skewed where mode was observed at low end to middle diameter 

classes (3.5 to 5.0cm).  Mean height was estimated to 2.6±0.1m which was 

found highest in Plot 2 with 2.8m. 
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Table 4.16 Summary of stand density, diameter and height values of young R. 

stylosa plantations based on plant spacing design 

Plot Density Ave. D Ave. H Survival  
 (tree ha-1) (cm) (m) (%) 

Plant spacing: 0.5m x 0.5m 
Location: N 10° 12’ 28”; E 124° 11’ 2.6” 
Stand Age (yr): 20; Estimated area (ha): 150 

 

Plot 1 26800 4.8±0.1 4.1 29.8 
Plot 2 33200 4.6±0.1 4.1 36.9 
Plot 3 20100 4.9±0.1 4.1 22.3 
Plot 4 24300 4.8±0.1 4.1 27.0 
Plot 5 27600 4.8±0.1 4.1 30.7 
Average 26400±2144 4.8±0.0 4.1±0.0 29.3±2.4 
 
Plant spacing: 1.0m x 1.0m 
Location: N 10° 12’ 33”; E 124° 11’ 2.3” 
Stand age (yr): 20; Estimated area (ha): 22 

 

Plot 1 2500 5.3±0.4 2.5 6.3 
Plot 2 1400 5.4±0.4 2.8 3.5 
Plot 3 1700 5.2±0.3 2.7 4.3 
Plot 4 3500 4.3±0.2 2.4 8.8 
Plot 5 3400 5.3±0.2 2.7 8.5 
Average 2500±428 5.1±0.2 2.6±0.1 6.3±1.1 

*Survival pertains to density (x) versus maximum possible seedlings planted per ha; 
hence: x/90,0000 for 0.5mx0.5m;  and x/40000 for 1.0mx1.0m 

 

 

Comparison of biometric values based on plant spacing design 

 Density of young R. stylosa stands planted with 0.5m x 0.5m design 

was significantly larger by as much as 23,900 trees ha-1 than stands that were 

established using 1.0m x 1.0m interval (Table 4.17).  This indicates that a much 

closer spacing will always produce denser stands at the age of 20 years old.   

 In terms of diameter, no significant difference was observed between 

the stands of different planting designs.  This implies that wider spacing may 

not always guarantee larger diameter growth.  Conversely, stands of 0.5m x 

0.5m spacing may not always produce smaller diameter as compared with 1.0m 
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x 1.0m since density and diameter yielded no significant negative correlation 

(Figure 4.16). 

 

 

Figure 4.16 Correlation between density and diameter values 

of young R. stylosa stands  

 

 Similar to mature plantations, height of denser 0.5m x 0.5m stands was 

also found significantly taller than 1.0m x 1.0m plantations.   This was further 

confirmed by the significant positive correlation between height and density, 

such that:  an increase in density will have corresponding increase in tree height 

(Figure 4.17).  Closer spacing normally spurs height growth since trees 

compete for canopy dominance to get more sunlight (Oliver and Larson 1996). 

 

 

Figure 4.17 Correlation between density height values of young R. 

stylosa stands  
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In terms of percentage survival, a more favorable result was observed 

for stands that were raised at 0.5m x 0.5m spacing than in 1.0m x 1.0m.  Their 

mean difference was accounted to 23%.  One of the observed advantages in 

closer spacing was the stronger anchorage of trees against tidal waves.  In 

denser stands, roots are more intertwined thus they have better adaptation 

against of environmental stress brought by wind and waves.    In a quite similar 

study of Kumara et al. (2010) in Puttalam Lagoon, Sri Lanka using Rhizophora 

mucronata seedlings,  plot with low density planting also showed significantly 

reduced survival compared with those that were planted in closer distances.  

Their experiment concluded that 3.2 years after planting, mean survival rates 

were found at 93.4%, 84.2%, 85.7% for denser plots of 6.96, 3.26, 1.93 (in 

seedling m-2), respectively  than in plots with 0.95 seedling m-2 with only 52.9% 

survival.     

 

Table 4.17 Difference test in stand biometrics of young of R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Biometric Aspect t f Mean Difference  p 

Density (tree ha-1) 12.16 8.81 23,900 0.02 

Diameter (cm) 1.54 3.73 0.32 0.09 

Height (m) 20.14 23.83 1.48 0.00 

Survival (%) 7.91 5.22 23.06 0.05 

 

Higher survival, density and height of young plantations that were 

raised using Banacon’s traditional dense planting method of 0.5m x 0.5m can 

be also attributed to silvicultural preferences of the local community in terms 

of planting site selection, preference on the quality of planting material, and 

method of field planting (Melana n.d.).   First, the choice of planting site 
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considered the quality of sediment and tidal regime (Figure 4.18). The best 

sites for planting propagules were sandy corraline substrate which is 

exemplified by its softness and stability, and has thick organic layer or mud (≥ 

50cm).  Their location was far from shifting sandbars and flood waterways 

where strong waves are common during the tropical monsoon period from June 

to September.  Planting sites were also above the neap tide level because R. 

stylosa, like other Rhizophora sp. prefer to grow on shallow water (at most 1m 

deep during high tide level).  

 

 

Figure 4.18 Preferred sites for establishing R. stylosa plantation where: a) 

shallow mudflats in sparse natural stand; b) thick organic sediment layer; c) 

gaps between plantations; and d) logged-over area 

 

 Second, prime quality of propagules was collected prior to field 

planting (Figure 4.19).  A mature, healthy, and ready-to-plant propagule was 

described as: 1) hypocotyls attaining full length of 40 to 60cm; 2) visible 

appendage at the base of the pericarp; 3) pericarp (brown like cap) is easily 

disjointed from the hypocotyl; and 4) distinct lenticels on ‘sturdy’ hypocotyl.  
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Propagule collection is best done during the peak fruiting months of March to 

May.  They are best planted immediately after collection to ensure viability.   If 

stored, propagules are kept for a very short time (at most three weeks) in a well-

ventilated shed that is showered daily with tap water to maintain their moisture. 

 

 

Figure 4.19 Mature and healthy R. stylosa propagules 

 

 Lastly, planting of propagules was done by simply shoving pointed end 

of the hypocotyl into the ‘soft’ or mud sediment.  In terms of coralline sites of 

‘harder’ substrates, planting bar or pointed pole was used to create holes for 

inserting propagules.  Typically, about a third of the total length of the 

hypocotyl should be inserted into the sediment.   The distance between 

propagules may range from 0.3m to 0.5m interval for better survival and faster 

growth (Figure 4.20). 
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Figure 4.20 R. stylosa planting (a. afforestation activity; b. dense spacing 

of planting) 

 
 

Tree biomass and carbon stock 

 Tree biomass and carbon stock of young R. stylosa stands based on 

plant spacing are shown in Table 4.18.   On the average, the total biomass of 

stands that were established using 0.5m x 0.5m spacing was 365.5 t ha-1.  Value 

was found largest in Plot 2 with 439.3 t ha-1.  On the other hand, only about 37.3 

t ha-1 biomass was estimated for stands of.1.0m x 1.0m spacing.  Their estimates 

ranged from 18.6 t ha-1 to 56.3 t ha-1. 

 In terms of carbon stock, densely spaced 0.5m x 0.5m stands measured 

as much as 166.7 tC ha-1. Bulk (76.2%) of this stock is stored in BGB/roots with 

127.1 tC ha-1.  Similarly, larger stock was observed in BGB of 1.0m x 1.0m 

planted stands with 17.1 tC ha-1.  Their total carbon stock was estimated to 17.1 

tC ha-1.   
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Table 4.18 Tree biomass and carbon stock of young R. stylosa plantations 

based on plant spacing, including percentage contribution of  

aboveground (AGB) and belowground (BGB) biomass to total carbon stock 

Plant Spacing Biomass (t ha-1)  Carbon stock (tC ha-1) 
 AGB BGB Total  AGB % BGB % Total 

0.5m x 0.5m  
Plot 1 84.3 272.5 356.7  38 23.2 125.6 76.8 163.6 
Plot 2 106.3 333.0 439.3  47.9 23.8 153.5 76.2 201.4 
Plot 3 73.5 224.6 298.1  33.1 24.2 103.5 75.7 136.7 
Plot 4 82.6 259.1 341.7  37.2 23.7 119.4 76.2 156.7 
Plot 5 92.2 289.7 381.9  41.6 23.7 133.6 76.3 175.2 
Average 87.8 275.8 363.5  39.6 23.7 127.1 76.2 166.7 
SE 5.5 17.9 23.3  2.5 0.2 8.2 0.2 10.7 

1.0m x 1.0m  
Plot 1 9.7 34.8 44.5  4.4 21.6 16 78.4 20.4 
Plot 2 5.4 18.6 24.0  2.4 21.8 8.6 78.2 11.0 
Plot 3 5.7 20.7 26.4  2.5 20.7 9.5 78.5 12.1 
Plot 4 6.6 28.8 35.4  3 18.5 13.3 82.1 16.2 
Plot 5 12.3 44.0 56.3  5.5 21.3 20.3 78.7 25.8 
Average 7.9 29.4 37.3  3.6 20.8 13.5 79.2 17.1 
SE 1.3 4.7 6.0  0.6 0.6 2.2 0.7 2.7 

 

 

Comparison of tree carbon stock among management types 

1) Aboveground versus belowground carbon stock 

The contribution of BGB to total tree carbon stock was found 

significantly larger than of AGB with a mean difference of as much 48.8 tC ha-

1.   Larger stock in BGB is reflective of trees’ intensive root development as 

coping mechanism against strong waves and winds. Moreover, the amassing 

root biomass implies that fertility and stability of sediment is low (Alongi 2010).  
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Table 4.19 Difference test in aboveground (AGB) and belowground (BGB) 

carbon stock of young R. stylosa plantations using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 2.40 
85.66 

48.77 
0.00 

Equal variances not assumed 2.40 48.77 

 
 

2) Total tree carbon stock between plant spacing designs 

Despite having a large mean difference of about 149.6 tC ha-1, the total 

tree carbon stock was not found significantly larger between stands that were 

raised using 0.5m x 0.5m and 1.0m x 1.0m (Table 4.20).  This result however 

suggests two things: 1) since p-value was 0.09, there is still a good probability 

that denser planting (using 0.5m x 0.5m) will always yield larger carbon stocks; 

and 2) increasing the number of sample plots may improve the comparison test 

to further demonstrate that there is significant advantage in denser planting 

(using 0.5m x 0.5m) on carbon stock production.      

 

Table 4.20 Difference test in total tree carbon stock of young R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 13.56 
3.74 

149.62 
0.09 

Equal variances not assumed 13.56 149.62 
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Sediment carbon stock 

 Table 4.21 provides the summary of sediment carbon stock of young 

R. stylosa plantations based on plant spacing.  In view of 0.5m x 0.5m spaced 

plantations, OM depth measured about 75 cm.  Bulk density was estimated to 

0.8 g cm-3 while carbon stock was as much as 110.1±3.6 tc ha-1.    

 For stands that were established using 1.0m x 1.0m distance, OM layer 

was measured at 56 cm.  Their average bulk density measured about 0.5 g cm-3 

thus contributing around 21.3 tC ha-1 of carbon stock.  

 

Table 4.21 Sediment carbon stock and other related properties of young R. 

stylosa plantations based on plant spacing design 

Plot 
Ave. 

Ovendry 
wt. (g) 

OM 
height 
(cm) 

Bulk 
Density 
(g cm-3) 

Volume 
(m3ha-1) 

Wt.  
(t ha-1) 

Carbon 
stock 

(tC ha-1) 
0.5m x 0.5m      
Plot 1 72.9 75.0 0.7 5565.3 4155.4 97.7 
Plot 2 79.6 75.0 0.8 6077.2 4945.7 116.2 
Plot 3 80.1 75.0 0.8 6119.2 5002.7 117.6 
Plot 4 76.6 75.0 0.8 5848.0 4560.5 107.2 
Plot 5 78.2 75.0 0.8 5974.0 4759.7 111.9 
Average - 75.0 0.8 5916.7 4684.8 110.1 
SE - 0.0 0.0 99.6 153.4 3.6 
0.5m x 0.5m 
Plot 1 49.1 56.0 0.5 2797.9 1408.4 20.0 
Plot 2 52.9 56.0 0.5 3017.5 1681.7 23.9 
Plot 3 50.0 56.0 0.5 2849.2 1463.3 20.8 
Plot 4 48.4 56.0 0.5 2757.9 1358.4 19.3 
Plot 5 52.3 56.0 0.5 2983.2 1589.5 22.6 
Average - 56.0 0.5 2881.1 1500.3 21.3 
SE - 0.0 0.0 51.1 59.5 0.8 

 

 

 

 



 
115 

 

Comparison of sediment carbon stock based on plant spacing design 

 With a mean difference of 88.80 tC ha-1, sediment carbon stock of 

stands that were planted using 0.5m x 0.5m interval was found significantly 

larger than those with 1.0m x 1.0m design (Table 4.22).  This implies that closer 

spacing of R. stylosa during planting will produce larger sediment carbon stock 

after reaching the age of 20 years.  Such lead can be attributed to two possible 

factors: 1) thicker vegetation provides larger source organic material through 

litterfall; 2) more interlinked roots help stabilize sediment from erosion while 

effectively trapping more organic material from other sources during tidal 

movements (Alongi 2010; Kumara et al 2010) 

 

Table 4.22 Difference test in sediment carbon stock of young R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 24.02 
5.77 

88.80 
0.04 

Equal variances not assumed 24.02 88.80 

 

 

Total carbon stock 

 Total carbon stock of 0.5m x 0.5m spaced stands was estimated to 

around 276.8±11.6 tC ha-1 (Table 4.23).  Greater portion (60%) of this value 

was shared by trees with 166.7±10.7 tC ha-1.  Among the plots, largest stock 

was noted in Plot 2 with 317.6 tC ha-1.  This plot also has the most number of 

trees and second largest in terms of sediment carbon stock.   

 In terms of stands that were planted through 1.0m x 1.0m interval, total 

carbon stock was estimated to 38.4 tC ha-1.  Sediment has the larger share 
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(56.5%) than trees amounting to 56.5 tC ha-1.  Among the plots, Plot 5 has the 

largest stock with 48.4 tC ha-1.   

 In comparison with estimates reported in Southeast Asia, Ong et al. 

(1982) measured about 105 tC ha-1 for 28-year old Rhizophora apiculata stands 

in Matang Mangroves, Malaysia.  Smaller estimate was however reported by 

Christensen (1978) in Phuket, Thailand with 79.5 tC ha-1 for 15 year-old R. 

apiculata stands. 

 

Table 4.23 Total carbon stock and percentage contribution of tree and 

sediment pools in mature R. stylosa plantations across stand management 

types 

Plot Carbon Stock Pool Total 
 Tree Sediment 

 tC ha-1 % tC ha-1 % tC ha-1 
0.5m x 0.5m    
Plot 1 163.6 62.61 97.7 37.39 261.3 
Plot 2 201.4 63.41 116.2 36.59 317.6 
Plot 3 136.7 53.76 117.6 46.24 254.3 
Plot 4 156.7 59.38 107.2 40.62 263.9 
Plot 5 175.2 61.02 111.9 38.98 287.1 
Average 166.7 60.0 110.1 40.0 276.8 
SE 10.7 1.7 3.6 1.7 11.6 
0.5m x 0.5m         
Plot 1 20.4 50.50 20.0 49.50 40.4 
Plot 2 11 31.52 23.9 68.48 34.9 
Plot 3 12.1 36.78 20.8 63.22 32.9 
Plot 4 16.2 45.63 19.3 54.37 35.5 
Plot 5 25.8 53.31 22.6 46.69 48.4 
Average 17.1 43.5 21.3 56.5 38.4 
SE 2.7 4.1 0.8 4.1 2.8 
Overall Average 91.9 51.8 65.7 48.2 157.6 
Overall SE 25.5 3.5 14.9 3.5 40.1 

 

In view of possible relationship between tree and sediment carbon stock, 

a significantly strong correlation index was observed between these two pools 

(Figure 4.21).  This suggests that there is mutual carbon build-up between these 

pools such that: an increase in tree biomass or vegetation will render significant 
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enhancement in sediment carbon stock that is likely through litterfall and 

trapping or retention of organic matter by roots.  Likewise, the increase of 

organic matter in sediment creates fertile beds for better tree growth and carbon 

stock production. 

 

 

 

Figure 4.21 Correlation between tree and sediment carbon stock of 

young R. stylosa plantations based on planting 

 

 Significantly larger carbon stock was stored in trees than in sediments 

for both stands raised at 0.5m x 0.5m and 1.0m x 1.0m spacing (Table 4.24).  

This suggests that in order to further improve the site’s carbon stocks, major 

focus should be on developing denser stands.   Thus, adopting a closer planting 

interval (through 0.5m x 0.5m spacing) will be more beneficial since it will yield 

higher survival and tree biomass than by 1.0m x 1.0m spacing. 
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Table 4.23 Comparison between tree and sediment carbon stock of young R. 

stylosa plantations using independent t-test  

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 0.89 
30.72 

26.19 
0.00 

Equal variances not assumed 0.89 26.19 

 

 

Comparison of total carbon stock based on plant spacing design 

 Young R. stylosa stands that were established using 0.5m x 0.5m 

planting design have significantly larger carbon stock than with those that were 

planted using 1.0m x 1.0m spacing (Table 4.24).  Their mean difference was 

estimated to 238.4 tC ha-1 which is reflective of higher density, height and 

survival observed from a much denser spacing.  This therefore proposes that 

closer spacing is indeed more effective in producing larger carbon stock. 

 

Table 4.24 Difference test in total carbon stock of young R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 20.01 
7.60 

238.42 
0.02 

Equal variances not assumed 20.01 238.42 
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4.3.4 Carbon stock of natural stands based on species composition 

 

 Biometric information of two natural stand types are presented in Table 

4.25 and Table 4.26. Three (3) species were identified from both Sonneratia-

dominated and Avicennia-dominated stands, namely: Sonneratia alba, 

Avicennia marina and Rhizophora stylosa. 

In view of Sonneratia-dominated stands, S. alba was identified as the 

most dominant species in terms of frequency, diameter and height.  In Plot 2, 

this tree listed as much as 23 trees plot-1.  Its largest diameter and height values 

were accounted to 20.1 cm (in Plot 1) and 7.3m (in Plot 2), respectively.   On 

the average, density was estimated to 1,190±75 trees ha-1 while diameter and 

height were 10.9±0.4cm and 3.6±0.2m, respectively. 

 In terms of Avicennia-dominated stands, Avicennia marina was 

identified as the most common species in all plots except in Plot 4 where more 

R. stylosa were listed (11 trees plot-1).  Largest diameter and height values were 

still observed for S. alba trees with 17.2 cm and 7.5 m (in Plot 2), respectively.  

The overall density of Avicennia-dominated stands was estimated to 1190±75 

trees ha-1.  Mean diameter and height were 10.9±0.4 cm and 3.6±0.2 m each.   
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Table 4.25 Scientific name, frequency, diameter and height of trees listed in 

natural stands based on species composition 

Plot Frequency Ave. D 
(cm) 

Ave. H 
(m) 

Sonneratia-dominated stand 
Plot 1 

Sonneratia alba 12 20.1 6.9 
Plot 2    

Sonneratia alba 19 18.3 7.3 
Avicennia marina 3 15.7 6.0 
Rhizophora stylosa 1 6.7 4.0 

Plot 3    
Sonneratia alba 23 17.3 5.3 
Avicennia marina 1 8.3 4.0 

Plot 4    
Sonneratia alba 17 16.6 6.5 
Avicennia marina 4 13.6 3.5 

Plot 5    
Sonneratia alba 17 19.4 4.4 
    

Avicennia-dominated stand 
Plot 1    

Avicennia marina 19 11.4 3.5 
Sonneratia alba 2 11.2 4.5 

Plot 2    
Avicennia marina 11 12.8 3.8 
Sonneratia alba 2 17.2 7.5 
Rhizophora stylosa 8 5.3 3.9 

Plot 3    
Avicennia marina 16 8.0 3.0 
Sonneratia alba 11 15.0 3.2 
Rhizophora stylosa 2 4.0 3.0 

Plot 4    
Avicennia marina 9 12.2 4.3 
Sonneratia alba 1 20.4 6.0 
Rhizophora stylosa 11 6.0 3.5 

Plot 5    
Avicennia marina 13 9.2 3.2 
Sonneratia alba 1 11.7 4.0 
Rhizophora stylosa 7 9.9 3.0 
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Table 4.26 Summary of stand density, diameter and height values of natural 

stands plantations based on species composition  

Plot Density 
(trees ha-1) 

Ave. D 
(cm) 

Ave. H 
(m) 

Species composition: Sonneratia-dominated stand 
Location: N 10° 11’ 36.4”; E 124° 9’ 17” 
Stand Age (yr): >55; Estimated area (ha): 50 
Plot 1 600 20.1 6.9 
Plot 2 1150 17.6 7 
Plot 3 1200 17.1 5.9 
Plot 4 1050 16.5 5.9 
Plot 5 850 19.4 4.4 
Average 970±110 18.1±0.7 6.0±0.5 
Species composition: Avicennia-dominated stand 
Location: N 10° 12’ 12”; E 124° 10’ 46” 
Stand age (yr): >55; Estimated area (ha): 120 
Plot 1 1250 11.4 3.6 
Plot 2 1050 11.6 4.2 
Plot 3 1450 11.1 3.1 
Plot 4 1050 10.9 3.9 
Plot 5 1150 9.6 3.1 
Average 1190±75 10.9±0.4 3.6±0.2 

 

 

4.2.3 Comparison of biometric values based species composition 

 Among the biometric values compared, only diameter held as 

significantly different parameter between the two types of natural stands (Table 

4.27).  This suggests that trees in Sonneratia-dominated stands have 

significantly larger stems than those that are in Avicennia-dominated stands 

with about 7.22cm.  Such difference can be largely attributed to proliferation of  

S. alba, being the dominant species in terms of stem size. 
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Table 4.27 Difference test in stand biometrics of young of R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Biometric Aspect t f Mean Difference  p 

Density (tree ha-1) 1.65 1.14 220.00 0.32 

Diameter (cm) 9.34 5.08 7.22 0.05 

Height (m) 4.72 1.42 2.40 0.27 

 

 

Tree biomass and carbon stock  

 Biomass of Sonneratia-dominated stands was estimated to 261.9±29.7 

t ha-1 (Table 4.28).  Their values ranged from 191.2 t ha-1 to 343.4 t ha-1 across 

plots.   The overall aboveground biomass measured 186.8 t ha-1 while 

belowground biomass was accounted to 75.1 t ha-1.  AGB thus shared a larger 

carbon stock of about 85.7 tC ha-1 (71.2%) while BGB contributed only 34.5 tC 

ha-1 (28.8%).  Overall mean tree total carbon stock was estimated to 120.2±13.6 

tC ha-1.  

 In terms of Avicennia-dominated stands, tree biomass measured around 

96.2±8.0 t ha-1 reflecting a carbon stock of 44.2±3.7 tC ha-1.  AGB contributed 

about 30.5±2.8 0 tC ha-1 (68.6%) while 13.7 tC ha-1 (31.4%), respectively.   

Reports abroad showed comparable values with this study.  For 

instance, natural mangroves of Phuket in Thailand has 159.00 tC ha-1; around 

135.00 tC ha-1 in Boca Chica, Mexico; and 129.10 tC ha-1 for Hongkong 

(Christensen 1978; Day et al. 1987; Lee 1990).  Komiyama et al (1987) also 

measured 203 tC ha-1 in Indonesia while Amarasinghe and Balasubramaniam 

(1992) suggested 120 tC ha-1 for Sri Lanka.  Estimates for Malaysia and China 

were larger at 286.8 tC ha-1 and 248.5 tC ha-1, respectively (Ong et al. 1979; Lin 

et al. 1990).   
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Table 4.28 Tree biomass and carbon stock of natural stands based on species 

composition, including percentage contribution of aboveground (AGB) and 

belowground (BGB) biomass to total carbon stock 

Species composition Biomass (t ha-1)  Carbon stock (tC ha-1) 
AGB BGB Total  AGB % BGB % Total 

Sonneratia-dominated  
Plot 1 247.2 96.2 343.4  113.5 72.0 44.2 28.0 157.6 
Plot 2 160.2 66.5 226.7  73.5 70.7 30.5 29.3 104.1 
Plot 3 161.1 65.8 226.9  73.9 71.0 30.2 29.0 104.1 
Plot 4 134.5 56.7 191.2  61.7 70.3 26.0 29.7 87.8 
Plot 5 230.9 90.3 321.2  106.0 71.9 41.4 28.1 147.4 
Average 186.8 75.1 261.9  85.7 71.2z 34.5 28.8 120.2 
SE 22.0 7.7 29.7  10.1 0.3 3.5 0.3 13.6 
Avicennia-dominated  
Plot 1 76.8 32.6 109.4  35.3 70.2 15.0 29.8 50.2 
Plot 2 76.9 34.0 110.9  35.3 69.3 15.6 30.7 50.9 
Plot 3 68.8 29.5 98.3  31.6 70.0 13.5 30.0 45.1 
Plot 4 66.1 30.0 96.1  30.3 68.8 13.8 31.2 44.1 
Plot 5 43.1 23.4 66.5  19.8 64.8 10.7 35.2 30.5 
Average 66.3 29.9 96.2  30.5 68.6 13.7 31.4 44.2 
SE 6.2 1.8 8.0  2.8 1.0 0.8 1.0 3.7 

 

 

Comparison of tree carbon stock based on species composition 

1) Aboveground versus belowground carbon stock 

Tree carbon stock was found significantly larger in AGB than BGB 

with a mean difference of 34.0 tC ha-1 (Table 4.29).  This suggests that the 

concentration of carbon stock was in the stem, branch and leaves.  Several 

studies on natural stands correspond well to this observation.  For instance, 

Poungparn (2003) reported a 55% share of trees in total carbon stocks of mixed 

species mangrove in Southern Pang-nga, Thailand.  A much larger share (77.8%) 

was observed by Komiyama et al. (1988) for tree carbon stock of Sonneratia 

forest in Halamahera, Indonesia.  Further, about 64.5% contribution of trees to 



 
124 

 

total carbons stock was reported by Mackey (1993) for Avicennia marina forest 

in Brisbane, Australia. 

 

 

 Table 4.29 Comparison between aboveground (AGB) and belowground (BGB) 

carbon stock of natural stands using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 3.05 
10.40 

34.00 
0.04 

Equal variances not assumed 3.05 34.00 

 

 

2) Total tree carbon stock based on species composition 

Tree carbon stock was found significantly larger in Sonneratia-

dominated stands than in Avicennia-dominated stands (Table 4.30).  Their 

mean difference was estimated to 76.04 tC ha-1 which can be owed to the 

presence of large diameter trees particularly S. alba.  Studies abroad also 

confirmed larger carbon stock capacities in Sonneratia forest than Avicennia 

forest.  For instance, Komiyama et al. (1987) reported as much as 174.5 tC ha-

1 for old growth Sonneratia stand in Ranong, Thailand, while Briggs (1977) 

estimated about 136.3 tC ha-1 for old growth Avicennia stand in Australia.  Such 

difference is reflective of stand structure (density, diameter and height) as well 

as geographical settings. 
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Table 4.30 Difference test in total tree carbon stock of natural stands based on 

species composition 

 Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 5.39 
17.00 

76.04 
0.00 

Equal variances not assumed 5.39 76.04 

 

 

Sediment carbon stock 

 Organic matter layer of Sonneratia-dominated stands measured 60cm 

in height (Table 4.31).  With an average bulk density of 0.8 g cm-3, this gave a 

sediment mass value of 4015.1±486.8 t ha-1.  Carbon stock ranged from 96.9 tC 

ha-1 to 194.1 tC ha-1 based on the computed carbon content of 3.4%.   The overall 

mean sediment carbon stock was calculated to 137.3±16.6 tC ha-1. 

 Sediments of Avicennia-dominated stands have an OM thickness of 

100cm.  Their bulk density was estimated to 0.9 g cm-3 thus yielding a sediment 

mass of 8596.5 6 tC ha-1.  With a carbon content of 2.5%, carbon stock ranged 

from 189.7 tC ha-1 to 239.7 tC ha-1.  The overall mean carbon stock in sediment 

was 214.1±8.4 tC ha-1. 
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Table 4.31 Sediment carbon stock and other related properties of natural 

stands based on species composition 

Plot 
Ave. 

Ovendry 
wt. (g) 

OM 
height 
(cm) 

Bulk 
Density 
(g cm-3) 

Volume 
(m3ha-1) 

Wt.  
(t ha-1) 

Carbon 
stock 

(tC ha-1) 
Sonneratia-dominated      
Plot 1 81.5 60 0.8 4977.8 4130.3 141.3 
Plot 2 81.4 60 0.8 4971.7 4162.1 142.3 
Plot 3 72.4 60 0.7 4424.8 3274.6 112.0 
Plot 4 67.2 60 0.7 4103.9 2832.9 96.9 
Plot 5 95.5 60 1.0 5833.5 5675.9 194.1 
Average 79.6 60 0.8 4862.3 4015.1 137.3 
SE 4.8 0.0 0.0 294.5 486.8 16.6 
Avicennia-dominated 
Plot 1 96.3 100 1.0 9803.9 9624.8 239.7 
Plot 2 85.6 100 0.9 8719.1 7618.1 189.7 
Plot 3 91.2 100 0.9 9289.5 8629.5 214.9 
Plot 4 91.9 100 0.9 9360.8 8904.6 221.7 
Plot 5 88.9 100 0.9 9055.3 8206.8 204.3 
Average 90.8 100 0.9 9245.7 8596.7 214.1 
SE 1.8 0.0 0.0 178.9 336.3 8.4 

 

 

Findings of this study carbon conformed well to the ranges suggested 

by Fujimoto (2000) for various mangrove stands with 220 tC ha-1; and Matsui 

et al (2012) in Khanon, Thailand with 154.8 tC ha-1.  However, such estimates 

seem to be conservatively measured since the depth of organic layer is likely to 

be underestimated.  Based on the studies conducted by Fujimoto and Miyagi 

(1993) on Pacific mangroves, sediment OM was estimated to at least two meters 

in height.  On the other hand, Woodroffe et al. (1989) proposed five meters of 

OM layer based on their assessment in Alligator River mangroves of northern 

Australia.  Ong (1993) also reported about 7m in Matang forests, Malaysia.  A 

more rigorous assessment was conducted by Donato et al. (2011) in 25 
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mangrove sites across Micronesia, Borneo, and Bangladesh where carbon stock 

from 0.5 to more than 3m depth has reached 1,023 tC ha-1.   

 

Comparison of sediment carbon stock based on species composition 

 No significant difference was observed between the sediment carbon 

stock of Sonneratia-dominated and Avicennia-dominated stands (Table 4.32). 

This suggests that though Avicennia-dominated stands have as much as 76.74 

tC ha-1 advantage over Sonneratia-dominated stands, such difference cannot be 

generalized for the whole natural stands of Banacon.   

 

Table 4.32 Difference test in sediment carbon stock of natural stands based on 

species composition 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 4.12 
1.25 

76.74 
0.29 

Equal variances not assumed 4.12 76.74 

 

 

Total carbon stock 

 The overall carbon stock of natural stand was estimated to 257.9±19.9 

tC ha-1 (Table 4.33).  Larger share (68.1%) came from sediment with 

175.7±21.9 tC ha-1.  On the other hand, trees contributed about 82.2±20.2 tC ha-

1 or 31.9%.    

Carbon stock of Sonneratia-dominated stands measured 257.5±28.2 tC 

ha-1.  Slightly more than half (53.2%) of this came from sediment pool 

amounting to 137.3 tC ha-1.  Tree shared 120.2 tC ha-1 (46.8%) to the total 

carbon stock of this site. 
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In terms of Avicennia-dominated stands, total carbon stock was 

estimated to 258.2±9.8 tC ha-1.  Sediment also shared the larger stock with 214.1 

tC ha-1 (82.9%).  Trees on;y contributed only 44.2 tC ha-1 or 31.9%.   

Comparing the contribution of tree and sediment to total carbon stock, 

Table 4.34 suggests that significantly larger carbon stock was contributed by 

sediment than by trees with as much as 14.10 tC ha-1.   

 

Table 4.33 Total carbon stock and percentage contribution of tree and 

sediment pools in natural stands based on species composition 

Plot Carbon Stock Pool Total 
 Tree Sediment 

 tC ha-1 % tC ha-1 % tC ha-1 
Sonneratia-dominated    
Plot 1 157.6 52.7 141.3 47.3 298.9 
Plot 2 104.1 42.2 142.3 57.8 246.4 
Plot 3 104.1 48.2 112.0 51.8 216.1 
Plot 4 87.8 47.5 96.9 52.5 184.7 
Plot 5 147.4 43.2 194.1 56.8 341.5 
Average 120.2 46.8 137.3 53.2 257.5 
SE 13.6 1.9 16.6 1.9 28.2 
Avicennia-dominated 

        

Plot 1 50.2 17.3 239.7 82.7 289.9 
Plot 2 50.9 21.2 189.7 78.8 240.6 
Plot 3 45.1 17.3 214.9 82.7 260.0 
Plot 4 44.1 16.6 221.7 83.4 265.8 
Plot 5 30.5 13.0 204.3 87.0 234.8 
Average 44.2 17.1 214.1 82.9 258.2 
SE 3.7 1.3 8.4 1.3 9.8 
Overall Average 82.2 31.9 175.7 68.1 257.9 
Overall SE 20.2 7.2 21.9 7.2 19.9 
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Table 4.34 Comparison between tree and sediment carbon stock of natural 

stands using independent t-test 

 Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 0.93 
11.85 

14.10 
0.00 

Equal variances not assumed 0.93 14.10 

 

 

Comparison of total carbon stock based on species composition 

 Surprisingly, total carbon stock was found significantly larger in 

Avicennia-dominated stands than in densely vegetated Sonneratia-dominated 

stands by just a small margin 0.70 tC ha-1 (Table 4.35).  Such difference can be 

attributed to the disparity in sediment carbon stock by which OM layer and 

sediment mass values were found larger in Avicennia-stand.  This therefore 

suggests that it will be worth pursuing a vegetation improvement of Avicennia-

dominated stands to further improve their tree carbon stocks.  This can be done 

through enrichment planting using Sonneratia alba and Rhizophora stylosa 

which are larger absorber of carbon.         

 

 

Table 4.35 Difference test in total tree carbon stock of natural stands based on 

species composition 

 Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 0.02 
5.82 

0.70 
0.04 

Equal variances not assumed 0.02 0.70 
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4.3.5 Towards an effective carbon stock management 

 Developing stand management strategies for better carbon stock 

production demands careful investigation of existing forest management 

approaches, and thereafter distilling the most desirable option(s) to augment 

tree biomass, density, survival and sediment carbon properties.  Significant 

findings of this study on the effects of plant spacing, stand management types 

and species composition on carbon stock can therefore provide some directions 

towards crafting stand management plans for mangroves of Banacon Island.   

 In summary, dense planting through 0.5m x 0.5m design was seen more 

effective towards ensuring larger stand density, height and survival of young R. 

stylosa plantations. This approach forms part of the traditional forest knowledge 

of the local community (which includes preference in planting sites, careful 

selection of planting materials, and method and timing of field planting) that 

needs to be sustained.  With higher survival resulting to denser young stands, 

larger carbon stock can be produced.   Further, the significant relationship 

observed between trees and sediment carbon suggests that protecting the 

aboveground vegetation will help augment the sediment carbon stock beneath. 

 As dense young stand matures, non-thinning or do nothing approach 

will be beneficial to further improve carbon stock capacities.  Maintaining large 

density condition by non-cutting of trees will ensure significant increases in 

carbon stock since density and carbon stock were significantly correlated.   

However, such management approach may not be acceptable for the local 

community since they harvest trees for poles and fuelwood.  Thinning with 

supplementary planting approach will be therefore be a more appropriate 

treatment since it could replenish sparsely vegetated stands hence improve the 

carbon stocks.  However, if the purpose of stand management is to increase pole 
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diameter sizes, apart from carbon sequestration, thinning approach will be more 

suitable since reducing density will create spaces for better stem growth. 

 Management of natural stands necessitates conservation measures for 

both tree and sediment pools.  Tree carbon stock was found larger in 

Sonneratia-dominated stands reflecting the huge contribution of dominant 

Sonneratia alba to carbon stocks.   On the other hand, sediment carbon stock 

was larger in Avicennia-dominated stands owing to its thicker OM layer.  This 

therefore suggests that to improve the carbon stocks of natural stands, 

enrichment planting using S. alba should be done in Avicennia-stands to 

achieve larger tree carbon stock complementing the already carbon-rich 

sediment. 

 A schematic diagram which shows stand density management pathway 

towards achieving large carbon stock production was proposed based on the 

significant findings of the study.  This framework indicates that denser planting 

(using 0.5m x 0.5m spacing method) of R. stylosa during plantation 

establishment will be critical to achieve better survival, density and carbon 

carbons stocks.  Reaching the young age of 20 years old, local community needs 

to decide whether they will thin these plantations.  If non-thinning or do nothing 

management will be pursued, stands will can lead directly towards achieving 

the ideal5 carbon stock condition at the age of 50 to 55 years.   However, since 

it is unlikely that the local community will pursue strict protection because of 

their apparent need for pole and fuelwood, thinning with supplementary 

planting will be a more favorable management approach.  Supplementary 

planting can be done in two ways: by replanting using R. stylosa to maintain 

the monoculture condition of stands; and by  planting using mixed species 

                                                      
5 Ideal stand condition pertains to ‘non-thinned’ or do nothing stands where carbon 
stock was found largest among mature R. stylosa plantations. 



 
132 

 

(Avicennia sp., Sonneratia sp. and other Rhizophora sp.) to improve tree 

diversity.   

 

  

 

  

 

 

Figure 4.22 Schematic stand density management pathway for better carbon 

stock capacity of mangrove forests in Banacon Island 
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3.4 Conclusion 

Critical in designing effective carbon stock management are sound 

information about the effects of stand management, plant spacing and species 

composition on stand biometry, biomass and carbon stocks of mangrove forests.  

The adoption of IPCC guidelines for carbon stock accounting and the use 

appropriate allometric models in estimating biomass and carbon stocks values 

were found essential in generating these needed information.  Correlation and 

difference tests also provided reliable bases in determining carbon management 

considerations for mangrove forests of Banacon Island. 

In view of the effects of stand management types on carbon stock of 

mature R. stylosa plantations, do nothing or non-thinning approach offers some 

advantages over thinning and thinning with supplementary planting since it 

yielded larger density and carbon stock estimates.  However, this management 

approach may not be acceptable for local community to adopt since they 

occasionally thin their plantations for poles and fuelwood.  This therefore 

suggest that thinning with supplementary planting will be the next favorable 

strategy such that it can replenish density losses and still achieve the ideal stand 

density condition i.e. being portrayed by the non-thinned stands.  There were 

other significant observations that were also discussed in line with effective 

carbon management.   For instance, larger carbon stock was observed in roots 

than in AGB (stems, branch and leaves).  Further, stand density was found 

significantly correlated with carbon stock, hence maintaining high density will 

produce larger carbon stocks.  However, low stem diameter was observed in 

denser stands which reflects the smaller stem growth due to limited space.  

Height was found taller in dense stands which indicates a relationship that: 

denser stands enhances height growth competition among trees for crown 

dominance and better access to sunlight. 



 
134 

 

Plant spacing used during plantation establishment also had 

considerable effects on the carbon stock of R. stylosa stands at the age of 20 

years old.  Closer spacing method using 0.5m x 0.5m was found more effective 

in producing larger carbon stock than in 1.0m x 1.0m design.  Furthermore, 

density, height and survival was found favorable in denser planting.   With high 

stand density, larger sediment carbon stock was observed.  The significant 

relationship between tree and sediment carbon stock also suggested that trees 

helps augment sediment carbon stocks, and vice-versa.   

Species composition also had likely effects on carbon stocks of natural 

stands.  Tree carbon stock was larger in Sonneratia-dominated stands were 

large-stem Sonneratia alba predominate.  On the other hand, sediment carbon 

stock was bigger in Avicennia-dominated stands owing to its thicker OM layer 

and larger sediment mass.  To improve the total carbon stock of Avicennia-

dominated stands, enrichment planting using Sonneratia alba was 

recommended.  

Integrating relevant information distilled about the effects of plant 

spacing design, stand management and species composition on carbon stock of 

Rhizohpora plantations and natural stands, a schematic stand density 

management framework was proposed. This framework enumerated all the 

necessary considerations towards achieving the ideal carbon stocks capacity of 

mangrove forests in Banacon Island.  
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Appendices 

 

Appendix 2.1 Radiance calibration values for Landsat 5 TM images 

Band LMAX LMIN QCAL 
MAX 

QCAL 
MIN DN GAIN OFFSET Lλ 

Landsat 5 TM (1993) 
1 193.0 -1.5 255 1 99 0.77 -2.286 74.297 
2 365.0 -2.8 255 1 54 1.45 -4.288 75.362 
3 264.0 -1.2 255 1 70 1.04 -2.214 71.908 
4 221.0 -1.5 255 1 73 0.88 -2.386 62.440 
5 30.2 -0.4 255 1 114 0.12 -0.490 13.350 
6 15.3 1.2 255 1 238 0.05 1.183 14.417 
7 16.5 -0.2 255 1 110 0.07 -0.216 7.061 

Landsat 5 TM (2004) 
1 193.0 -1.5 255 1 82 0.77 -2.286 61.278 
2 365.0 -2.8 255 1 35 1.45 -4.288 47.847 
3 264.0 -1.2 255 1 31 1.04 -2.214 31.193 
4 221.0 -1.2 255 1 87 0.87 -2.045 74.927 
5 30.2 -0.4 255 1 59 0.12 -0.490 6.731 
6 15.3 1.3 255 1 134 0.06 1.231 8.681 
7 16.5 -0.2 255 1 20 0.07 -0.216 1.161 

 
 
Appendix 2.2 Reflectance calibration values for Landsat 5 TM images 

Band LMAX LMIN DN ESUN ρλ 
LS 5 TM 1993 

1 193 -1.52 99 195.7 0.0356155 
2 365 -2.84 54 182.9 0.038108 
3 264 -1.17 70 155.7 0.0447653 
4 221 -1.51 73 104.7 0.0665707 
5 30.2 -0.37 114 21.93 0.3178274 
6 15.303 1.238 238 7.452 0.9353134 
7 16.5 -0.15 110 7.452 0.9353134 

LS 5 TM 2004 
1 193 -1.52 82 195.7 0.0305784 
2 365 -2.84 35 182.9 0.0327184 
3 264 -1.17 31 155.9 0.0383848 
4 221 -1.17 87 104.5 0.057265 
5 30.2 -0.37 59 21.91 0.273126 
6 15.303 1.286 134 7.457 0.802493 
7 16.5 -0.15 20 4.457 1.3426499 
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Appendix 2.3 Landuse characterization based on ground-truthing, Google 
Earth image comparison and key information interviews 
 

Point Coordinates Ground points 
classification 

Google 
Earth 

Key informant 
interview 

 N E    

1 10.20240 124.17385 sparse, some plantation, 
heavily harvested stands 

Sparse 
mangrove 
with exposed 
mudflats 

Few trees dominated 
by Pagatpat 
(Sonneratia alba) 
and bongalon 
(Avicennia spp.); 
favorable site for 
shrimp catching 

2 10.20406 124.17259 sparse, some plantation, 
heavily harvested stands 

3 10.20463 124.17142 sparse, some plantation, 
heavily harvested stands 

4 10.20426 124.17026 sparse, some plantation, 
heavily harvested stands 

5 10.20440 124.17014 sparse, some plantation, 
heavily harvested stands 

6 10.20387 124.16810 natural stand, open area Natural stand 
gaps Open pool favorable 

for crab and shrimp 
catching 7 10.20552 124.16351 natural stand, open area Natural stand 

gaps 
8 10.20634 124.16161 Jaguliao Port port port 
9 10.20421 124.16058 open area Natural stand 

gaps 

Open pool favorable 
for crab and shrimp 
catching 

10 10.20422 124.16058 open area 
11 10.20362 124.16002 open area 

12 10.20197 124.15929 55 y-old logged over 
area 

Partially 
denuded 
plantations 

Intensively cut matur 
plantations for 
seaweed post and 
fuelwood 

13 10.20162 124.15916 55 y-old logged over 
area 

14 10.20121 124.15866 55 y-old logged over 
area 

15 10.20134 124.15755 55 y-old logged over 
area 

16 10.20086 124.15710 55 y-old logged over 
area 

17 10.19988 124.15716 natural stand Natural stand 

Natural stand of 
Avicennia and 
Sonneratia  and 
others 

18 10.19926 124.15604 logged over 40 years old 
plantation 

Pool or stand 
gap 

Open space; 
intensively cut for 
poles 

19 10.19913 124.15559 logged over 40 years old 
plantation 

20 10.19876 124.15562 logged over 40 years old 
plantation 

21 10.19804 124.15565 logged over 40 years old 
plantation 

22 10.19730 124.15546 logged over area 
23 10.19733 124.15511 logged over area 
24 10.19683 124.15486 logged over area 

25 10.19601 124.15444 20 years old plantation plantation  Young plantation of 
R. stylosa 

26 10.19569 124.15427 logged over 50 years old Pool or stand 
gap Open space 

27 10.19482 124.15421 open pool Pool or stand 
gap 

Open space for 
shrimp catching 

28 10.19461 124.15475 natural stands of So. 
Putik Vegetated 

stand 
Sonneratia 
Avicennia stands 29 10.19414 124.15535 natural stands of So. 

Putik 
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Appendix 2.3 continued.. 
 

Point Coordinates Ground points 
classification 

Google 
Earth 

Key informant 
interview 

 N E    

30 10.19317 124.15511 sitio putik Settlement 
area Settlement area 

31 10.20837 124.16560 open pool (Paden's 
North) 

Boundary of 
plantations 
(looks like a 
river) 

Open pool for 
shrimp catching 

32 10.20731 124.16369 Pool near Jaguliao pool Open pool for 
shrimp catching 

33 10.21014 124.16842 20 years old plantation plantation Young plantation of 
R. stylosa 

34 10.20884 124.16821 open pool 

pool Open pool for 
shrimp catching 

35 10.20869 124.16889 open pool 
36 10.20875 124.16969 open pool 
37 10.20852 124.17075 open pool 

38 10.20830 124.17165 barangay political 
boundary pool pool 

39 10.20474 124.17535 Paden North Boundary of 
plantations 
(looks like a 
river) 

Open pool for 
shrimp catching 

40 10.20124 124.17616 Paden's highway 

41 10.19726 124.17679 Paden's highway 

42 10.19495 124.16899 open / lagoon Open space Open space 

43 10.19620 124.16906 sparse Sonneratia Few trees Partially vegetated 
natural stands 

44 10.19667 124.16920 barangay political 
boundary 

Along Paden 
pass Along Paden pass 

45 10.19356 124.16132 sparse natural Open pool Open pool favorable 
for shrimp catching 

46 10.19360 124.16079 open pool Sparse 
vegetation Sparse vegetation 

47 10.19249 124.15405 natural stand at Sitio 
Putik 

Vegetated 
area 

Slightly sparse 
natural mangroves 

48 10.19151 124.15306 7 years old plantation With thick 
crown cover Young plantations 49 10.19073 124.15266 7 years old plantation 

with natural stands 

50 10.19012 124.15234 lagoon facing Brgy 
Nasingin Small gap Lagoon area 

51 10.18997 124.15146 sparse natural stands 

Partially 
open stands 

Natural stands with 
few trees 

52 10.19074 124.15183 sparse natural stands 
53 10.19200 124.15141 sparse Avicennia 
54 10.19267 124.15126 sparse Avicennia 
55 10.19280 124.15200 sparse Avicennia 
56 10.19332 124.15242 sparse Avicennia 
57 10.19378 124.15262 sparse Avicennia 

58 10.19411 124.15298 open pool with rock 
formation 

Small karst 
rock 
formation 

Small karst rock 
formation; elevated 
area with some sands 

59 10.19353 124.15349 pagatpat and bakawan Mixed 
natural stands Mixed natural stands 60 10.19463 124.15385 pagatpat and bakawan 

61 10.19626 124.15461 logged over No 
vegetation 

Logged mature 
stands 62 10.19703 124.15534 logged over 

63 10.19637 124.18257 Banacon port 
Port with 
distinct 
landing area 

Small port 
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Appendix 2.3 continued.. 
 

Point Coordinates Ground points 
classification 

Google 
Earth 

Key informant 
interview 

 N E    

64 10.19831 124.18272 Banacon plantation near 
barangay proper 

Thick 
vegetation 

Mostly mature R. 
stylosa plantations 

65 10.19897 124.18182 Banacon plantation near 
barangay proper 

66 10.20036 124.18191 Banacon plantation near 
barangay proper 

67 10.20127 124.18128 Banacon plantation near 
barangay proper 

68 10.20211 124.18083 Banacon plantation near 
barangay proper 

69 10.20315 124.18050 Banacon plantation near 
barangay proper 

70 10.20520 124.18084 seagrass bed 
Coastal area 

Coastal area, 
exposed segrass beds 
during low tide 

71 10.20487 124.18121 seagrass bed 
72 10.20418 124.18170 seagrass bed 

73 10.19726 124.17999 dense natural stand near 
cemetery Thick 

vegetation 

Mixed / natural stand 
near the settlement 
area 74 10.19775 124.17904 dense natural stand near 

cemetery 

75 10.19982 124.17761 dense 55 years old at 
Padens pass 

Thick 
vegetation 
along 
Paden’s pass 

Dense mature stands 
76 10.20022 124.17735 dense 55 years old at 

Padens pass 

77 10.20075 124.17705 dense 55 years old at 
Padens pass 

78 10.20060 124.17651 dense 55 years old at 
Padens pass 

79 10.19687 124.17536 natural stands near 
istumo Sparsely 

vegetated 
area 

Sparse mangrove; 
primarily mudflats 
when low tide 

80 10.19878 124.17477 natural stands near 
istumo 

81 10.19981 124.17412 natural stands near 
istumo 
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Appendix 3.1 Biomass regression of R. stylosa in comparison with diameter 

and height as co-predictors 
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        Appendix 3.2 Actual and computed biomass (kg) of R. stylosa trees (n=35) 
 

Tree No. Actual Measurement Computed using Full model 
 Stem Branch Leaves AGB BGB TODW Stem Branch Leaves AGB Roots TODW 

1 1.7  0.6 2.3 1.6 3.9 1.1  0.42 1.3 5.3 4.8 
2 2.0  0.4 2.4 3.3 5.7 1.3  0.42 1.5 5.4 5.6 
3 1.2  0.4 1.6 4.0 5.6 1.1  0.44 1.4 5.6 6.0 
4 1.1  0.5 1.6 2.9 4.5 1.1  0.44 1.4 5.6 5.6 
5 1.5  0.7 2.2 5.2 7.4 1.6  0.56 2.1 7.3 8.3 
6 1.2  0.4 1.7 4.9 6.6 1.3  0.56 1.8 7.3 8.2 
7 1.3  0.4 1.7 4.1 5.8 1.7  0.60 2.3 7.9 8.4 
8 1.7  0.5 2.2 6.2 8.5 1.6  0.60 2.1 7.9 9.4 
9 2.1  0.7 2.8 4.8 7.6 2.0  0.63 2.5 8.5 9.3 

10 1.5  0.8 2.2 6.0 8.3 1.8  0.64 2.4 8.6 10.0 
11 2.0  0.7 2.8 7.7 10.4 1.6  0.65 2.3 8.8 10.9 
12 4.3 1.7 0.3 6.3 5.4 11.7 3.8 0.70 0.71 4.3 9.8 10.9 
13 4.2 1.4 2.8 8.3 3.5 11.8 4.3 0.74 0.80 5.1 11.1 11.5 
14 2.3  0.7 3.0 6.7 9.7 2.8  0.87 4.0 12.2 14.2 
15 5.0 2.7 1.2 8.9 7.5 16.4 4.4 0.50 0.89 5.5 12.5 14.9 
16 4.9 1.8 0.4 7.0 3.2 10.2 5.6 0.87 0.98 6.9 14.0 14.6 
17 5.0 1.2 1.8 8.1 4.5 12.5 6.5 1.13 1.08 8.2 15.6 16.9 
18 8.4 2.6 1.2 12.2 16.3 28.5 7.2 1.85 1.08 8.7 15.6 23.2 
19 3.1 4.4 0.6 8.1 7.9 16.0 6.7 1.03 1.13 8.5 16.5 19.5 
20 7.9 5.2 2.1 15.2 20.4 35.6 7.3 1.25 1.18 9.4 17.3 27.6 
21 8.9 5.3 1.8 16.0 16.8 32.8 7.6 1.11 1.28 10.2 19.1 27.4 
22 5.7 3.7 0.5 9.9 7.8 17.7 7.6 1.09 1.28 10.1 19.1 22.4 
23 7.1 4.2 1.3 12.7 11.6 24.2 8.9 2.09 1.28 11.3 19.1 24.4 
24 5.4 6.9 1.5 13.8 15.0 28.8 8.2 1.47 1.28 10.7 19.1 26.4 
25 23.3 5.5 2.8 31.5 57.6 89.1 21.6 6.93 2.45 31.7 40.1 82.9 
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Appendix 3.2 continued… 

 
Tree No. Actual Measurement Computed using Full model 

 Stem Branch Leaves AGB BGB TODW Stem Branch Leaves AGB Roots TODW 
26 22.9 12.2 2.2 37.4 52.4 89.7 21.8 6.87 2.67 33.8 44.1 84.1 
27 23.1 10.7 2.6 36.4 41.9 78.4 24.7 8.53 2.81 38.1 46.9 79.9 
28 19.9 6.6 1.9 28.4 33.6 61.9 24.6 8.46 2.81 38.0 46.9 73.8 
29 27.9 8.2 3.7 39.9 52.3 92.2 30.6 12.74 3.27 48.7 55.7 99.9 
30 36.2 12.9 4.4 53.5 65.4 118.8 33.1 14.73 3.43 53.1 58.9 114.8 
31 29.0 11.5 4.5 45.0 74.2 119.2 23.6 12.58 3.52 42.9 60.5 124.5 
32 60.5 20.1 2.5 83.0 45.5 128.5 40.3 21.43 3.93 66.3 68.7 113.0 
33 36.4 22.5 5.4 64.3 67.0 131.3 46.7 29.55 4.46 79.7 79.4 145.5 
34 40.1 32.6 6.0 78.7 55.2 133.9 42.7 30.62 4.64 77.0 83.1 141.4 
35 50.3 41.6 11.3 103.1 58.8 161.9 51.0 35.13 4.73 87.9 85.0 147.1 
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Appendix 4.1 Design of sample plot for biomass and carbon stock assessment 
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Appendix 4.2 Diameter distribution of R. stylosa in plots of mature stand with  

thinning 
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Appendix 4.3 Diameter distribution of R. stylosa  in plots of mature stand 

with  thinning with supplementary planting 
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Appendix 4.4 Diameter distribution of R. stylosa in plots of mature stand with 

do nothing management 
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Appendix 4.5 Diameter distribution of R. stylosa in plots of young stands 

established using 0.5m x 0.5m spacing 
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Appendix 4.6 Diameter distribution of R. stylosa in plots of young stands 

established using 1.0m x 1.0m spacing 
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Abstract  

(In Korean) 

 

  현재 전 세계적으로 가장 긴급한 이슈 중의 하나로 기후 변화가 

대두되고 있는 것은 명백한 사실이다. 주요 탄소 흡수원으로서 산림

은 산림전용 및 산림황폐화 등으로 인하여 기후 변화에 많은 영향

을 미쳐왔다. 2012년 유엔 지속가능발전 정상회의(리우+20)에서 산림

의 위험적인 감소 및 탄소의 증가 상황으로 미루어 현재까지의 자

연 자원 보전 대책이 제대로 시행되지 못하였다는 것이 드러났다. 

산촌 커뮤니티에게는 삶의 기반으로서 산림이 기후변화로 인하여 

망가져가고 있다는 측면에서 지속가능한 산림 경영(SFM)에 대한 요

구가 오늘날까지 지속되고 있다. 이러한 측면을 잘 드러내고 있는 

예로서 고유의 서비스 기능이 악화되고 있는 망그로브 숲을 들 수 

있다. 망그로브 숲의 쇠퇴는 지역의 어업에 영향을 미치고, 심지어 

해안가 주민들이 조수 및 해일에 더욱 취약하게 되어 버렸다. 필리

핀의 경우에는 자국 내 망그로브 숲의 약 70%가 지난 세기에 걸쳐

서 사라져버렸다. 이러한 과거의 쇠퇴 경향에도 불구하고, 최근에는 

망그로브 숲의 생태적 가치에 대한 이해가 커지면서 망그로브 숲의 

전용율이 감소하는 추세에 있다. 게다가 커뮤니티 기반의 산림 경영 

프로그램의 도입되면서 지역 주민들이 해안 식생을 복원하고 기존

재하는 망그로브 성숙림을 보호하려고 노력하고 있다. 사실상 지역 

커뮤니티들은 기후 변화뿐만 아니라 산림전용을 완화시키는데 중요

한 역할을 하고 있다. Bohol Province의 Banacon 섬은 필리핀에서 커

뮤니티 기반 망그로브 숲의 성공적인 사례 중 하나이다. 이 연구는 

망그로브 숲의 탄소 격리 용량을 증진시키기 위한 임분 관리 전략
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을 개발하고자 하는 목적으로 수행되었다. 현재 필리핀 지역은 망그

로브 숲에 대한 공간분석, 성장 모델링, 탄소 저장 용량 및 임분 밀

도 관리 등에 관한 체계적인 연구가 부족한 상황이다. 이 연구의 결

과가 지역 커뮤니티 및 정부가 망그로브 숲에 대한 관리 방안을 개

선하고 조정하는 것에 도움을 줄 수 있다는 희망을 가지고, 이 연구

에서는 다양한 측면에서의 연구결과를 통합하고자 하였다. 

토지이용 특성을 분석하기 위하여 1993년과 2004년에 각각 촬영

된 인공위성 영상을 비교 분석한 결과, 밀집 성숙림(dense mature 

stand), 밀집 준성숙림(dense intermediate stand)과 성긴 망그로브 숲

(sparse mangrove) 등 세 종류의 토지이용이 뚜렷하게 구분되었다. 최

대우도비를 이용한 영상 분류 기법을 적용한 결과, 밀집된 망그로브 

숲은 10년 동안 146.5 ha에서 285.0 ha로 증가한 것으로 나타났다. 이

것은 지역 커뮤니티의 조림에 대한 지속적인 노력이 크게 반영된 

결과이다. 밀집 성숙림(30~55년생)과 준성숙림(29년생 이하)은 각각 

41%와 60%의 규모로 확대되었다. 이러한 망그로브 숲의 확대는 연

간 1.4 ha 및 7.5 ha 규모의 조림 사업이 간벌로 인한 산림전용을 효

과적으로 보완하고 있는 것을 보여주고 있다. 

수목 바이오매스 산정을 위한 적절한 생장 모형을 개발하는 것은 

수목의 탄소 축적량을 효율적으로 정량화하는데 가장 중요하다. 이 

연구에서는 연구대상지에 적합한 생장 모형을 개발하기 위해서 35

개체의 Rhizophora stylosa를 샘플링하여 분석하였다. 그 결과, 수목 

지상부(수간, 줄기 및 잎)보다 지하부(뿌리)의 바이오매스가 더 크게 

나타났다. 또한, 흉고직경 및 수고는 수목 바이오매스를 산정하는데 

중요한 인자로 판단되었다. 한편, 생장 모형은 완전 모형(full model)
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과 제한적 모형(reduced model)의 두 가지 형태로 만들어졌다. 완전 

모형은 바이오매스 산정을 위한 독립변수로서 흉고직경과 수고를 

모두 이용하는 반면 제한적 모형은 흉고직경 만을 이용하게 된다. 

두 모형 모두 높은 결정계수(R2)를 나타내어 그 결과의 신뢰성이 보

장되었다. 하지만, 흉고직경과 수고는 서로 강한 상관관계에 있는 

것으로 나타나서 완전 모형이 보다 선호되었다. 그러므로 완전 모형

을 이용하면 바이오매스를 산정하는데 흉고직경과 수고의 영향을 

모두 반영할 수 있다. 

  마지막으로 망그로브 숲의 탄소 경영 전략을 발전시키고자 하는 

연구목적을 위하여 망그로브 숲의 탄소 축적량에 대한 산림 관리의 

영향을 평가하였다. 표준 방형구 샘플링 법과 적절한 생장 모델을 

이용하여, 세 종류의 임분 관리 방법 별로 R. stylosa 성숙림의 바이

오매스 및 탄소 축적량이 평가되었다. 임분 관리 방법은 1) 간벌, 2) 

간벌 후 보조 식재, 그리고 3) 보존(비간벌) 등이었다. 그 결과, 비간

벌에 의한 관리 방법이 가장 많은 탄소 축적량을 생산해내는 것으

로 평가되어서 가장 이상적인 방법으로 판단되었다. 하지만, 지역 

커뮤니티는 때때로 어업 및 연료를 위해서 망그로브 숲을 간벌하기 

때문에 이에 따른 밀도 손실을 보완하고 탄소 축적량을 증가시키는

데 용이한 간벌 후 보조 식재 관리 방법이 최종적으로 권장되었다. 

  산림 관리의 측면에서 고려된 또 다른 요인은 식재 간격이다. 각

각 0.5 m × 0.5 m 및 1.0 m × 1.0 m의 간격으로 식재된 R. stylosa 유령

림(20년생)에 대해서 바이오매스와 탄소 축적량을 조사한 결과, 0.5 

m 간격으로 식재된 임분에서 확연히 큰 값을 나타내었다. 또한, 밀

도, 수고 및 생존율도 0.5 m 식재 간격의 임분에서 더 크게 나타났
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다. 이러한 결과를 통해서 탄소 축적량을 증가시키기 위해서 밀집된 

간격으로 식재하는 방법이 효율적인 관리 전략으로 추천되었다. 

  한편, 수종 구성 역시 첨연림의 탄소 축적량에 영향을 미칠 수 있

는 것으로 나타났다. 수목 내 탄소 축적량은 Sonneratia alba가 우점

하고 있는 임분에서 더 크게 나타났다. 반면에 토사 내 탄소 축적량

은 더 두꺼운 유기물 층과 많은 토사량을 가지고 있는 Avicennia 우

점 임분에서 더 크게 나타났다. 그래서 Avicennia 우점 임분의 탄소 

축적량을 보다 증진시키기 위하여 Sonneratia alba를 이용한 

enrichment planting이 추천되었다. 

  최종적으로 이 연구에서 도출된 결과를 종합하여 망그로브 숲의 

탄소 축적량을 증진시키기 위한 도식화된 임분 밀도 관리 체계가 

제안되었다. 제안된 관리 체계는 가장 이상적인 임분 밀도와 탄소 

축적량을 획득하기 위해 필요한 조건을 요약 정리하고 있다. 
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Abstract 

 

Undeniably, climate change has grown as one of the most pressing 

issues of world today.  Deforestation and forest degradation had 

contributed much to this problem since forests are important carbon sinks.  

Reflections from Rio +20 Earth Summit revealed that not much has been 

done to conserve natural resources since forest cover continuously 

disappears at alarming rates and carbon dioxide remains soaring and 

unabated.  The need for sustainable forest management (SFM) reverberates 

until today as impoverish forest communities sob when they grapple with 

the harsh impacts of climate change, realizing that the forest which provides 

them subsistence is also direly shedding off.  One such example is the 

mangrove forests where their essential services have degraded through time.  

This has affected local fisheries and even made coastal communities more 

vulnerable to threats of tidal surges and tsunami.  In the Philippines, about 

seventy percent of its original mangroves have disappeared over the past 

century.  Albeit this trend, deforestation rate has decreased today due to 

growing awareness of their ecological values. Further, the adoption of 

community-based forest management programs has started spurring efforts 

to restore coastal vegetation and protect existing growth mangroves.  

Indeed, local communities have critical roles to play in curving down 

deforestation as well as climate change. Among the successful cases of 

community-managed mangrove sites in the Philippines is the Banacon 

Island in Bohol Province.  With an aim to develop stand management 

strategies for better carbon sequestration capacity of their plantation, this 

study was conducted. Recognizing that there is not much studies on geo-

spatial analysis, allometric modelling, carbon stock capacity and stand 
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density management of mangroves in the country, this study sought to 

integrate these facets into this report in hope that such information can help 

local community and government to improve and calibrate their current 

programs on mangroves. 

 On landuse characterization aspect, the comparison between two 

available satellite images of different years (1993 and 2004) revealed three 

distinct forest landuses namely, dense mature stand, dense intermediate stand, 

and sparse mangrove.  Using maximum likelihood image classification 

approach, dense mangrove cover was found to have increase from 146.5 to 

285 ha after a decade.  This was largely attributed to continuous planting 

effort of the local community.  Dense mature (30-55 yr. old) and 

intermediate (≤ 29 yr. old) stands have expanded by forty one percent and 

sixty one percent, respectively.  This progress also showed that the 

deforestation rate (due to thinning for pole and fuelwood) was compensated 

by planting activities with as much as +1.4 ha yr-1 and +7.5 ha yr-1, 

respectively.  

 Developing appropriate allometric models for calculating tree 

biomass is of paramount importance to effective quantification of tree carbon 

stocks. Thus, sampling of 35 Rhizophora sylosa trees was conducted to 

develop allometric model specifically intended for the study site.  Key 

results showed that larger portion of tree biomass is vested in belowground 

biomass (roots) than in aboveground biomass (stem, branch, and leaves).  

Diameter and height values were identified as significant co-predictor 

variables of tree biomass.  Allometric models were then formulated in two 

formats: full and reduced.   Full model uses both diameter and height as 

independent variables for tree biomass estimation while reduced model solely 

utilizes diameter values.  Both allometric model forms yielded high 
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coefficient of determination (R2) index thus suggesting their reliability of use.  

Full model was however preferred since diameter and height variables were 

found strongly correlated parameters with one another.  Using full model can 

therefore reflect the contribution of both diameter and height on tree biomass 

calculation. 

 Responding to the study goal of developing carbon management 

strategies for mangrove forests, the last chapter dealt mainly on the 

assessment of effects of forest management on mangrove carbon stocks.  

Using standard plot sampling technique and appropriate allometric models, 

biomass and carbon stock of mature (30-55 years) R. stylosa plantations were 

assessed based on three current stand management types being implemented 

in the site.  These include: thinning, thinning with supplementary planting, 

and do nothing (non-thinning).  Do nothing approach was identified as the 

most ideal since it produced the largest carbon stock.  However, since the 

local community occasionally thins their plantations for poles and fuelwood, 

thinning and supplementary planting was therefore recommended by the 

study because of its ability to replenish density losses and augment carbon 

stocks.    

Another forest management aspect examined was plant spacing 

design.  Based on biomass and carbon stock values of young R. stylosa 

stands (20 years old) that were established using of two different spacing: 

0.5m x 0.5m; and 1.0m x 1.0m, values were found significantly larger in the 

former.  Density, tree height and survival was also seen favorable in stands 

that were raised using 0.5m x 0.5m spacing.  Therefore, closer spacing 

method was recommended as better plantation establishment strategy to 

achieve large carbon stocks.  

Species composition in natural stands also showed some likely effects 
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on the carbon stocks of natural stands.  Tree carbon stock was larger in 

Sonneratia-dominated stands where Sonneratia alba predominate.  On the 

other hand, sediment carbon stock was bigger in Avicennia-dominated stands 

owing to its thicker OM layer and larger sediment mass.  Thus, to further 

improve the carbon stocks of Avicennia-dominated stands, enrichment 

planting using Sonneratia alba was recommended to complement their 

already rich sediment carbon. 

Putting all together the relevant information about the effects of stand 

management, plant spacing and species composition on mangrove carbon 

stock, a schematic stand density management framework was proposed. This 

framework summarized the necessary conditions to achieve the most ideal 

stand density and carbon stock. 
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Chapter I. General Introduction and Review of Literature 

 

 1.1 Background 

The subtle thread that ties deforestation and poverty can be traced 

along with the inadequate knowledge and appreciation of forest resources, 

and fractional commitment toward their conservation.  Over the past two 

decades, sustainable development has become the banner framework in 

harmonizing economic development and ecological conservation (OECD 

2008).   Since its grand declaration during the first United Nations Conference 

on Sustainable Development (UNCED) in Rio de Janeiro, Brazil in June 1992 

(popularly known as the Earth Summit), many nations paved their way to 

align domestic policies and programs towards wise utilization of natural 

resources.  Sustainability standards were imposed over forest utilization and 

trading. Forest conservation also started to receive greater attention as 

biodiversity loss and climate change became pressing.    Management of forest 

commons also mainstreamed upon the recognition that deforestation is largely 

anthropogenic and better solutions boil down to empowering local 

stakeholders.    Notwithstanding much technological advances to curve down 

pollution levels and optimize natural resource use, efforts were still seen 

inadequate as global environmental condition was seen to be direr.   

Reflections from UNCED or RIO+20 on June 2012 underlined that 

over 300 million hectares of land had been lost for deforestation since the first 

conference in 1992 (CPF 2011).  Carbon dioxide emission has also increased 

by thirty six percent; biodiversity has dropped by twelve percent; and human 

population has increased by twenty six percent.    Left pending issues of 

inequitable access to forest benefits against rural poor remain exacerbating 

poverty and forest degradation in many developing countries.  Thus, another 
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hopeful call for “The Future We Want” is at hand to re-orient old paths 

towards meaningful sustainable development direction.  Nations then once 

again declare: 

We call for enhanced efforts to achieve the sustainable 

management of forests, reforestation, restoration, and afforestation, 

and we support all   efforts   that   effectively   slow,   halt,   and   reverse   

deforestation   and   forest degradation, including promoting trade in 

legally harvested forest products.  

We note the importance of such ongoing initiatives as reducing 

emissions from deforestation and forest degradation in developing 

countries, and the role of conservation, sustainable management of 

forests and enhancement of forest carbon stocks in developing countries. 

We commit to improving the livelihoods of people and 

communities by creating the conditions needed for them to sustainably 

manage forests, including by strengthening cooperation arrangements in 

the areas of finance, trade, transfer of environmentally sound 

technologies, capacity-building and governance, as well as by 

promoting secure land tenure, particularly with regard to decision-

making and benefit-sharing, in accordance with national legislation and 

priorities. 

 

United Nations General Assembly (2012) 

  

Deforestation and forest degradation continuously evolved as a global 

issue today.  The traditional notion that planting trees alone will bring back 

forest has gone upon the realization of the need to put people first before real 

sustainability to follow.  Sustainable forest management or SFM approach is 



 
3 

 

therefore needed to yield long-lasting and significant impacts on the ground 

(FAO 2012).  This approach largely considers seven thematic areas of 

development such as:  1) extent of forest resources; 2) biological diversity; 3) 

forest health and vitality; 4) productive forest functions; 5) protective forest 

functions; 6) socio-economic functions; and 7) legal, policy and institutional 

framework. Along these themes, international agreements, either bilateral or 

non-binding, are being made to spur cooperation and commitments between 

countries to conserve dwindling and degrading forests resources (Speth and 

Haas 2006; Desai and Potter 2008). 

As often described, forests are vital abode to countless organisms 

particularly human.  They play critical role in balancing global processes and 

providing myriad goods and services.  One of their very important functions 

is climate change mitigation by which trees and forest soil absorb atmospheric 

carbon in their biomass.  According to FAO (2010a), there remains four 

billion ha of forest around the globe today which holds as much as 289 Gt of 

carbon.   However, annual deforestation is still alarming at 13 to 16 million 

ha yr-1 thus losing 0.5 Gt C yr-1.    Deforestation is even more serious in the 

tropics where more than 100 million ha has been depleted over the past one 

and a half decade (Williams 2002; FAO 2012).    In South and Southeast Asia 

alone, denudation rate was estimated to 991,000 ha yr-1 and still counting.  

The Philippines shares a similar story where half of its lush and biodiverse 

forest cover has been lost over the past century (Bankoff 2007).  This has 

contributed to at least two percent of the total global carbon emission today 

(Lasco 1998; Sheeran 2006).  Latest statistics also reported that there is now  

7.6 million ha of forest cover left in this country with an annual deforestation 

of 2.1% (FAO 2010a, FMB 2011).  Forest conversion to agriculture lands, 

legal and illegal logging, timber poaching and mining are just few of the major 



 
4 

 

drivers of deforestation and forest degradation (Liu et. al 1993).   On a broader 

perspective, deforestation is exacerbated by poverty, lack of secure land 

tenure patterns, inadequate recognition rights and needs of forest-dependent 

indigenous and local communities, inadequate cross-sectoral policies, 

underevaluation of forest products and ecosystem services, lack of 

participation and good governance, absence of economic support to facilitate 

sustainable forest management, illegal trade, and national policies that distort 

markets and encourage conversion of forest to other landuses (IFF 2000).  

Among the tropical forest ecosystems, mangrove forest is the perhaps 

the most threatened though it only constitutes 0.4% of the world’s forest area 

(Kathiresan and Bingham 2001; Spalding et al. 2010).  Globally, they are 

estimated to 15.6 million ha today from just nearly 16.1 million ha in 1990 

(FAO 2010a).  Massive loss was observed in Asia where 1.9 million ha deficit 

from the 1980 figure and rate of -102,000 ha yr-1 was recorded (FAO 2007).    

In the Philippines, about half of its original mangrove forest has been lost 

since its earliest record of 500,000 ha during 1900 (Brown and Fischer 1920; 

Chapman 1976).  Two of the major causes of this decline were overharvesting 

of mangrove trees for fuelwood, charcoal, and pole, and conversion of 

mangrove areas to aquaculture ponds (Primavera 2000).  Philippine 

mangroves barely cover 247,362 ha today with an annual deforestation rate 

of 0.8% (FMB 2011).  Notwithstanding this historical downtrend, 

deforestation is showing signs of ease at least in the past two decades.  From 

2300 ha yr-1 in 1990, deforestation rate has decreased to 2000 ha yr-1 today 

that can be attributed to growing awareness of their ecological values such as 

ecotourism, biodiversity, and carbon sequestration. Further, the adoption of 

community-based forest management programs is now spurring efforts to 

restore coastal vegetation and protect existing growth mangroves. 
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Indeed, local communities have critical roles to curve down 

deforestation in tropical forests particularly the mangrove domains.  They 

need to be intimately involved in crafting sustainable forest management 

plans and programs to bolster their commitment to forest conservation and 

ensure their access to forest benefits (FPEP 2007).  A major challenge is to 

align management strategies with real site conditions.  There is a need to 

establish sound information about the ecological, bio-physical, and socio-

economic attributes of mangrove area prior to planning or improvement of 

existing forest management systems.  Sustainable levels of forest 

management is essential.  Unfortunately, this information has always been 

insufficient in many community-based mangrove projects in the Philippines 

(Primavera and Esteban 2008; Yao 2001; Gevana et al 2008; Camacho et al 

2011).  There has also been limited effort to modify government-prescribed 

forest management blueprints hence reforestation and forest protection efforts 

are often off-tracked and inadequate at best (Samson and Rollon 2008).   With 

these limitations, studies that will capture sustainable and effective mangrove 

management strategies are important.   Such studies will respond to timely 

environmental issues especially climate change by which human and forests 

are directly affected.    
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1.2 Study Objectives 

This study sought to assess the climate change mitigation potential of 

a community-managed mangrove forest in the Philippines.  It centers on 

developing carbon management strategies in mangrove forests.  Such inquiry 

entailed clear-cut understanding on how stand management contributes to 

changes in forest landuses and carbon stocks.  Communicating the salient 

findings of this study to various stakeholders will help calibrate mangrove 

management plans to become more sustainable, conservation-effective and 

responsive to the needs and aspirations of the local community.   In achieving 

this aim, this study specifically sought to: 

 

· describe spatio-temporal characteristics of mangrove forests;  

· formulate allometric models for biomass estimation;  

· estimate biomass and carbon stocks of mangrove stands; and 

· evaluate effects of stand management, plant spacing and species 

composition on carbon stock production; and  

·  propose carbon management strategies for mangrove forests. 
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1.3 Literature Review 

 

1.3.1 Mangrove forest 

Mangroves are among the world’s most productive ecosystems. They 

enrich coastal waters, yield commercial forest products, protect coastlines, and 

support coastal fisheries. They have unique characteristic by being true 

ecotones of land and ocean.  The term mangrove denotes two different concepts 

according to Lugo and Snedaker (1974) and Alongi (2010).  Firstly, it refers to 

a group of salt-tolerant plants belonging to nine orders, 20 families, 27 genera, 

and roughly 70 species.  These plants can cope with changes in water and 

sediment salinity by evolving both xeromorphic 1  and halophytic 2 

characteristics.    Secondly, it refers to complex plant communities that fringe 

tropical and subtropical (32° N to 32° S) shores and delimited by major ocean 

currents and 20 °C isotherm of seawater in winter.   Figure 1.1 shows the 

distribution of mangroves forest across the globe wherein plant diversity is 

highest in the Indo West Pacific region. 

Mangrove plants are also well adapted to deal with natural stressors 

such as high temperature, high salinity, anaerobic sediments, and extreme tides. 

However, because they live close to their tolerance limits, they are sensitive to 

other disturbances like those that are brought by human activities (FAO 2007).  

In many regions, mangrove stands are already in the brink of complete collapse 

after being favored as sewage disposal sites and aquaculture ponds (Kathiresan 

and Bingham 2001). 

 

                                                      
1 Xeromorphic characters are adaptations that enable plants to conserve water. 
2 Halophytes are plants that show adaptations for living under high salt conditions, such as 
plants that live near the sea shore. 
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Figure 1.1 Global distribution of world’s mangrove forest (Spalding et al. 

1997, Duke et al. 1998; Alongi 2010) 

 

Ironically, the fifty percent loss in the world’s mangrove forest over the 

past half century reflects the fact that mangroves are indeed valuable economic 

resources that are being wasted.  According to Costanza et.al (1998), global 

mangrove forest worth US$ 180,900,000,000 and their average monetary value 

is estimated to US$ 10,000 ha-1 yr-1.  Such price is expressed in several 

ecological services (FAO 2007; Mithapala 2008):  

 

1) Provisioning service 

· All over the world, mangrove timber is used to build and make houses, 

furniture, rafters, fences, and boats. About 300,000 m3 of mangrove 

wood is extracted annually from the Sunderbans of Bengal. 

· Mangrove wood is also used as fuelwood and still provides ninety 

percent of the fuel used in Viet Nam. 

· The leaves of species such as the Mangrove Palm (Nypa) and Screw 

Pine (Pandanus sp.) are used for thatching and weaving. Because it 
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is light, the wood of Cerbera manghas is used in Sri Lanka to carve 

masks and puppets. 

· The breathing roots of various Sonneratia spp – with their 

aerenchyma tissue – are used to make corks and fish floats. 

· Because of their salt glands, mangrove plants are a source of sodium 

and the ash of some species such as Avicennia is used as soap. 

· Bark of many species produces gums and tannins.  

· In the Bangladesh and India, honey from mangroves is an important 

local industry, producing 20 ton of honey every year from 200,000 

ha of mangroves. 

· Mangrove leaves, fruits, shoots, and roots serve as vegetables and 

edible fruits in many parts of the region and other non-timber forest 

products such as sugars and drinks are extracted from different 

species such as Sonneratia. 

· About 70 different mangrove plants are listed as having traditional 

medicinal uses for treatment of various ailments and diseases.  

· As much as eighty percent of global fish catches are directly or 

indirectly dependent on mangroves.  

· Annual commercial fish harvests from mangroves have been valued 

at 6,200 USD per km2 in the United States to 60,000 USD per km2 in 

Indonesia.  

· The annual market value of seafood from mangroves is estimated at 

US$7,500-167,500 per km2.  

2) Regulating Service 

· Trees protect shoreline from tidal surges and extreme wind 

conditions.  A good example of this is the 2004 Tsunami in the Indian 
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Ocean where mangroves in Sri Lanka helped minimize the 

horrendous impact of tidal waves. 

· Mangrove reduces the effects of flooding and sea water intrusion. 

· Mangrove traps and filters pollutants from both land and sea. 

3) Supporting Services 

· Mangrove trees and sediments are rich carbon sink. 

· They also enhance land accretion or sedimentation therefore 

providing habitat for many flora and fauna. 

· Mangrove enriches coastal waters through its high organic 

accumulation which provide nutrients to marine flora and fauna. 

4) Cultural services 

· Mangrove forests are being developed to provide more aesthetics 

such as construction of boardwalks. 

· Mangrove sustains traditional fishing practices in many regions. 

 

Albeit countless benefits, amngroves are often undervalued (Clough 

2013).  The high population pressures in coastal zones led to conversion of 

mangrove areas to urban centers.  In order to augment food security and boost 

national economies, many governments have also encouraged development of 

agriculture, shrimp and fish farming, and salt and rice production over 

mangrove domains. These have resulted to massive fragmentation, degradation, 

and pollution of coastal areas.  One good example of this is Philippines where 

mangrove decline has been attributed to increase in brackish water ponds 

(Figure 1.2). 

 

 



 
11 

 

 

Figure 1.2 Temporal change in area covered by mangroves vs. brackishwater 

ponds (Primavera 2000) 

 

Over the last few years, however, awareness of the importance and 

value of mangrove ecosystems has been growing, thus leading to crafting of 

new legislations for better protection and management of coastal forests (FAO 

2007).  Widespread restoration of mangrove areas through natural regeneration 

or active planting has also been observed. 

 

 

1.3.2 Community-based mangrove management 

Like in the uplands, community forestry became the key forest 

management paradigm in mangroves today (Gilmour and Fisher, 1991; Pulhin, 

2000; Walters 2004).  Governments are no longer viewed as sole stewards of 

this ecosystem upon realizing that communities can be effective vanguards as 

well.     Community-based reforestation and management which is now being 

promoted enthusiastically by governments, non-government organizations, and 

aid agencies is believed to cultivate sense of stewardship among the people 

towards newly planted forests (Kaly and Jones 1998; Melana et al 2000; 

Walters 2004).  However, several studies in the Philippines raised some 

contentions about the effectiveness of this approach pointing that many co-
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managed mangrove development projects have failed to achieve the desired 

economic and environmental..   Some of these issues include: 1) elusive tenure 

rights of the local people towards the mangrove trees they planted hence local 

people just served as short-term employees of the reforestation project rather 

than owners (Yao 2001); 2) wrong motivations in participation as reforestation 

projects became a strategic reason for some people to secure tenure over 

intertidal spaces which they later plan to clear and put up new houses or ponds 

(Walters 2004); 3) poor zonation of state-owned coastal areas that allowed 

private individuals  or groups to own mangrove areas and later convert to other 

purposes (Farley et al 2009); 4) widespread tendency in planting trees that are 

not their natural habitat which has resulted to high mortality rate, low diversity, 

and stunted stands  (Samson and Rollon 2008); and 4) on the governance 

context, local governments and local communities usually cannot adequately 

manage mangroves because of their limited area of jurisdiction, limited 

research capacity, budget constraints, and the dominance of parochial interests 

in local politics favoring wealthy fishpond owners and illegal buyers of 

mangrove wood.  Against this backdrop, community-based management of 

mangroves needs more ground for improvement.   

     

 

1.3.3 Mangrove landuse change  

Ramirez-Garcia (1998) once noted that “If we want to assess and 

challenge the deforestation problem on mangrove covering areas, we have to 

recognize that many people in coastal areas of the tropics and subtropics need 

to open land for grazing and farming purposes, and more recently for 

aquaculture production. These disturbance activities, mainly in developing 

countries, have been specific and direct causes on cover retraction and 
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destruction of mangrove communities.” Indeed, the distribution, abundance and 

trade-offs in the mangrove cover had been widely assessed around the world. 

Many of these works involving mapping techniques using aerial photograph 

(Ball 1980; Lucas et al. 2002), satellite imagery (Manson et al 2002; Ambastha 

et al. 2010), video imagery (Everitt et al. 1991), and very recently through laser 

technology called Light Detection and Ranging Detection and Ranging or 

LIDAR (Zhang 2008; Knight et al. 2009).  Through time, remote sensing (RS) 

and geographic information system (GIS) tools have improved to provide more 

options for superb vegetation classification and mapping presentation.    

In other studies, ecological assessment methods were also done to 

explain changes in the floristic composition and density conditions in coastal 

forests.  Plots and non-plot sampling methods were used to determine 

ecological information (taxonomy, biomass, diversity, etc).  Duke et al. (1998) 

and Alongi (2010) made a good summary of the key environmental and 

ecological factors affecting mangrove cover change and distribution. These 

factors largely include temperature, solar radiation, rainfall, tide, salinity, 

sedimentation, sediment nutrients, water quality, propagule dispersal, 

pollination, flora-faunal interaction, species competition and mutualism, and 

photosynthesis, among others.  One interesting example is the interaction 

between the sesarmid crabs (Sesarmidae) and Avicennia plants in Australia.  

Smith (1992) observed that the propagules of Avicennia were selectively 

removed as they are being eaten by these organisms. It was then proposed that 

the commonly observed bimodal intertidal distribution of Avicennia marina 

was due to the presence of sesarmid crabs along the intertidal zones. 

Lastly, social researches are being done to complement mapping and 

ecological analyses.  Many of these works have centered on the assessment of 

anthropogenic factors affecting mangrove change. To name a few, there are 
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studies that looked on policy and governance (Primavera 2000; Saunders et al. 

2008; Farley et al. 2010), income, livelihood and patterns of use (Hue and Scott  

2008; Hussain and Badola 2010), tenure security (Adger and Luttrell 2000), 

gender issues (Rivera and Newkirk 1997 ), traditional values (Bandaranayake 

1998), and climate change vulnerability and adaptation (Tri et al. 1998; 

Dahdouh-Guebas et al. 2005).   Various participatory rural appraisal (PRA) 

approaches such as focus group discussion, key informant interview, and 

household survey have also been applied to collect needed information.   

Fundamentally, beyond all these tools and methods is the question of 

how reliable and accurate are the results we are getting. Bearing in mind that 

mangrove cover assessment encompasses wide spectrum of subjects, it is 

always crucial that research objectives, scope, and scale must be clearly defined 

at the beginning.   

 

1.3.4 Mangrove and climate change impacts mitigation 

In April of 2011, Nature Geoscience has headlined mangroves as 

among the most carbon-rich forests in the tropics, in which their carbon stocks 

can surpass those that are in other terrestrial forest types (Nature Geoscience 

2011).  This was based on the studies of Donato et al. (2011) which underscored 

mangrove’s huge capacity to offset atmospheric carbon by as much as 1,023 tC 

ha-1 and bulk of this stock (49–98%) are stored in peat or sediment.  In 

comparison with other forest ecosystems, carbon stocks ranges only from 66 to 

217 tC ha-1 based on the regional averages reported by FAO (2010).  Such 

advantage however reflects that mangrove deforestation largely contributes by 

as much as 0.12 PgC yr-1 or 10% to the total global carbon emission from forest.  

This irony calls for more visible actions to avert mangrove loss (Gilman et al. 

2006; FAO 2012).    
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 With the growing interests to validate mangrove’s mitigative roles in 

reducing the impacts of tsunami and tidal surges, several studies (eg. Kathiresan 

and Rajendran 2005; Danielsen et al. 2005; Yanagisawa et al. 2009) have 

confirmed that mangrove forests can significantly reduce tidal inundation 

during a tsunami event.  Effectiveness to attenuate tidal force largely was found 

largely dependent on stand density, age, tree diameter, area, exposure (seaward 

or landward), species composition, and sediment and shore slope (Alongi 2008).  

In one hydraulic experiment of Mazda et al. (1997), six-year-old mangrove 

forest with 1.5 km width was found effective in reducing one meter high of 

waves at the open sea and 0.05 m at the coast thus suggesting the significant 

preventive role of mangrove stand against tidal abnormalities.          

 In terms of adaptation to climate change, mangroves respond to sea-

level and temperature rise.  Spalding et.al (2010) believe that the expected 2-

4 °C climb in global temperature in the next 100 years will be greatly threaten 

mangroves as they will tend to move landward in response to impacts of sea-

level rise.  This will therefore lead to disruption diversity, change in flowering 

and fruiting, and expansion to higher latitudes where the range is limited by 

temperature.  McLeod and Salm (2006) and Gilman et.al (2006) stressed the 

importance of ameliorating degraded mangrove sites to help them become more 

resilient to climate change.  Some of their proposed strategies to achieve this 

include: 1) application of risk-spreading strategies to address the uncertainties 

of climate change; 2) identification and protection of critical areas that are 

naturally positioned to survive climate change; 3) manage human stresses on 

mangroves; 4) fortification of mangrove areas using engineering approaches; 5) 

establishment of  buffer zones for mangrove migration; 6) restoration of 

degraded mangrove sites; 7) establishment of  regional monitoring and 

protected area networks that will monitor and safeguard mangroves; 8) 

development of alternative livelihoods to local community as means to reduce 

mangrove destruction; and 9) establishing partnership with a variety of 

stakeholders to solicit support to respond to the impacts of climate change.  
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1.3.5 Carbon stock assessment techniques  

Carbon stock assessment studies in mangroves largely encompasses 

measurements of organic matter at different carbon pools namely: trees; forest 

floor; and sediments using plot techniques (Saenger 2002; Alongi 2010).  The 

number of sampling plots is determined using simple and stratified random 

sampling models prescribed by UNFCCC for Afforestation/Reforestation 

Clean Development (A/R CDM) projects (eg. AR-AM0001, AM0005, and 

AM0006).  Plots are usually nested to capture the varying contribution of trees 

and sediment to total carbon stock (Pearson et al. 2005).  Total carbon stock is 

expressed in weight per unit area (eg. ton C ha-1; megagram C ha-1).   

Prior to carbon stock assessment is the calculation of biomass or dry 

mass of different carbon pools.  This can be done through destructive sampling 

or harvesting and/or non-destructive sampling.  The former provides a direct or 

actual weight measurement of biomass, while the latter gives biomass estimate 

based on mathematical models.  Non-destructive measurement of trees include 

the use of allometric equation3 (Komiyama et al. 2008; Pearson et al. 2005).  

Allometric regression models are commonly formulated using actual tree 

values (diameter, height, wood density, basal area) to predict dry weight 

(usually in kg), volume (m-3) and carbon stock (tC ha-1).  Dry weight of trees 

and its parts (stem, branch, leaves and roots) can be calculated using field values 

such as diameter at breast height (dbh) and height.  The reliability of allometric 

models can be assessed based on correlation indices among the variables used 

as well coefficient of determination (R2) between predictor values (usually dbh 

and height) and biomass (Clough and Scott 1989; Clough et al. 1997; 

Komiyama et al. 2008; Kairo et al. 2009). 

 

                                                      
3 Allometric or biomass equation is a regression-based model that estimates the total 
dry weight (kg or ton) of trees.  Roughly half of the total tree dry weight is carbon 
(Komiyama et al. 2008; Pearson et al. 2005; Hairiah et al. 2001) 
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1.3.6 Mangrove plantations 

Plantation or planted forestry 4 is underscored as one of the remedies 

curving down greenhouse gases levels in the atmosphere while serving as 

carbon sinks (FAO 2010a).  Their wood products also have advantages over 

competing products made of other materials (cement, plastic, and metal) 

because they are renewable, energy efficient, and environmentally friendly 

(FAO 2006).    However, such vital services (among many others) are often not 

best realized because many of these plantations have not always lived up their 

full potential. This is because of the lack of knowledge, capacity and capability 

in providing enabling policies, and plans and technical support systems to 

warrant their sustainable management.   

 Critical in the integration of SFM principles in planted forest 

management is the good grasp of handful limitations that ‘artificial’ or 

‘industrial’ forests have. FAO (2010b) presaged that forest plantations do not 

purport to provide social, environmental, and economic functions of indigenous 

forests5. They can take over many, though not all its functions such as protection 

of biodiversity, non-timber forest products, etc.  Typically, planted forest only 

serves as a landuse option to improve logged-over and degraded forest lands 

and unprofitable marginal agricultural and aquaculture areas.  Its advantages 

may include better production of wood, fiber, fuel and non-wood products for 

commercial and subsistence purposes, and social and environmental services 

ranging from combatting desertification, soil and water protection, recreation, 

                                                      
4 Planted forest or forest plantation is a type of forest that is established by planting 
native or introduced species either through afforestation or reforestation for 
productive (eg. wood, food and fiber) and protective (eg. carbon sequestration, wind 
break, etc) (FAO 2010b) 
5 Indigenous forest pertains to a forest that comprises of plants that are known to be 
naturally living in the area.  It also denotes the natural habitat or original forest 
ecosystem (www.climatechange.govt.nz).   
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genetic conservation, shelter or habitat for some wildlife, and sequestering 

carbon.  In view of the latter role, the responsible management of plantations 

can complement and supplement the REDD-Plus initiatives.  It also opens 

avenues to empower local communities to manage forest well and realize the 

various economic benefits that can be derived therein.     

 In the Philippines, areas covered by planted forests are increasing.  This 

can be largely reflected by the National Greening Program of the National 

Government which targets rehabilitation of 1.5 million ha forestlands and 

coastal areas from 2011 to 2016 (DENR 2011).  Private companies were also 

visible in reforestation initiatives such as the Tokyo Electric Power Corporation 

and Marubeni Corporation (a coal-fired power generation plant) in Quezon 

Province. In 2003, they had successfully established 157 ha of Rhizophora 

plantation which was the first mangrove project in the country that was 

specifically intended for possible carbon offset project in the future (Gevana et 

al 2009).  

While massive afforestation and reforestation projects are sailing today, 

there is also a mounting concern about the widespread monoculture plantations 

particularly in the mangrove domains (Primavera and Esteban 2008; Samson 

and Rollon 2008).   Walter (2003) and Samson and Rollon (20008) reported 

that many of the mangrove rehabilitation projects in the Philippines over the 

past three decades have used single species (particularly Rhizopora sp.)  

because of its relative convenience and cheaper cost of establishment.  Results 

were argued dismal as seen in the stunted growth of trees and high mortality 

rates.  Albeit this pressing concern, there were also reports that commending 

the establishment of dense monoculture mangrove plantations.  For instance, 

Camacho et al. 2011 and Carandang et al (2013) regarded Banacon Island as 

one of the successful cases where its lush R. stylosa plantations were found 
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sufficient to meet domestic needs for wood (fuelwood and poles) in addition to 

large carbon stock they hold. Further, the local community of Banacon Island 

deems their R. stylosa planting as the reason why they have now a traditional 

practice of conserving mangrove forest.   

 

1.3.7 Mangrove restoration and rehabilitation 

Mangrove plantations are developed with an aim of either restoring 

or rehabilitating degraded coastal forests.  Lewis (1999) defines restoration 

as the return from a disturbed or totally altered condition to previously 

existing natural, or altered condition by some human condition.  The ultimate 

goal of it is to create a self-supporting ecosystem that is resilient to 

perturbation without further assistance. Rehabilitation, on the other hand, 

pertains to re-establishment of some ecological attributes of the degraded 

ecosystem, or complete replacement of the ecosystem’s structural and 

functional characteristics (Field 1998). These two conceptual objectives often 

overlap and unclear in many mangrove re-vegetation projects today, with 

little consciousness on the potential impacts of planting mangroves on the 

ecological well-being of mangrove areas as well.  In the Philippines, 

Primavera and Esteban (2008) and Samson and Rollon (2008) expressed 

caution towards continuous establishment of monoculture plantations or 

planting species that are not within their range of natural habitat.  They found 

out that many plantation projects yielded low survival and growth rates and 

to some extent have incurred damages to the diversity and habitat of other 

marine ecosystems. On the contrary, low diversity planting are being seen 

effective in Vietnam and South America (Hong and San 1993; Perdomo et al. 

1998; Twiley et al. 2000; Ellison 2000).   This strategy was noted helpful in 

providing platform for higher diversity forest in the future, provided that the 
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stand will not be harvested.   Kaly and Jones (1998) and Ruiz-Jaen and Aide 

(2005) provided several considerations in crafting well-guided mangrove 

restoration or rehabilitation plans.  These include: diversity (flora and faunal); 

vegetation structure (crown cover, density, height, and biomass); and 

ecological processes (sediment nutrients, soil organic matter, herbivory, 

dispersal, pollination, predation, parasitism, and marine fauna breeding and 

population).  Samson and Rollon (2011) also underlined the need to capture 

socio-political and governance aspects of mangrove rehabilitation in crafting 

mangrove plans particularly tenure rights (particularly the reversion of 

aquaculture ponds back to mangrove forest) and socio-economic aspect 

(income and livelihood sources that will be generated from mangrove 

development). 

 

 

1.3.8 Sustainable mangrove management for climate change mitigation 

negotiations 

IUCN (2012) noted that it is just a matter of time that mangroves will 

be soon included in the United Nations Conference on Climate Change 

(UNFCCC) negotiations on Reducing Emissions from Deforestation and Forest 

Degradation (REDD+) framework particularly in its carbon financing 

mechanisms.  Termed as blue carbon sink together with salt marshes and 

seagrass meadows, mangroves has been recognized as an essential component 

in climate change mitigation strategies since the Conference of the Parties (COP) 

in Durban or COP 17 last November 2011.  To date, the Intergovernmental 

Panel on Climate Change or IPCC have revised its Guidelines for National 

Greenhouse Gas Inventories on Wetlands to guide governments and private 

sector in the assessment and valuation of carbon stock, sequestration, and 
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emissions from these ecosystems (IPCC 2013).  More visible projects on carbon 

financing are expected to come over the next few years.   

While these agreements are being anticipated, explorations on 

payments for ecosystem services (PES) projects have also taken steps.  Wunder 

(2005) defined PES as voluntary transaction where a well-defined 

environmental service (or land use likely to secure that service), is ‘bought’ by 

a service buyer (minimum of one) from a service provider (minimum of one) if 

and only if the service provider secures service provision (conditionality).  The 

main purpose of it is to create incentives to change behavior around resource 

use (Padilla et. al. 2005). These incentives can be monetary or in-kind such as 

capacity building, livelihoods training, infrastructures, or tenure rights 
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1.4 Methodology 

 

1.4.1 Study site 

The Philippines is known for its romantic moniker as Perla del mar de 

oriente (in Spanish) or Pearl of Orient Sea because of its splendid natural 

tropical beauty.  Among these is the verdant and blue coastal ecosystem which 

is fourth longest in the world with a length of 36,289 km.  As an archipelagic 

country with 7,107 islands, tracts of coastal vegetation such as beach forest and 

mangroves are very common.   As a matter of fact, the capital city of Manila 

was named after a mangrove shrub called nilad (Scyphiphora hydrophyllacea) 

which used to be predominant along its scenic bay.   But in the turn of this 

century, mangroves became extremely pared from once lush extent.  Today, 

they only share 3.2% to the total forest cover of the country after a series 

dramatic decline (Figure 1.3). Largest remaining cover of 56,261 ha can be 

found in the province of Palawan; 20,565 ha in Sulu; and 14,170 ha in Quezon 

(Long and Giri 2011).   

 

 

Figure 1.3 Trend and major causes of mangrove forest cover in the Philippines  
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Natural mangrove forest of the Philippines can be categorized into five 

distinct formations namely, a) Rhizophora stand along river and intertidal 

mudflats; b) Avicennia stand at inundated beach and mudfalts; c) Sonenratia at 

subtidal sediments; d) Rhizophora stylosa along coralline substrates; e) Nypa 

forest along brackish rivers and lagoons; and e) mix trees, shrubs, and thorny 

bushes in elevated coasts (Figure 1.4).   Based on the listings of Fernando and 

Pancho (1980) and Primavera (2000), these formations harbor 40 species of 

major and minor mangroves that belong to 16 families, and as much as 30 

species of mangrove associates (primarily shrubs and vines).   

 

 

Figure 1.4 Common mangrove formations in the Philippines: a) Rhizophora 

along river; b) Avicennia stand; c) Sonneratia stand; d) R. styolsa on corralines; 

e) Nypa stand; and f) mixed species in elevated coast 
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Banacon Island was selected as a case for this study (Figure 1.5). 

Geographically, it is located at the northwestern part of Bohol Province 

covering two small barangays6  namely, Banacon and Jagoliao that are home 

to at least 300 households.  The main island has an area of about 660 ha that 

lies along 10º 03’ 30” to 10º 15’ 30” N and 124º 03’ 30 –124º 14’ 30” E; and 

forms part the eco-diverse protected marine sanctuary of Danajon Double 

Barrier Reef (Pichon 1977).   Roughly 1,115 ha of the nearby marine protected 

sandbars and seagrasses were additionally devolved by the DENR and 

Municipal Government of Getafe to the local community as expansion sites for 

their mangrove afforestation projects. The climate of the island belongs to Type 

IV of the Corona Classification which depicts ‘no distinct dry season’.   Its 

sediment is typically sandy to mud with pH ranging from 7.65 to 8.59.      

Historically, the main island was used to be devoid of good mangrove 

cover in early 1950s (Walters 2004).  Sandbars and reefs were very common in 

the area with just few strips of heavily deforested natural mangroves.  Many 

local residents cut Sonneratia, Rhizophora, and Avicennia trees during those 

times which they later sell to bakeries in the nearby city of Cebu.   Recognizing 

the huge economic gains from fuelwood, many residents started planting 

mangroves in their backyard in hope that they will get profitable income from 

the trees in the future.   This initiative was inspired by a local resident known 

as Mr. Eugenio Paden who developed a dense planting method7 of raising R. 

stylosa propagules on sandbars and shallow mudflats.   Exhibiting ease in 

harvesting and planting propagules, other residents has then followed him.  This 

initiative eventually became a traditional practice that was carried through by 

                                                      
6 Barangay pertains to village or smallest political or administrative division in the 

Philippines  
7 Direct field planting of R. stylosa propgules with a distance of 0.5m x 0.5m to ensure 

greater survival and faster growth. 
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their succeeding generations even though that they faced the unexpected cutting 

ban policies of the government. 

 

 

 

Figure 1.5 Location map of Banacon Island, Getafe, Bohol, Philippines 

 

According to Yao (2001), efforts to legalize local community’s rights 

to harvest their plantations were initiated as far back as 1978 when the Bureau 

of Forest Development (now Forest Management Bureau or FMB) of the 

Department of Environment and Natural Resources (DENR) has placed their 

plantations under the Community Tree Farm Program.  However, this was not 

sustained because the DENR later implemented the Integrated Social Forestry 

Program (ISFP) in 1982 which required a different tenure instrument called 

Certificate of Stewardship Contract (CSC) allowing the community to manage 

and harvest their plantations for at least 25 years.  Before even before CSC was 

issued, Presidential Proclamation No. 2151 (Declaring Certain Islands and/or 

Parts of the Country as Wilderness Areas) was enacted in 1981 declaring all 

mangrove forests as protected area.  With these unenduring frustrations, the 
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planters of Banacon started harvesting and selling trees illegally.  To avoid the 

risk of being caught, they sold poles and fuelwood on-site at a very low cost.  

This then became a major problem of the government and local community as 

mangrove plantations are being tremendously peeled-off undervalued and 

unaccounted.   

Stricter policies to avert mangrove deforestation were then passed in 

the later decade through Republic Act 7161 or Act of Incorporating Certain 

Sections of the National Revenue Code in 1991, and Republic Act 7586 or 

National Integrated Protected Areas System Act (NIPAS of 1992).  However, 

these legislations did not totally prevent illegal harvesting of mangroves.  

Another attempt was made to provide Banacon planters Community-based 

Forest Management Agreement (CBFMA) which they have long sought for.  

Managed cutting of mangrove plantations was then allowed by the virtue of an 

Executive Order 263 issued in July 1995 known as Community-based Forest 

management as the National Strategy to Ensure the Sustainable Development 

of the Country’s Forestlands and Providing Mechanisms for Its Implementation 

and DENR Administrative Order 1998-10 or Guidelines on the Establishment 

and management of CBFM Projects with Mangrove Areas.  In 2004, Banacon 

planters were organized into a People’s Organization 8  called Banacon 

Fisherfolks and Mangrove Planters Association or BAFMAPA whom was 

vested with CBFMA title.  Of the 300 households, 100 of them became 

members of this organization.  Less extractive methods such as thinning or 

selection cutting was then allowed to improve plantations as long as the trees 

they cut will be used for household consumption such as fuelwood and poles 

for seaweed farms and house construction.  With vast areas of plantation today, 

                                                      
8 Prior to issuance of their tenure right, the local community must be organized and 

legally registered as a People’s Organization. 
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there is also a strong local interest to commercially them for additional income.  

DENR however remain rigid on the cutting ban because of the enduring rule of 

RA 7161.  In hope that this policy will someday be revised to favor commercial 

cutting in plantations, BAFMAPA has prepared its Community Resource 

Management Framework (CRMF) which is a plan or document to ‘sustainably’ 

harvest and replant plantations for commercial purpose.   

With the continuous planting efforts despite seemingly hopeless tenure 

process, their plantations amassed to about 500 ha and continuously expanded 

towards nearby seagrass areas and sandbars.  Some private corporations have 

also invested in the afforestation project such as the Kanepackage Philippines 

Inc. or KPG (an international corrugated box production company) which eyes 

200 ha plantation as part of their corporate social responsibility (CSR) project 

and potential source for carbon credits in the future (Figure 1.6).  

 

 

 

Figure 1.6 Mangrove plantation establishment in Banacon Island 
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The success story of Banacon has been well-recognized in the country 

and abroad.  In 1981, BAFMAPA received the Likas Yaman Award or the 

Natural Resources Award from the DENR for their exemplary performance in 

coastal reforestation.  In 1991, they also received the prestigious Outstanding 

Tree Farmer Award from the Food and Agriculture Organization (FAO).   

It was mainly because of the abovementioned achievements why this 

study has chosen Banacon Island as its site.   With the remarkable success in 

mangrove planting, Banacon undoubtedly possesses a huge potential to have a 

carbon sequestration project in the future.  Marching towards this goal however 

demands ample information on mangrove landuses, biomass, carbon stocks, 

plantation management regime, and stakeholders’ roles and interests.  Such 

information are often lacking in many community-managed mangrove sites in 

the Philippines (Primavera 2000; Walters 2003; Gevana and Pampolina 2009; 

Camacho et al. 2011); and yet vital to formulate sustainable forest management 

plans and programs that will harmonize social interests with the ecological 

well-being and economic values of mangroves.    

 

1.4.2 Data collection and research framework 

Data collection 

Actual field collection was conducted from May 2012 to February 2013.  

Initial field visits and scoping work (i.e., reconnaissance survey, GPS control 

point collection, and pre-sampling of carbon stocks) was done from July 2011 

to January 2012. 
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Research framework 

This dissertation is composed of four chapters.  Chapter I is the 

general introduction which describes the motivations of the study. The research 

framework shown in Figure 1.7 was used to specify the scope of the study, and 

to serve as guideline for data analyses and logical presentation of results that 

were presented in three other chapters.  Chapter II entitled Forest Landuse 

Characterization in a Small Mangrove Area: The Case of Banacon Island, 

Bohol, Philippines dealt about remote sensing and mapping using GIS 

techniques (Box A). Information about mangrove landuses were used to 

determine the number of sample plots required for carbon stock assessment.  

Biomass Modelling of Rhizophora stylosa constituted Chapter III (Box B).  

This largely included discussions on formulating allometric or biomass 

equations that are necessary for computing carbon stocks of Rhizophora stylosa 

trees.  With information on tree biomass models, the aboveground and 

belowground tree carbon stocks were assessed as part of the last chapter, 

Chapter IV (Box C) entitled Effects of Forest Management on Carbon Stocks 

of Mangrove Forests.  Carbon stocks (both trees and sediments) were assessed 

and compared across: a) stand management and plant spacing, for plantations; 

b) species composition, for natural stands.  Significant correlations and 

differences oserved from these assessments were used to conceptualize carbon 

management strategies for Banacon mangrove forests.  
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Figure 1.7 Research framework of the study 
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Chapter II. Forest Landuse Characterization in a Small Mangrove Area: 

The Case of Banacon Island, Bohol, Philippines 

 

2.1 Introduction 

Mangrove forest is indeed one of the most productive ecosystems of 

the world. It contains a diverse group of halophytic species that belongs to eight 

different families (Lugo and Snedaker 1974). Mangroves also enrich coastal 

waters, yield commercial forest products, protect coastlines, and support coastal 

fisheries.  About fifty five percent of the world’s population live on mangrove 

ecosystems and draw heavily from their goods and services.  In a less 

documented role, mangrove trees also regulate flooding, erosion, siltation, and 

tidal surges thereby providing habitat to human and countless organisms. 

Nearly two-thirds of all kinds of commercial fishes also depend on mangroves 

for their growth, reproduction, and survival.   

The proximity of mangroves to population centers leads to their 

massive degradation and loss.  In many regions, mangrove areas are used for 

sewage disposal, converted to human settlement and industrial sites, and 

excavated for aquaculture ponds.  Globally, there are only 15.2 million ha of 

mangroves left and deforestation rate is still quite alarming with about 102,000 

ha year-1 (FAO 2007). Massive loss was reported in Asia of about 1.9 million 

ha since 1980.    In some regions, mangrove areas are already in the danger of 

complete collapse (Kathiresan and Bingham 2001).   

The Philippines shares a similar story because seventy percent of its 

original mangrove forest was lost over the past century.  Overharvesting of 

mangrove trees for fuelwood, charcoal and pole, and conversion of mangrove 

areas to fish ponds are the main drivers of mangrove deforestation (Brown and 

Fischer 1920; Chapman 1976; Primavera 2000).  Today, Philippine mangroves 
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cover about 247,362 ha with annual deforestation rate of 0.8%.  But 

notwithstanding this historical decline, deforestation is now showing signs of 

ease because of the appreciation of the need to conserve their broader values 

such as ecotourism, biodiversity, and carbon sequestration. Further, the 

adoption of community-based forest management programs in conserving rural 

coastal areas has spurred efforts to restore degraded mangroves and protect the 

remaining stands by the local communities. This direction must be continuously 

pursued to ensure the sustainable delivery of their key ecological and economic 

benefits.  Moving forward on this aim however demands ample information 

about mangrove forests’ status.   This is where geospatial information are 

needed.  Information about land cover and trends of forest cover changes could 

provide yardstick for better crafting of policies and programs most especially 

related to community development.   Geospatial information on forest cover or 

landuse and landuse changes in a small island mangrove site of Banacon Island 

in the Philippines could also be provided showing the potential of mangrove 

ecosystem in climate change mitigation.  
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2.2 Materials and Methods 

 

2.2.1 Study site 

Banacon Island is primarily composed of two vegetation types: 

plantation and natural forest stands (Figure 2.1).  Plantation is mainly 

composed of Rhizophora stylosa, locally known as bakhau.  This species is very 

adaptive to high saline sand and corraline substrates.  It is also found resilient 

against frequent tidal surges compared with other Rhizophora species.  Ages of 

these plantations range from newly planted to fifty five years old mangroves. 

Sparse natural mangroves are also common in the island.  Trees that belong to 

Avicennia and Sonneratia genera predominate these stands.  Sparse natural 

mangroves are common along subtidal sediments and shallow mudflats.  They 

also serve as the main source of fuelwood for the local people.   

 

 

 

Figure 2.1 General view of mangrove forest in Banacon Island (a. & b. dense 

mature stand: 30 to 55 years old; c. dense intermediate or young stand: ≤ 29 

years old; and d. sparse mangrove area) 
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2.2.2 Data acquisition and analysis 

Landuse classification and landuse change detection was performed 

following the methodological framework in Figure 2.2. This framework 

suggests the straightforward sequence for analyzing remotely sensed images.  

Image analysis was done using ENVI 4.3 (ITT Visual Information Solutions, 

Boulder, CO, USA); while final maps were created using ARCGIS 9.2 (ESRI, 

Redlands, CA). 

 

Figure 2.2 Methodological framework for analyzing remotely sensed data. 

 

Data availability 

Landsat 5 TM images were used to generate geospatial information of 

the study site (Table 2.1).   These images can be freely accessed on-line from 

the US Geological Survey (USGS) Earth Resources Observation and Science 

Center (http://earthexplorer.usgs.gov/).  However, only two data sets (dated 

1993 and 2004) were used for image classification and change detection 

analyses as other Landsat scenes for the study site have either scan line errors 

or severe cloud cover.  Budgetary constraints to purchase images from other 
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commercial sources (eg. IKONOS) had also limited the data acquisition.  Hence, 

the 2004 image was therefore temporarily used as the platform for current 

ground-truthing or validation recognizing that large portion of plantations and 

sparse natural mangrove areas remained almost intact when compared with the 

latest image shown from Google Earth Version Ver. 4.3.7284.3916 in 2012 and 

findings of field validation.  However, this was underlined as a major limitation 

of the study since there had been considerable changes in mangrove cover from 

2004 to 2012.   

 

Table 2.1 List of land satellite images used in the study 

Scene 
Code 

Data Set Acquisition 
Date 

Acquisition 
Time 

Tidal Height 
(m) 

113-53 Landsat 5 
TM 

06-16-1993 13:22:35 +1.33 

113-53 Landsat 5 
TM 

09-02-2004 13:43:33 +1.63 

 

 

Image preprocessing 

Satellite images were orthorectified and projected to UTM 51 N 

coordinate system and WGS 1984 datum.  Image sharpening was not done 

because of the superb quality of images in terms of intensity, hue, saturation, 

and sharpness.  However, radiometric correction was performed to minimize 

innate internal (remote sensors of Landsat pre-lunch and in-flight adjustments) 

and external (effect of atmosphere, terrain, aspect, etc) errors on the images.  

Radiometric improvement included radiance (Equation 1) and reflectance 

(Equation 2) corrections as suggested by Chander and Marksham (2003). 
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   (1) 

where:  
Lλ = cell value as radiance 
Qcal = digital number that users receive with Level 1 Landsat products 
LMINλ = spectral radiance scales to QCALMIN 
LMAXλ = spectral radiance scales to QCALMAX 
Qcalmin = the minimum quantized calibrated pixel value (typically = 1) 
Qcalmax = the maximum quantized calibrated pixel value (typically = 255) 

 

       (2) 
where: 
ρλ = unitless planetary reflectance 
Lλ = spectral radiance (from earlier step) 
d = earth-Sun distance in astronmoical units 
ESUNλ = mean solar exoatmospheric irradiances 
θs = solar zenith angle 

 

Image classification and detection 

Supervised classification of Landsat 5 TM images was performed using 

maximum likelihood algorithm with an aid of ENVI 4.3 (ITT Visual 

Information Solutions, Boulder, CO, USA). According to Bolstad and Lillesand 

(1991), this approach is the most statistically robust in assessing remotely 

sensed images.  The procedure is based on Bayes Theory of Joint Probabilities 

that accounts marginal distributions of data sets and their respective internal 

correlations under the assumption of multivariate normality in N-dimensional 

Eucledean space (Conese and Maselli 1992).    

Selection of end-member training data set for pixel-based classification 

was performed for initial classification of land, water and vegetation features. 

Determination of specific forest land cover types (eg. plantation, natural stand 

and sparse mangrove area) was based on the rough site characterization done 
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by Camacho et al. (2011) for carbon stock assessment study.   At least 1.90 level 

of training data separability among training data was observed to yield better 

classification results.    

To measure the accuracy of classification results, eighty one (81) 

ground-truth or reference points were collected using Garmin Etrex GPS 

Receiver (Garmin Inc. Kansas, USA). This activity was done from June to 

November 2012.  Reiterating the foreseen limitation in classifying older image 

(2004) using recent (2012) ground-truth points, this study temporarily 

dismissed the likely differences in growth and forest cover expansion because 

of three major premises. First, Rhizophora trees grow at a slow rate of 

0.26±0.01 cm yr-1 (Saenger 2002).    Second, new plantations from year 2000 

were established outside the main island (area being assessed and classified in 

this study) hence not much increase in forest cover (in terms of dense 

intermediate stands) was expected.  Lastly, landuse classification for 2004 

satellite image coincided well with recent data such as ground-truth points, 

information from key informant interviews, and Google Earth image 

comparison (Appendix 2.3). Consequently, six major classes or attributes that 

are relevant for image classification (Figure 2.3). 
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Figure 2.3 Year 2012 Google Earth image showing land and sea attributes of 

Banacon Island; identification based on ground-truthing, key informant 

interviews and site characterization of Camacho et al. (2011) 

 

Accuracy Testing 

Accuracy test was also performed using ENVI 4.3 (ITT Visual 

Information Solutions, Boulder, CO, USA) to assess the validity of the 

supervised classification performed.  Classification results were compared with 

ground data to assess the likely errors.  There were two types of errors measured 

as suggested by Congalton (1991). Omission error was assessed to determine 

the percentage of pixels that should have been put into a given class but were 

not.  On the other hand, commission error was computed to determine the 

percentage of pixels that were placed in a given class that should actually belong 

to other class.  Both these errors also reflect user's accuracy and producer's 

accuracy. User's accuracy indicates the probability that a given pixel will appear 

on the ground as it is classed, while producer's accuracy represents the 

percentage of a given class that is correctly identified on the map.  Kappa index 

(k) was also obtained to further describe the proportion of agreement between 
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the classification and the validation results after random agreements by chance 

are removed to consider these data (Bishop et al. 1975). Values range from 1 

which indicates a perfect agreement to -1 which then indicates no agreement at 

all. Null value or 0 represents agreement which is exactly equal to the 

agreement that can be expected by chance.  Kappa index can be measured by 

the equation stated below (Equation 3): 

 

 

(3) 

where: 
k = Kappa index 
Xii = sum of diagonal inputs of error matrix 
Xi+ = sum of row i of error matrix 
X+i = sum of column i of error matrix 
N = no. of elements in error matrix 

 

 

Landuse change analysis 

Likely changes in forest cover were assessed by comparing the results 

of pixel-based classification of two Landsat 5 TM images (year 1993 and 2004).  

Change detection was done using ENVI 4.3 (ITT Visual Information Solutions, 

Boulder, CO, USA) and ARCGIS 9.2 (ESRI, Redlands, CA). 
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2.3 Results and Discussion 

 

2.3.1 Image preprocessing 

Results of radiance and reflectance calibration values are summarized 

in Appendix 2.1 and 2.2.  Using gain and offset parameters, band radiances 

were re-scaled back to their correct values.   Reflecatance correction using ρλ 

values was also performed to address the environmental distortion effects in the 

satellite images. Corrected images are shown in Figure 2.4.    

 

 

Figure 2.4 Radiance and reflectance calibrated images (Bands: green,  

red and nIR) 

 

2.3.2 Vegetation cover classification 

Results of classification revealed three major classes, that is, forest, 

coastal sand (including built-up areas), and sea (Table 2.2).  Forest was further 

classified into three types, that is, dense mature stand; dense intermediate stand; 

and sparse mangrove area (Figure 2.5). Dense mature stand was primarily 

composed of R. stylosa plantations with ages of at least 30 years and stand 

density of 100 stems m-2.  Old natural stands composed of huge diameter 

Avicennia and Sonneratia sp. were also identified in this class.  Tree diameter 

and height of these stands ranged from 4.1 to 68.2 cm and 4.5 to 12 m, 

respectively.  Similarly, dense intermediate or young stand was predominantly 
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R. stylosa plantations with ages 15 to 29 years old and stand density of 149 to 

324 stems 100 m-2.  Tree diameter and height range of these stands ranged from 

2.1 to 11.0 cm and 5 to 8 m, respectively.  Lastly, sparse mangrove area was 

natural vegetation with around 100 stems 100 m-2.  The most common species 

found in this vegetation include stunted (<10 cm diameter; <6m height) 

Avicennia marina, Avicennia marina var. rumphiana, Sonneratia alba. 

Thinned portions or gaps in R. stylosa plantations were classified under this 

category.   

Based on the 1993 image, sparse mangrove area was largest among the 

forest cover classes with 393.2 ha.  It was found common from western to 

middle portions of the island.  Dense mature stand covered about 80 ha.  This 

stand was frequent at the eastern portion of the island surrounding the built-up 

areas.  Lastly, dense intermediate stand was estimated to about 66.5 ha in the 

western portion.  Non-forest classes such as sea and coastal sand covered about 

952 ha and 56.7 ha, respectively. 

In view of the 2004 image, sparse mangrove area remained largest 

among forest cover classes with 173.9 ha.   Dense intermediate stand followed 

with 172.0 ha which are now frequent from western and central portions as well.  

Dense mature stand remained common at the eastern portion with 113.0 ha. 

Non-forest classes showed 886.2 ha for sea and 203.2 ha for coastal sand. 
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Table 2.2 Area distribution of land and sea attributes of Banacon Island in 1993 
and 2004 

Landuse Year 1993 Year 2004 
 ha % ha % 
Dense mature stand 80.0 5.2 113.0 7.3 
Dense intermediate 66.5 4.3 172.0 11.1 
Sparse mangrove area  393.2 25.4 173.9 11.2 
Coastal sand 56.7 3.7 203.4 13.1 
Sea 952.0 61.5 886.2 57.2 
Total 1548.5 100.0 1548.5 100.0 
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Figure 2.5 Forest landuse map of Banacon Island in 1993 and 2004  
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2.3.3 Classification accuracy 

An overall accuracy of 80.6% and kappa index of 0.66 were achieved 

in the classification of the 1993 image.  Errors in the image classification were 

obtained for dense intermediate stand with a producer accuracy of only 29.7%. 

Misclassifications were due to difficulties in classifying the boundaries between 

dense intermediate stand, sparse mangrove area, and dense mature stands 

(Table 2.3). Commonly, intermediate stands overlap with other forest cover 

classes because it portrays the transition stage between sparse mangrove area to 

dense mature stand.   On the other hand, fairly accurate classification was 

achieved in 2004 image with an overall accuracy of seventy five percent and 

kappa index of 0.62.  Most of the errors were due to misclassification among 

dense intermediate stand, sparse mangrove area, and coastal sand that yielded 

producer accuracy of 39.2%, 44% and 72.7%, respectively.  The difficulties of 

classifying the transition zones between coastal sand to sparse mangrove areas, 

and sparse mangroves to intermediate stands were due to limited resolution of 

satellite images used.   This therefore suggests the need to re-validate these 

results using high resolution maps. 
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Table 2.3 Accuracy level of supervised classification 

Year/ Class 

Ground 
Truth 
(pixel) Error (pixel) Accuracy (%) 

1993  Commission Omission Producer User 
Dense mature 
stand 889 158/889 627/1358 53.8 82.2 
Dense 
intermediate 
stand 739 1/739 1744/2482 29.7 99.9 
Sparse mangrove 
area 4369 3058/4369 39/1350 97.1 30.0 
Coastal sand 630 86/630 424/968 56.2 86.4 
Sea 10578 39/10578 508/11047 95.4 99.6 
OVERALL 
k-index    

80.6 
(0.66) 

2004      
Dense mature 
stand 1256 345/1256 442/1353 67.3 72.5 
Dense mixed 
intermediate 
stand 1911 745/1911 1812/2978 39.2 61.0 
Sparse mangrove 
area 1932 456/1932 1189/3365 43.9 76.4 
Coastal sand 2260 1881/2260 142/521 72.7 16.8 
Sea 9957 873/9957 15/9099 99.8 91.2 
OVERALL 
k-index    

75.0 
(0.62) 
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2.3.4 Vegetation cover change 

The comparison of two images revealed that mangrove cover has 

improved after a decade as seen in the expansion of dense mature and 

intermediate stands (Table 2.4, Figure 2.6 and Figure 2.7).   In total, dense 

forest cover has increased from 146.5 ha to 285 ha from 1993 to 2004.  The 

area covered by dense mature stand has increased by forty one percent which 

can be attributed to maturation of dense intermediate stand (17%).  More than 

half (59%) of its original cover was also retained owing to protection activities 

of BAFMAPA particularly forest patrolling around the plantation areas that are 

within proximity (half kilometer distance) with their office.  However, about 

twenty percent of it also became sparse at the northeastern portion where lesser 

protection activities were done.  Domestic cutting for poles and fuelwood on 

this site was the major cause of this loss.  By estimate, at least 120 trees month-

1 are being harvested by the local community for seaweed poles, house 

construction posts, and fuelwood. This contributes to 1.6 ha yr-1 denudation in 

the area.  Roughly twenty one percent became dense intermediate stand which 

indicates the sparse and bare areas that were immediately replanted after timber 

were extracted.  Comparing this loss with the rate of plantation development (3 

ha yr-1), planting has exceeded cutting with a net rate of 1.4 ha yr-1. 
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Table 2.4 Percentage distribution of 2004 landuses reflecting the contribution 

from various landuses in 1993 (as baseline) 
Y

ea
r 

20
04

 
Year 1993 

Landuse 
Dense 

mature 
stand 

Dense 
intermediate 

stand 

Sparse 
mangrove 

area 

Coastal 
sand Sea 

Dense mature 
stand 59.1 14.6 2.6 9.8 0.1 

Dense 
intermediate 
stand 

20.7 19.0 59.9 38.6 2.0 

Sparse mangrove 
area 11.0 32.9 15.3 6.8 2.3 

Coastal sand 9.0 24.4 19.2 41.4 6.7 

Sea 0.2 9.1 3.0 3.3 88.9 

Class Total 100.0 100.0 100.0 100.0 100.0 

Class Changes 40.9 67.1 40.1 58.6 11.1 
 

 

Dense intermediate stand has also expanded by sixty one percent which 

can be owed much to reforestation activities. However, at least 40 ha of its 

original cover was lost, mainly due to cutting for fuelwood because electricity 

and gas supply services are still absent in the island.  Fuelwood harvesting 

(whole tree chopped into fuelwood pieces) was estimated to be at least 156 trees 

yr-1.  This contributes to not less than 3 ha yr-1 deforestation rate in the area.  

Young trees are also being cut for seaweed fences with a rate of 200 trees 

household-1 yr-1. Comparing this estimate with the progress in plantation 

establishment, there is a net change of 7.5 ha yr-1 on this stand indicating that 

reforestation was able to compensate the area that had been lost due to cutting. 

About eighty five percent (85%) of the sparse mangrove area was 

converted to other classes.  Largest part of this area (60%) became dense 

intermediate plantation in 2004 with a rate of about 11 ha yr-1 because of 

planting.  Conversely, nineteen percent became bare area or coastal sand 

particularly along the peripheries of the island.   
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Figure 2.6 Major exchanges in area (in percentage) among mangrove 

landuses between years 1993 and 2004. 

 

The increase in coastal sandy areas can be attributed to two likely 

reasons. Information obtained from key informant interviews revealed that: 1) 

young regenerants of Avicennia and Sonneratia were naturally removed in the 

event of southwest monsoon (June to September) when storms and strong tides 

are more frequent each year; and 2)  cutting of mature trees for fuelwood has 

opened more spaces in already sparsely vegetated sites that were not replanted.  

By estimate, 146.7 ha was added to this class. However, comparing this loss 

with the expansion of plantations, at least 30 ha or a net change of 2.8 ha yr-1 

was estimated which also suggests that planting efforts of the local community 

was able to offset denudation.  Small portion (66 ha) of the sea area was also 

classified as coastal sand (6.7%), sparse mangrove (2.3%), and plantation stand 

(2.1%) in the 2004 image. Seaward expansion of plantations over this site was 

estimated to 4.5 ha or 0.4 ha yr-1.  
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Figure 2.7 Changes in the land and sea attributes between 1993 and 2004 
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2.4 Conclusion and Recommendation 

Supervised classification using maximum likelihood approach revealed 

three distinct forest landuse in Banacon, namely, dense mature stand, dense 

intermediate / young stand, and sparse mangrove area.  Dense stands were 

primarily composed of monoculture plantations of R. stylosa while sparse 

mangrove areas were natural stands predominated by Avicennia and Sonneratia 

sp. Large portion of sparse mangrove area was converted to dense plantations 

because of the continuous planting by the local community.  This has 

compensated the rate of thinning for pole and fuelwood.  Overall, the expansion 

of plantations suggested that forest cover has improved after a decade. In order 

to refine these findings, high resolution images (other than Landsat sources) are 

needed to minimize the errors committed in classifying the overlaps between 

the classes identified.  Furthermore, acquiring satellite images for other years 

(particularly the most recent) will also help validate and enrich the findings 

obtained.  

On the management aspect, results of the study could serve as basis for 

sustainable planning and implementation of CBFMA.  Denuded portions of the 

stands should be targeted for future reforestation instead of the bare coastal sand 

with seagrass meadows in order to avoid detrimental impacts on marine 

biodiversity.  Furthermore, the island also possesses a good ecotourism 

potential because of its scenic mangrove plantations and double barrier reef 

ecosystem.  For this reason, proper zoning of mangroves into productive (tree 

plantation and seaweed farm), protective (tidal buffer), and ecotourism zones is 

necessary to achieve effective to efficient forest management.  Lastly, the local 

government should hasten its work in providing electrification facilities in the 

area for this can also help ease the dependency of local community on mangrove 

fuelwood.  
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Chapter III. Allometric Modelling for Estimating Tree Biomass of 

Rhizophora stylosa  

 

3.1 Introduction 

Scholarly work on tree biomass1 started to expand rapidly in 1960s but 

limited studies were done to cover mangroves (Kusmana et al. 1992; 

Komiayama et al. 2008).  Mangrove biomass researches only received 

considerable attention in 1990s upon recognition of the climate change problem 

and tsunami (Kathiresan and Rajendran 2005; Danielsen et al. 2005; 

Yanagisawa et al. 2009; Alongi 2010; Donato et al. 2011).  Biomass was then 

regarded as a good indicator of carbon stock and tidal attenuation capacity 

(Lasco and Pulhin 2003; Gevana and Pampolina 2009; Yanagisawa et al. 2009).   

Tree biomass is measured through destructive (felling or harvesting) 

and non-destructive methods.  In old growth mangroves where the weight of 

individual trees often reach several hundred kilograms, destructive means of 

biomass measurement is nearly impossible and often not permissible 

(Komiyama et al. 2005).  Thus, non-destructive approach provides a more cost-

effective and environment-friendly option (Brown et al. 1989; Pearson et al. 

2005).   The recently approved UNFCCC Guidelines on Afforestation and 

reforestation of Degraded Mangrove Habitats (AR-AM 0014) underscored the 

usefulness of non-destructive method in carbon stock accounting.  This 

involves the use of trees biomass models or allometry.   

Allometry pertains to establishment of relationship between the 

biomass of whole tree, or its component parts, and some readily measured field 

parameters such as diameter and height.  Such relationship is expressed through 

                                                      
1 Biomass pertains to the dry mass or dry weight (organic matter) of t tree and its parts 
(aboverground: stem, branch & leaves; belowground: roots) (Pearson et al. 2005). 
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a statistical model known as regression. The most popularly developed 

allometric regressions include polynomial and power (Putz and Chan 1986; 

Brown et al. 1989; van Noorwijik 1999).  Polynomial models (usually quadratic 

or cubic equations) offers good regression fits but their inherent shape is 

sometimes ‘non-natural’ and extrapolation usually fall outside the range of the 

original calibration (Ketterings et al. 2001 as cited by Santos et al. 2010).  On 

the other hand, power model is a widely used function because of its high 

reliability and attractive interpretations for scaling (Clough and Scott 1989; van 

Noorwijik 1999; Saenger 2002; Komiyama et al. 2005; Komiyama et al. 2008).  

It is based on Shinozaki’s pipe model theory which suggests that the 

aboveground weight of tree is reflected by the squared diameter at trunk base 

(Shinozaki et al. 1964).   

This chapter was aimed at developing allometric equations for 

Rhizophora stylosa trees.  Specifically, it dealt with the selection of appropriate 

allometric models for estimating aboveground (stem, branch and leaves) and 

belowground (root) biomass for R. stylosa trees in Banacon Island, Philippines. 

Such information are important to account tree carbon stock. 
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3.2 Materials and Methods 

3.2.1 Duration and study site 

Harvesting of tree samples was done in November 2012 covering 

young and mature R. stylosa plantations at the eastern side of Banacon Island 

(Figure 3.1).  Stem, branch, leaves and roots samples were obtained from trees 

at random locations and ages as part of the thinning activity conducted by 

BAFMAPA members.   Thinning management of the local community can be 

described as irregular, unplanned or occasional since people only harvest trees 

in times that they need pole and fuelwood.  Thinning is also perceived by the 

local community as somewhat illegal since the national laws strictly prohibit 

commercial cutting of mangrove trees.     

 

 

Figure 3.1 Sampling sites of tree harvesting for allometric model 

development 
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3.2.2 Allometric model development  

 Figure 3.2 summarizes the procedures in allometric modelling.  First 

among the steps is tree harvesting and segregation of tree parts based on 

biomass pool: aboveground (stem, branch, leaves) and belowground (roots).  

Subsamples are then collected from each tree part and later sent to laboratory 

for ovendring.  Percent dry mass of subsamples is determined to compute the 

total dry mass of the larger samples represented.  Total dry mass or biomass 

values are then correlated with field parameters (diameter and height).  As a 

rule, allometric modelling is pursued only if field parameter(s) (serving as 

independent or predictor variables) are significantly correlated with tree 

biomass to be predicted.    If one or both are significantly related, regression 

analysis is performed to determine the ‘best-fitting’ relationships between them.  

Selection of the most suitable regression models was done by comparing full 

model (using diameter and height as independent variables) and reduced model 

(using diameter only as independent variable) through variance analysis or f-

test and further tests of correlation.  Selected allometric equations are validated 

by comparing computed biomass (using allometry) and actual values (field nad 

laboratory measurements).  A more detailed description of the methods 

involved in allometric modelling are presented in the succeeding pages. 
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Figure 3.2 Methodological framework for tree biomass modelling 

 

Destructive sampling of Rhizophora stylosa trees 

Sampling of Rhizophora stylosa trees at various ages and sizes was 

done at random locations as part of the occasional thinning activity of the local 

community. Thinning management of plantations can be described as irregular 

since the local community only cut trees based on their needs.  Large size R. 

stylosa (>10 cm) are usually harvested for poles intended for house construction, 

seaweed farming and fuelwood, while small diameter saplings (< 10 cm) are 

for house fencing and fuelwood.   Destructive sampling was done using simple 

tools for sizing and weighing tree parts which include hand saw, chain block, 

abaca rope, bolo and digging bar.  A total of 35 trees with ages ranging from 20 

to 57 years old were obtained.  Such sample size coincided well with the 

sampling design of Clough and Scott (1989) for R. stylosa with n=23 and 

Komiyama et al. (2005) for R. apiculata with n=33.  Diameter (cm) of each tree 
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was measured at 0.3m above the prop or stilt root, while total tree height (m) 

from the diameter line to crown tip. 

 

Tree parts segregation, subsampling and ovendrying  

Each part (leaves, branches, stem, and roots) was segregated using bolo 

and handsaw, and thereafter weighed for initial or fresh weight using portable 

weighing scale (Figure 3.3).  Sub-samples of about than 500g were obtained 

from each part and later sent to laboratory at the University of the Philippines 

Los Banos for oven-drying (at 70 °C until constant weight) for dry mass or 

biomass determination.  The formula for computing sample dry mass was:  

 Dry	mass	(kg) = subsample	dry	masssubsample	fresh	mass ∗ fresh	mass	of	whole	sample 

 

Dry mass of stem, branch and leaves were measured separately and 

combined (to represent aboveground biomass or AGB).  Root dry mass (coarse 

and fine roots) represents the belowground biomass.  Total ovendry weight 

(TODW) or total biomass was determined by adding together AGB and BGB 

values. 

 

Allometric modelling 

Tree biomass (kg) was correlated with stem diameter (cm) and height 

(m) using SPSS ver. 16.0 (IBM, Chicago, USA).  Recognizing that variables 

are significantly correlated, regression modelling was then performed by 

treating biomass as dependent variable, and diameter and height as independent 

variables was done using Microsoft Excel 2013 (Microsoft, USA) and 

Microsoft Curve Expert Professional Ver. 1.6 (Microsoft, USA).  Correlation 

and regression were tested at significance of p ≤ 0.05 level.  Coefficient of 
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determination (R2) values of regression models was used as a criterion for 

selecting the appropriate biomass models since it indicates the goodness of fit 

between the variables.     

 

 

Figure 3.3 Destructive sampling, parts segregation and weighing of R. stylosa 

fresh biomass as part of thinning activities of BAFMAPA in Banacon Island 

 

Allometric model selection 

Biomass equations are presented in full model (both diameter and 

height as regression parameters) and reduced model (diameter as sole 

regression parameter).  Test of mean variance (using f-test) was performed 

using SPSS ver. 16.0 (IBM, Chicago, USA) to check if there are significant 

variations between these models.  Values were compared at a significance level 

of p ≤ 0.05. As a decision rule, reduced model is selected if its group mean 

values do not significantly differ to that of full model.  In principle, full model 

says that there are three groups of two observations, and within each group the 

observations have the same mean, these three group means may be different 
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from one another (Iowa State University 2012).  Variance analysis was done 

using the following equation: 

  = (SSEreduced	– 	SSEfull)	–	(DFEreduced	– 	DFEfull) ⁄  

where:  f = test statistic that has an F-distribution under the null hypothesis 
 SSE = Error sum of squares 
 DDE = Degrees of Freedom for Error 
 

 In addition, correlation test between diameter and height values was 

done to provide an additional criterion for model selection.  Such that, if 

diameter is significantly correlated with height, full model should be used in 

order to capture their combined contribution in biomass estimation. Some 

examples of full model (a); and reduced models (c) expressed in power forms 

are shown below: 

 

a) y = a * Db Hc  or  y = a * (Db +Hc) 

b) y = a *Db  or  y = a *Hb 

where:  y = biomass (kg) 
 D = diameter (cm) 
 H = total height (m) 
 a, b & c = regression parameters 
 

Test of validity was also performed to check the reliability of the 

allometric models selected.  This was done by comparing computed values 

(using allometry) with actual values (field measurements) values using test of 

independent sample t-test  at a significance level of p ≤ 0.05. 
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3.3 Results and Discussion 

 

3.3.1 Tree diameter and height 

Diameter and height values of harvested R. stytlosa trees are presented 

in Table 3.1 and Figure 3.4.  Diameter ranged from 3.5 to 14.2cm with a mean 

value of 7.2±3.4cm.  Height ranged from 4.1 to 13.5m with an average of 

8.3±3.5m.  Both variables were found significantly and positively correlated 

with each other suggesting that as diameter increases, height also increases.  

This relationship was noted for mangrove trees in natural and plantation stands 

(Hong 1996; Padron 1996).  

 

  

Figure 3.4 Correlation between diameter and height of R. stylosa 

 

 
3.3.2 Biomass values and relationship 
 
Aboveground biomass 

The summary of aboveground biomass (AGB) and its relation to 

diameter and height values is presented in Table 3.1 and Figure 3.5, 

respectively.  By estimate, AGB ranged from 2.3 to 58.8 kg with an average of 

21.5±4.5kg.  Among the aboveground parts, stem has the largest biomass with 
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13.1±2.7 kg followed by branch of about 9.8±1.75 kg and lastly by leaves with 

2.0±0.4 kg.  This conformed well to the reports of Clough (1992) and 

Komiyama et al. (2005) where AGB of Rhizophora trees was found larger in 

stem and smaller fractions are vested in branches and leaves.  Alongi (2010) 

also mentioned that stem biomass usually measures as much as seventy one 

percent of the total tree biomass (TODW) of mangrove trees -- a value that is 

comparably higher than the estimate for this study i.e. only 28.5%.    Overall, 

AGB contributed about forty five percent to TODW. Larger portion (55%) 

is vested in roots.   

 Diameter was revealed as significant a variable when correlated with 

AGB yield an index of r= 0.94 (Table 3.2).  This condition was also true for 

stem, branch, and leaves biomass where values ranged from r= 0.83 to 0.94.  

On the other hand, height and aboveground biomass yielded lower but 

significant correlation index ranging from r= 0.61 to 0.76.   

Common in many allometric studies on mangroves (eg. Clough and 

Scott 1989; Ong et al. 2004; and Kairo et al. 2009) is the use of diameter or 

DBH as sole predictor of biomass being strongly related to each other.  

Allometric models presented in Figure 3.5 also indicate the high coefficient of 

determination of using diameter with R2= 0.75 to 0.95. However, many robust 

models have also included height as co-predictor (Brown 1997; Komiyama et 

al. 2005; Pearson et al. 2005; Alongi 2010).   
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Figure 3.5 Aboveground dry weight of R. stylosa in comparison with diameter 

and height 
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Table 3.1 Summary of tree diameter, height and biomass (in parts, sum and percentage contribution to sum) of R. stylosa 

Tree DBH HT Dry wt (kg) 
 (cm) (m) Stem (%) Branch (%) Leaves (%) Roots / BGB (%) AGB (%) Total (TODW) 

1 3.5 4.1 1.7 43.6 *  0.6 15.0 1.6 41.4 2.3 58.6 3.9 
2 3.5 4.9 2.0 34.3 *  0.4 7.2 3.3 58.6 2.4 41.4 5.7 
3 3.6 4.0 1.2 20.7 *  0.4 7.1 4.0 72.2 1.6 27.8 5.6 
4 3.6 4.0 1.1 25.3 *  0.5 10.1 2.9 64.6 1.6 35.4 4.5 
5 4.1 4.4 1.5 20.7 *  0.7 9.1 5.2 70.2 2.2 29.8 7.4 
6 4.1 3.2 1.2 18.9 *  0.4 6.5 4.9 74.6 1.7 25.4 6.6 
7 4.3 4.3 1.3 22.5 *  0.4 7.6 4.1 69.9 1.7 30.1 5.8 
8 4.3 3.9 1.7 20.3 *  0.5 5.8 6.2 73.9 2.2 26.1 8.5 
9 4.5 4.5 2.1 27.2 *  0.7 9.6 4.8 63.1 2.8 36.9 7.6 

10 4.5 3.9 1.5 17.9 *  0.8 9.3 6.0 72.8 2.2 27.2 8.3 
11 4.5 3.3 2.0 19.3 *  0.7 7.1 7.7 73.6 2.8 26.4 10.4 
12 4.8 8.9 4.3 36.6 1.7 14.7 0.3 2.9 5.4 45.8 6.3 54.2 11.7 
13 5.1 8.9 4.2 35.3 1.4 11.6 2.8 23.5 3.5 29.6 8.3 70.4 11.8 
14 5.3 4.3 2.3 23.3 *  0.7 7.6 6.7 69.1 3.0 30.9 9.7 
15 5.4 7.8 5.0 30.3 2.7 16.6 1.2 7.5 7.5 45.6 8.9 54.4 16.4 
16 5.7 9.0 4.9 47.6 1.8 17.4 0.4 3.6 3.2 31.4 7.0 68.6 10.2 
17 6.0 9.4 5.0 40.2 1.2 9.5 1.8 14.7 4.5 35.6 8.1 64.4 12.5 
18 6.0 10.8 8.4 29.4 2.6 9.1 1.2 4.4 16.3 57.1 12.2 42.9 28.5 
19 6.2 9.1 3.1 19.2 4.4 27.4 0.6 3.8 7.9 49.5 8.1 50.5 16.0 
20 6.4 9.5 7.9 22.1 5.2 14.7 2.1 5.8 20.4 57.4 15.2 42.6 35.6 
21 6.7 8.8 8.9 27.1 5.3 16.1 1.8 5.6 16.8 51.2 16.0 48.8 32.8 
22 6.7 8.7 5.7 32.3 3.7 20.8 0.5 3.0 7.8 44.0 9.9 56.0 17.7 
23 6.7 10.8 7.1 29.4 4.2 17.4 1.3 5.6 11.6 47.7 12.7 52.3 24.2 
24 6.7 9.7 5.4 18.7 6.9 24.1 1.5 5.1 15.0 52.1 13.8 47.9 28.8 
25 9.7 12.4 23.3 26.1 5.5 6.1 2.8 3.2 57.6 64.6 31.5 35.4 89.1 
26 10.2 11.0 22.9 25.5 12.2 13.6 2.2 2.5 52.4 58.4 37.4 41.6 89.7 
27 10.5 11.9 23.1 29.5 10.7 13.6 2.6 3.3 41.9 53.5 36.4 46.5 78.4 
28 10.5 11.8 19.9 32.1 6.6 10.7 1.9 3.0 33.6 54.2 28.4 45.8 61.9 
29 11.5 12.4 27.9 30.3 8.2 8.9 3.7 4.0 52.3 56.8 39.9 43.2 92.2 
30 11.8 12.7 36.2 30.5 12.9 10.8 4.4 3.7 65.4 55.0 53.5 45.0 118.8 
31 11.9 7.8 29.0 24.3 11.5 9.7 4.5 3.8 74.2 62.3 45.0 37.7 119.2 
32 12.7 13.3 60.5 47.1 20.1 15.6 2.5 1.9 45.5 35.4 83.0 64.6 128.5 
33 13.7 13.2 36.4 27.7 22.5 17.2 5.4 4.1 67.0 51.0 64.3 49.0 131.3 
34 14.0 11.0 40.1 30.0 32.6 24.3 6.0 4.5 55.2 41.3 78.7 58.7 133.9 
35 14.2 13.5 50.3 31.0 41.6 25.7 11.3 7.0 58.8 36.3 103.1 63.7 161.9 

Average 7.2±0.6 8.3±0.6 13.1±2.7 28.5±1.3 9.8±1.8 15.51.2 2.0±0.4 6.5±0.7 22.3±4.0 54.8±2.2 21.5±4.5 45±2.2 43.9±8.2 
* no distinct branching hence included as stem weight (kg) 
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Belowground biomass 

Belowground biomass was accounted from 1.6 to as much as 58.8 kg 

(Table 3.1).  It contributed about fifty five percent to TODW, a value that is 

slightly larger than AGB.  This can be likely explained by two likely factors, 

namely, age and stand density.   According to Alongi (2010) and Clough et al. 

(1997) root biomass of R. stylosa tend to increase with age by as much twenty 

five percent to fifty percent to support the increasing aboveground weight that 

goes with age.  Further, faster root growth is usually evident in dense plantations 

as trees adapt to intense competition over sediment nutrients       

Results of correlation test also indicate that diameter-BGB relationship 

has higher index (r= 0.94) as compared to ht-BGB (r= 0.72) (Figure 3.6 and 

Table 3.2).  In view of coefficient of determination, diameter-BGB yielded a 

more reliable regression with R2=0.89. 

 

 

Figure 3.6 Belowground dry weight of R. stylosa in comparison with diameter 

and height 
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Total tree biomass 

Total dry weight (TODW) ranged from 3.9 to 161.9 kg (Table 3.1). 

Diameter held again as a stronger variable when correlated with TODW than 

height with R2=0.98 and R2=0.76, respectively (Table 3.2 and Figure 3.7).  

Similar to earlier observations, regression models using diameter values yielded 

a higher R2 than height with 0.96 and 0.77, respectively. 

 

 

Figure 3.7 Total dry weight (TODW) of R. stylosa in comparison with diameter 

and height 

 

Table 3.2 Pearson correlation (r) and respective significance values (p) 

between biomass and predictor variables (diameter and height) 

Biomass Pool 
Predictor 

Diameter Height 
r p r p 

I.    AGB 0.94 0.00 0.74 0.00 
Stem  0.94 0.00 0.76 0.00 
Branch 0.85 0.00 0.61 0.00 
Leaves 0.83 0.00 0.63 0.00 

II.   Belowground or root 0.94 0.00 0.72 0.00 
III. TODW 0.98 0.00 0.76 0.00 
Mean  0.91±0.02 - 0.70±0.03 - 
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3.3.3 Allometric modelling  

Noting the significant correlations between biomass (dependent), 

diameter and height (independent), allometric models that consider both full 

and reduced forms were formulated (Table 3.3.).  In view of reduced models, 

diameter-based equations appeared more robust than height-based equations as 

R2 values ranged from 0.75 to 0.96.  Height-based equations only yielded about 

R2 = 0.38 to 0.83.  Such difference can also be largely attributed to strong 

correlation observed between diameter and biomass observed.  With this 

condition, diameter-based equations are suitable models for biomass estimation.  

This agreed with the findings of Brown (1989), Clough and Scott (1989), Ong 

et al. (2004) and Kairo et al. 2009  wherein diameter is being used a sole 

predictor of tree biomass.   

Full models also demonstrated high goodness of regression fit with R2 

ranging from 0.86 to 0.99 (Table 3.3. and Appendix 3.1).  This therefore 

suggested that diameter and height (when combined) are reliable co-predictors 

of biomass.  This kind allometric models conformed to the works of Brown 

(1997) for non-mangroves; and in Komiyama et al. (2005), and Alongi (2010) 

for mangroves. 

 

Table 3.3. Summary of allometric models for biomass estimation of R. stylosa  

Biomass 
Pool 

Using D Using H Using D & H 

Equation R2 Equation R2 Equation R2 

Stem y = 0.037*D2.729 0.95 0.057*H2.33 0.78 y = 0.027*D2.1*H7.6 0.92 

Branch y = 0.051*D2.245 0.81 0.004*H3.06 0.38 y =  0.000020*(D5.38+H4.73) 0.95 

Leaves y = 0.047*D1.742 0.75 0.083*H1.33 0.52 y =  0.047*(D1.74+H2.07) 0.99 

AGB y = 0.045*D2.868 0.95 0.061*H2.52 0.83 y =  0.025*D2.58*H0.51 0.96 

BGB y = 0.134*D2.40 0.89 1.36*100.26H 0.62 y =  0.435(D1.92+H-24.3) 0.86 

TODW y = 0.178*D2.586 0.96 1.84*100.30H 0.77 y =  0.2448*(D2.3+H1.24) 0.98 
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3.3.4 Allometric model selection  

Using the diameter and height values of the 35 trees sampled, biomass 

were computed using full and reduced allometric models; and thereafter their 

respective group means were compared (Table 3.4).  In general, values 

obtained from the two models did not significantly vary.  This suggests that 

reduced model (diameter-based equations) should be favored over full model.  

 However, based on the second criteria for model selection, diameter 

and height were found significantly related to biomass, and was observed 

strongly correlated with each other (see Table 3.2 and Figure 3.5). This implies 

that full model should be preferred over reduced model since it can reflect the 

significant contribution of both parameters to biomass estimation.  Thus, the 

following allometric equations are recommended for R. stylosa plantations in 

Banacon Island, Philippines: 

 

a) Stem: y = 0.027*D2.1*H7.6 

b) Branch: y =  0.000020*(D5.38+H4.73) 

c) Leaves: y =  0.047*(D1.74+H2.07) 

d) AGB: y =  0.025*D2.58*H0.51 

e) Root / BGB: y =  0.435(D1.92+H-24.3) 

f) TODW: y =  0.2448*(D2.3+H1.24) 

 
where:  y = biomass (kg) 

   D = diameter (cm) 
   H = total height (m) 
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Table 3.4 Analysis of variance comparing full and reduced allometric models 

across different biomass pools 

Biomass Pool Sum of Squares df Mean Square f p 
Stem      

Between Groups 2.88 2.00 1.44 
0.01 0.99 

Within Groups 24121.41 102.00 236.48 
Branch      

Between Groups 13.50 2.00 6.75 
0.07 0.93 

Within Groups 6128.07 66.00 92.85 
Leaves      

Between Groups 2.29 2.00 1.14 
0.39 0.68 

Within Groups 295.75 102.00 2.90 

AGB      

Between Groups 25.20 2.00 12.60 
0.02 0.98 

Within Groups 71866.88 102.00 704.58 
Root / BGB      

Between Groups 660.81 2.00 330.41 
0.57 0.57 

Within Groups 58852.02 102.00 576.98 
TODW      

Between Groups 3.26 2.00 1.63 
0.00 1.00 

Within Groups 245096.03 102.00 2402.90 
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3.3.5 Allometric model validation 

 Biomass values using full models were compared with actual biomass 

measurements of 35 trees (Table 3.5; Appendix 3.2).  In general, no significant 

difference was observed between the two data sets which indicates the 

reliability of allometric models to estimate actual dry mass.   Mean differences 

were also small which suggests good accuracy of the models developed. Among 

the biomass pools, mean difference was smallest in TODW while largest in 

roots.  Figure 3.8 also shows the close similarity between the actual and 

computed biomass.   

 

Table 3.5 Difference test between actual and computed biomass of R. stylosa 

trees using full model 

Biomass Pool t f Mean Difference (kg) p 

Stem 0.81 0.06 0.04 0.81 

Branch 0.34 0.18 1.05 0.67 

Leaves 0.72 1.39 0.32 0.24 

AGB 0.15 0.01 0.94 0.92 

Root/BGB  0.82 0.06 4.78 0.80 

TODW 0.03 0.00 0.35 0.98 
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Figure 3.8 Actual versus computed biomass (kg) across different 
biomass pools of R. stylosa 
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3.4 Conclusion 

Larger portion (55%) of tree biomass was observed in roots than in 

aboveground tree parts. Diameter and height were found significantly 

correlated with biomass thus allometric modeling considered both these 

variables in regression analysis.  Allometric models were formulated in two 

formats: full and reduced; noting as well their R2 as index of reliability.   Full 

model uses both diameter and height as independent variables s while reduced 

model solely utilizes only the diameter values.  Both allometric models yielded 

high coefficient of determination (R2) values.  Full model was however 

preferred over reduced model since diameter and height variables were found 

significantly and strongly correlated with each another.  Such preference 

reflected the importance of capturing the contribution of both diameter and 

height in biomass estimation.  Comparison between computed biomass using 

allometry and actual biomass showed no significant difference thus suggesting 

the validity of full models to effectively estimate tree biomass of R. stylosa trees 

in Banacon Island.   
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Chapter IV. Effects of Forest Management on Mangrove Carbon Stocks 

 

4.1 Introduction 

Mangroves are highly productive carbon sinks1. Like other plants, they 

absorb and sequester carbon dioxide from the atmosphere and convert them to 

sugar and other organic compounds through photosynthesis.  Along this natural 

course, vast amount of carbon amasses in leaves, stem, branches which is 

collectively termed as aboveground carbon stock.  Considerable portion of this 

carbon is also stored in coarse and fine roots representing belowground carbon 

stock. As plant grows, additional carbon is stored through litterfall and woody 

debris thus augmenting carbon build-up in sediments.   

Equally essential in understanding biomass and carbon sequestration is 

the concept of net primary production or NPP (Clough et al. 1997).   Plants and 

atmosphere exchange varying amount of carbon that is highly dependent on 

species, age, stand density, pest and diseases, edaphic and micro-climatic 

condition and silvicultural management.  Commonly, NPP accounts the balance 

between the products of photosynthesis and losses via leaf dark respiration, of 

which the resulting amount of carbon is used by plant for its growth and tissue 

maintenance (Alongi 2010). Further, NPP can be measured in terms of litterfall 

production and gas exchanges between plants and atmosphere (Clough et al. 

2000; Bouillon et al. 2008).  Additional or net amount of carbon stored in tree 

or stand therefore indicates the sequestration capacity or rate.  

Soil or sediment is also a major component of mangrove carbon pool2. 

Donato et al. (2011) reported that as much as ninety eight percent of mangrove 

                                                      
1 Carbon sink pertains to any ecosystem that has the ability to absorb carbon dioxide 
from the atmosphere (eg. forest, ocean, agricultural farms, etc.) 
2 Carbon pool is defined as a reservoir that has the capacity to store and release carbon 

(eg. tree, forest floor and soil).   
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carbon stock is stored in peats or sediments.  This indicates that mangrove 

sediment can exceed the amount of carbon stocks that other terrestrial forests 

have.  The organic-rich mangrove sediment is often described as smelly, sticky, 

and anoxic mud that is composed of dead hard corals and carbonate sand with 

textures ranging from fine silt to clay (Alongi 2010; Donato et al. 2011). 

Compared with other forest types, mangrove sediment does not have a typical 

soil profile and its physiochemical properties is modified or determined by 

constituent trees and roots, parent rock, geomorphology, tides, and rainfall 

(Alongi et al. 2005; Ferreira et al, 2007b).  Accrual of soil carbon is therefore 

driven by two major processes, namely, export and flocculation of organic 

material from rivers and nearby watersheds; and burial rates or sedimentation 

of organic materials available in its site (Fujimoto 2000).  On the average, the 

sediment carbon accumulation rates in mangrove is ten times the rate of the 

terrestrial temperate forests, and up to 50 times of the rate for terrestrial tropical 

forests (Laffoley and Grimsditch 2009). 

Indeed, mangrove forests are rich carbon sink.  Forest conservation 

must be pursued to sustain their essential mitigative roles against climate 

change.  However, information about their carbon stock capacities are always 

limited thus impairing the ability to craft sustainable forest management plans 

and programs.   Since this information remain scarce in the Philippines (Lasco 

and Pulhin 2003; Gevaña et al. 2008; Gevana and Pampolina 2009), this study 

was conducted to generate benchmark estimates for plantation and natural 

mangrove forests in Banacon Island.  Specifically, the study sought to examine 

the effects of stand management, plant spacing and species composition on 

carbon stocks.  Such information are essential to improve current stand 

management systems by developing strategies to further improve carbon stock 

production. 
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4.2 Materials and Methods 

 

4.2.1 Duration and study site 

Field data collection took place from June 2012 to March 2013.  

Sample sites were established along the eastern and western portion of Bancon 

Island, Philippines covering mangrove plantations and natural stands, 

respectively.  Based on the results of landuse characterization, R. stylosa 

plantation covers 300 ha while natural stand has 174 ha (Figure 3.1).    

 

 

Figure 4.1 Location of carbon stock sampling sites in Banacon Island, Bohol, 

Philippines 

 

4.2.2 Methodological framework 

The methodological framework in Figure 3.2 served as guide for 

biomass and carbon stock assessment.  This framework suggests that it is 

important that sampling design (i.e. no. of sample plots and location of 

sampling sites) has been determined in order to guide field research in 
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collecting needed amount of data from the field.  Field sampling covers the 

assessment of two carbon pools: trees and sediments.   Their values are summed 

up to compute total carbon stocks. More detailed descriptions of carbon stock 

assessment are explained in the succeeding sections. 

 

Sampling design 

Sample computation was done following the approved guidelines of 

the United Nations Framework Convention on Climate Change (UNFCCC) for 

accounting carbon stocks in Clean Development Mechanism (CDM) projects 

(i.e AR-AM0001, AM0005, and AM0006) (Pearson et al. 2005).  An online 

plot calculator tool3 based on these guidelines was used for convenient yet 

reliable sampling computation (Pearson et al. 2005).  Pre-sampled information 

required (eg. mean and standard deviation of carbon stock of R. stylosa 

plantations and natural stands) were obtained in 2011 as part of a small research 

project of the University of the Philippines Los Banos.  These data were duly 

published in the Journal of Forest Science and Technology (Camacho et al. 

2011).  Information about the sampling area (ha) were based on the landuse 

analysis that were reported in Chapter 2.   

To determine the minimum number of sample plots, the following 

equation was used: 

 

 

 

 

   

                                                      
3 Carbon plot calculator tool used by Winrock International based on AR-AM0001, AM0005 
and AM0006 methods (Available at: www.winrock.org/Ecosystems/tools.asp) 

Where: 
n  = total number of plots 
nh  = number of plots in stratum h 
N  = number of sampling units in the population 
Nh = number of sampling units in stratum h 
s  = standard deviation of carbon stock 
sh  = standard deviation of carbon stock in stratum h 
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Results showed that the number of samples required for R. stylosa 

plantations with a mean pre-sampled carbon stock of 197.9±14.8 tC ha-1 was 

two (2) sample plots.  On the other hand, at least six plots was required for 

natural stands with a pre-sampled carbon stock mean of 88.5±14.1 tC ha-1.  

Given this, five plots per plantation stand, and ten plots for natural stands were 

established to gather basic stand information such as tree species, diameter, and 

height.  Since regenerants were observed absent or minimal in the plantation 

areas, they were not included in the measurement.   
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Figure 4.2 Methodological framework for biomass and carbon stock assessment of mangrove forest in Banacon Island
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Sampling site selection 

Based on the results of landuse analyses in Chapter 2, three major 

landuses were identified, namely: 1) young R. stylosa plantations; 2) mature R. 

stylosa plantation; and 3) natural stands.  An ocular survey of these landuses 

revealed that they have varying densities (no. of trees per area), sizes (diameter 

and height) and ages.  Therefore, carbon stock assessment was done following 

these attributes.    

 

a) Mature Plantations 

In view of mature stands (30 to 55 years old), stand variations can be 

further attributed to different stand management practices of the local 

community (Figure 4.3). These include: 1) thinning; 2) thinning with 

supplementary planting; and 3) doing nothing.  Thinning pertains to 

occasional and selective cutting of mature R. stylosa trees in plantations.  This 

type of management was described as irregular and unplanned since the local 

residents harvest trees (in any amount) depending on their needs.  Commonly, 

big diameter trees (>5 cm) trees are harvested for their poles (for building house, 

seaweed posting and boat construction) while small diameter saplings (<5cm) 

are for house fencing and fuelwood.  Thinning locations are also random and 

usually common along stand peripheries and trails for more convenient 

extraction and hauling of tree.  By estimate, about 1,400 trees are being 

harvested annually from mature stands according to BAFMAPA.  Most of the 

thinned stands are situated near the settlement area at the eastern portion of the 

island.  Their ages are around 50 to 55 years.   

Thinning with supplementary planting was also identified as a major 

stand management practice in the study site.  This type is characterized mixed 

tree ages and sizes because as a result of major harvesting during 1970s and 
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replanting in 1980s.  Replanting was done in stand gaps to help plantations 

revert back to once lush and very dense plantations.  It follows a planting 

spacing of 0.5m x 0.5m, a traditional spacing method observed by the local 

community.  Such practice was found common along the northeastern portion 

of the island where local community of Banacon is located.   

Mature stands that were left unthinned and unreplanted reflects the 

management practice called do nothing.  These are relatively homogenous in 

age (50 to 55 years old), density (approx.  11,550 trees ha-1) and sizes 

(D=7.3±0.1cm; H=12.7±0.2m).  With still intact and lush vegetation, stands 

with these management were identified as potential ecotourism spot by the local 

community and DENR. 

 

 

Figure 4.3 Mature stands as categorized in terms of stand management type:  

a) thinning; b) thinning with supplementary planting; and c) do nothing 

 

b.  Young plantations 

 Variations in stand structure (density, diameter and height) of young R. 

stylosa plantations (20 years old) can be largely attributed to plant spacing 

design.  Plantation raised by the local community using the traditional 0.5m x 

0.5m spacing was deemed more successful than the 1.0m x 1.0m experimental 

spacing method of the government in terms of survival and density (Figure 4.4). 

Both these stands are situated at the same stretch of sand bars hence they are 
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exposed to similar environmental conditions such as tidal changes, sunlight, 

wind, sediment composition, etc.  The distance between these stands was 

roughly 30m.   

 

 

Figure 4.4 Young plantations as categorized in terms of plant spacing used 

during plantation establishment:  a) 0.5m x 0.5m; and b) 1m x 1m  

 

c. Natural stands 

 Variations in the structures of natural stands are reflective of their 

species composition. Commonly situated along the western portion of the island, 

there are two dominant natural stands were observed, namely: a) Sonneratia-

dominated; and b) Avicennia-dominated (Figure 4.5).  The former is 

primarily composed of Sonneratia alba, a large tree that reaches 15m in height, 

belongs to Family Lythraceae, and has distinct cone-shaped aerial root system 

called pneumatophore.  This tree can also tolerate wide fluctuations in salinity 

and often grow on exposed, soft but stable mudflats along banks of tidal rivers, 

creeks and within sheltered bays of offshore islands and reef cays (EOL nd). 

On the other hand, Avicennia-dominated stand is primarily comprised of 

Avicennia marina, a pioneer medium sized tree (2-5 m tall) that is common 

along downstream to intermediate estuarine zones.  One of the one of the unique 

morphological features of this plant is its pencil-shaped roots called 
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pneumatophore (EOL nd).  Another species co-dominating S. alba and A. 

marina i is Rhizophora stylosa.  The presence of this species in natural stands 

can be attributed to the presence of nearby monoculture plantations.  This tree 

is very adaptive to high salinity environment of sandy loam to sandy corraline 

substrates growing to a height of as much as 20m tall (Camacho et al. 2011).  

 

 

Figure 4.5 Natural stands as categorized in terms of dominant species 

composition: a) Sonneratia-dominated stand; b) Avicennia-dominated stand 

 

Tree carbon stock sampling 

 Plot sampling followed the standard plot technique developed by 

Hairiah et al. (2001) (Appendix 4.1).  This plot has a dimension of 5m x 40m 

that is specifically designed carbon stock accounting in plantation, natural and 

agroforest stands.  All trees measuring 3.5 cm diameter inside the plot were 

accounted in terms of their local name, species, diameter (cm) and total height 

(m) following the required diameter of the allometric equations that will be used.  

A minimum distance of 30m between plots was observed since plantations and 

natural stands are both contiguous and homogenous in distribution.   

 To calculate tree biomass of R. stylosa trees, allometric equations in 

Chapter 3 were used.  Specifically, full models of AGB and BGB (using 

diameter and height parameters) were applied to determine the specific 

contribution of trees to aboveground and belowground carbon stock.  The 
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choice of these equations was reflective of the significant difference observed 

between the carbon content of AGB (stem/branch and leaves) and BGB (roots).   

A more detailed information about this finding is presented in the Result and 

Discussion section in the succeeding pages.   

 Because no allometric model was developed for Sonneratia spp., 

Avicennia spp. and other mangrove species from this study, equations of 

Komiyama et al. (2005) were used.  This equations have R2 of 0.98 for AGB 

and 0.95 for BGB. In summary, the following biomass equations were used: 

 

For Rhizophora stylosa: 

 Aboveground biomass (AGB):   y =  0.025*D2.58*H0.51 

Root / belowground biomass (BGB):  y =  0.435(D1.92+H-24.3) 

where:  y = biomass (kg) 
  D = diameter (cm) 
  H = total height (m) 
    

  
For non-R. stylosa: 

 Aboveground biomass (AGB):   y = 0.251 p D2.46 

Root / belowground biomass (BGB):  y = 0.199 p0.899 (D2)2.22 

where:  y = biomass (kg) 
  D = diameter (cm) 

p = wood density (Sonneratia spp: 0.475 t m-3; 
Avicennia spp: 0.506 t m-3 ) 

 
 

To determine the amount of carbon stock of R. stylosa trees, percent 

carbon content of each tree part was assessed by obtaining three composite 

samples for each tree part: wood (stem and branch), leaves and roots.  Each 

composite sample was composed of five samples obtained from different trees.  

Composite sampling was done during the destructive sampling activities 

described in Chapter 3.  Five subsamples of about 100g were collected from 
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tree parts, ovendried (at 70°C until constant weight), milled to powder, mixed 

together to represent one composite sample, and was later sent to National 

Instrumentation Center for Environmental Management (NICEM) in Seoul 

National University, Korea for total carbon content analysis.  

For non-R. stylosa trees, the general carbon content of 45.9 percent 

proposed by Lasco and Pulhin (2003) for various tropical trees was used.  

Finally, tree carbon stock (kg) was then computed by multiplying carbon 

content with tree biomass.   

 

Sediment carbon stock 

Sediment carbon stock assessment has two components: 1) soil carbon 

content analysis; and 2) soil carbon stock measurement.  Sediment carbon 

content analysis involved collection of 200g of sediment samples from the 

organic matter (OM) layer of each sample plot.  Organic matter layer was 

determined through visual inspection of sediment coloration and composition 

such that: OM layer represents the layer with darker and muddy substrates.  This 

activity was done by digging the sediment using a tamper bar during the event 

of low tide.  Height or thickness of OM was measured using a meter tape. 

Samples from each plot were air-dried and mixed together to form one 

composite sample for each stand type.  These samples were sent to soil 

laboratory of the Department of Agriculture in Tagbilaran City, Bohol, 

Philippines for carbon content analysis.  Other samples were also sent to 

Agricultural Systems Cluster Soil Laboratory of the College of Agriculture at 

University of the Philippines Los Baños for carbon content test. 

 To compute sediment carbon stock, bulk density was determined by 

choosing an undisturbed spot inside plot, carefully driving core samplers into 

the organic layer of the sediment (at least 50cm depth).  Four core samples were 



 
83 

 

obtained from each plot and later ovendried (at 105oC for two days University 

of the Philippines Los Baños.  Soil carbon stock was computed using the 

following equations: 

 

Bulk Density (g cm -3) = Dry weight of core (g) / volume of cylinder (cm3) 
 
Sediment mass (t ha-1) = bulk density * 10000m2 * OM depth (m) 
 
Sediment carbon stock (tC ha-1) = sediment mass * % carbon content 
 
 

Total carbon stock 

Total carbon stock (tC ha-1) was computed by getting the sum of tree 

and sediment carbon stocks.  Litter at the forest floor was not included in the 

assessment since this component is usually absent as they are displace and flush 

away during tidal changes. 

 

4.2.3 Identification of carbon management strategies 

 Total carbon stock values were compared based on stand typologies 

that best describe major mangrove landuses, namely: mature plantations (stand 

management: a. thinning; b. thinning with supplementary planting; and c. do 

nothing); young plantation (plant spacing: a. 0.5m x 0.5m; and b. 1.0m x 1.0m); 

and natural stands (species composition: a. Sonneratia-dominated stand; and b. 

Avicennia-dominated stand) to determine the most effective stand management 

approaches to improve carbon stocks.  Tests of differences and correlations 

were performed at a significance level of α=p ≤ 0.05 in order to generalize 

findings.   

 For young plantations, plant spacing was used as the criterion to 

compare stand density, survival and carbon stocks.  This therefore posed a 

research question: “Will closer spacing yield better survival and carbon stock 
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in plantations at the age of 20 years old?”  In mature plantations, stand 

management was set as the basis to identify the most effective density 

management arrangement to produce larger carbon stocks. This sough to 

answer the research question: “Will thinning (with or without supplementary 

planting) improve carbon stock of mature plantations?”  Lastly, species 

composition was selected as criterion to compare natural stands.  This dealt on 

examining if carbon stocks if species composition can affect stand carbon stock 

capacities.  
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4.3 Results and Discussion 

 

4.3.1 Tree and sediment carbon content analysis 

Tree carbon content 

Three composite samples were collected from stem (including branch), 

leaves and roots of R. stylosa.  These samples were ovendried and analyzed in 

terms of percentage carbon content.  In view of aboveground pool, stem has 

larger carbon content than leaves with 46.1 percent and 44.0 percent, 

respectively.  On the hand, belowground or root carbon content was also 

accounted to 46 percent (Figure 3.6).   

 

 

Figure 4.6 Percentage of carbon contained in stem (including branch), leaves 

and roots of R. stylosa tree 

  

 Variance analysis (ANOVA) was done to check if carbon content 

values vary between stem, leaves and root samples (Table 4.1).  Result showed 

that there is significant variations among them which suggests that tree carbon 

stock computation should be done separately according to tree parts.   
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Table 4.1 Analysis of variance among percentage carbon content values across 

composite samples (stem/branch, leaves and roots) of R. stylosa 

Level Sum of Squares df Mean Square f p 

Between Groups 8.95 2 4.47 
33.43 0.00 

Within Groups 0.80 6 0.13 

Total 9.75 8    

 

 Furthermore, since stem and leaves could possibly represent a single or 

combined carbon content index to represent AGB, an additional difference test 

was performed.  As a decision rule, if the mean carbon content of stem and 

leaves do not significantly differ from one another, their combined average 

should be used.  Results showed no significant difference between these parts 

hence the average (i.e 45.08±0.49 %C) carbon content for AGB was established 

(Table 4.2).  Carbon of BGB was 46.1±0.2%. 

 

Table 4.2 Comparison between percentage carbon content in stem and leaves 

of R. stylosa using independent t-test 

Assumption t f Mean Difference (%) p 

Equal variances assumed 6.99 
0.08 

2.11 
0.93 

Equal variances not assumed 6.99 2.11 
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Sediment carbon content 

Sediment carbon content of mature stands varied across stand 

management types.  Stands that have thinning has the highest carbon content of 

about 4.0% (Figure 4.7).    This value can be owed to their topography and 

location, being situated along the peripheries of settlement area, thus serving as 

an ‘embayment’ pool that traps organic materials from nearby natural stands 

and domestic wastes from local residents.   Values for stands that are being 

managed in terms thinning with supplementary planting was 2.4%, and for do 

nothing was 3.1%.   

In comparison with mature Rhizophora stands elsewhere, Lacerda et al. 

(1995) in Sepetiba Bay in Southern Brazil has estimated lower carbon content 

of 0.8%.   

 

 

Figure 4.7 Sediment carbon content of mature R. stylosa 

plantations across stand management types 

  

 Between the two young R. stylosa plantations of different plant spacing, 

carbon content for stands with 0.5m x 0.5m spacing was higher at 2.3% versus 

1.4% for 1.0m x 1.0m spacing (Figure 4.8).  One likely reason for such 

difference is that denser vegetation (0.5m x 0.5m) has more trees that can 

produce litter, and more roots that traps more organic material carried by tides. 
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Figure 4.8 Sediment carbon content of young R. stylosa 

plantations between plant spacing used 

 

 Lastly, sediment carbon content for natural stands based was larger in 

Sonneratia-dominated stands (3.4%) than in Avicennia-dominated stands (2.5%) 

(Figure 4.9).  In a related study of Gevaña et al. (2008) in Luzon, Philippines, 

estimates for Avicennia-dominated stands was found smaller at 1.9%. Larger 

estimate was reported by Badarudeen et al. (1996) for mixed species mangroves 

of Kumarakam inIndia with as much as 4.9%.   

 

 

Figure 4.9 Sediment carbon content of natural mangrove 

stands based on dominant species composition 

 

 

 

 

 



 
89 

 

4.3.2 Carbon stock of mature Rhizophora stylosa plantations based on 

stand management  

 

Biometric description 

Biometric description and other site information for mature plantations 

based on stand management type are presented in Table 4.3.  Effects of stand 

management on density, diameter and height were assessed by comparing mean 

biometric values across different stand management types.  

 

Table 4.3 Summary of stand density, diameter and height values of mature R. 

stylosa plantations across stand management types  

Plot Density 
(trees ha-1) 

Ave. D 
(cm) 

Ave. H 
(m) 

Management type: Thinning 
Location: N 10° 11’ 52”; E 124° 10’ 52” 
Stand Age (yr): 50-55; Estimated area (ha): 35 
Plot 1 2250 12.8±0.3 10.6 
Plot 2 2450 11.6±0.5 10.6 
Plot 3 2850 12.2±0.4 9.5 
Plot 4 3050 13.7±0.4 6.3 
Plot 5 6500 10.42±0.2 6.5 
Average 3420±782.9 12.1±0.5 8.7±1.0 
Management type: Thinning with supplementary planting 
Location: N 10° 12’ 12”; E 124° 10’ 46” 
Stand age (yr): 30-55; Estimated area (ha): 55 
Plot 1 9300 7.6±0.2 13.0 
Plot 2 10250 6.8±0.2 13.0 
Plot 3 12900 5.5±0.2 11.0 
Plot 4 15800 6.2±0.1 10.5 
Plot 5 10800 7.9±0.2 10.5 
Average 11810±1,158.9 6.8±0.5 12.6±1.4 
Management type: Do-nothing 
Location: N 10° 11’ 58”; E 124° 10’ 40” 
Stand age (yr): 50-55; Estimated area (ha): 20 
Plot 1 10900 7.6±2.1 12.1 
Plot 2 12000 7.1±0.1 13.0 
Plot 3 13150 7.1±0.1 12.5 
Plot 4 11150 7.2±0.1 13.0 
Plot 5 10700 7.4±0.2 13.0 

Average 11580±450.7 7.3±0.1 12.7±0.2 
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Comparison of biometric information among management types 

a) Density 

Density of mature plantations was largest in stands under thinning with 

supplementary planting having 11,810 trees ha-1.  This was closely followed by 

the unharvested or do nothing stands with 11,580 trees ha-1.  Surprisingly, there 

were only 3,420 trees ha-1 estimated for stands with thinning.  According to 

local residents, such smaller density is reflective of the severity of harvesting 

done in the past.  However, such loss can be also attributed to various natural 

causes such as self-thinning4 and possible incidences of diseases, wave surges 

and exposure to extreme temperature.  Unfortunately, since the local 

community and DENR lacks monitoring record on thinning, it is difficult to 

account the effects of cutting and natural factors on stand density changes.   

Comparison of density between stand management types was found 

significant (Table 4.4).  This suggest that all management interventions (i.e, to 

thin, to replant, or do nothing) will always have considerable effects on stand 

stocking.  Thus, if the goal of stand management is to increase stand density, 

thinning with supplementary planting and do nothing will be a more favorable. 

 

 

 

 

 

 

                                                      
4 Self-thinning is the natural stand process whereby numbers of trees (usually even-aged) per 
unit area decrease as average tree size increases over time.  It is common during the stem 
exclusion stage of the stand where trees compete for finite space to favor growth thus resulting 
to mortality for less-competitive trees (Oliver and Larson 1996). 
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Table 4.4 Analysis of variance among density (tree ha-1) values across mature 

R. stylosa plantations of different stand management types  

Level Sum of Squares df Mean Square f p 
Between Groups 2.28E+08 2 1.14E+08 

31.7 0.00 
Within Groups 4.32E+07 12 3598583 
Total 2.72E+08 14    
 

b) Diameter   

Largest mean tree diameter value was noted in stands with thinning 

having around 12.1±0.5 cm.  This can be attributed to its relatively sparse 

stocking condition which may have likely favored tree growth.  Normally, if 

stand density is smaller, diameter growth is enhanced as trees become more 

liberated from intense competition over space (Chan 1996; Saenger 2002).  This 

observation was also reflected in Figure 4.10. This figure suggests that as 

density increases, tree diameter decreases.   In view of two other management 

types: trees under do nothing and thinning with supplementary planting 

approaches have mean diameter of 7.3 cm and 6.8 cm, respectively.   

Diameter values across stand management types also varied 

significantly (Table 4.5).  This suggests that indeed thinning, non-thinning and 

supplementary planting has significant effects on tree diameter.  Thus, if the 

goal of stand management is to develop plantations with large diameter trees, 

thinning of stand will be more favorable.  

In terms of distribution, diameter values followed a normal curve 

(Appendix 4.2 to 4.4).  Observable truncations and skews in some diameter 

classes are reflective of management activities done particularly thinning with 

supplementary planting.  At a glance, stand with do nothing treatment showed 

the ‘most normally’ distributed diameter than with other management types. 
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Figure 4.10 Correlation between density and diameter values across 

mature R. stylosa plantations of different stand management types 

 

Table 4.5 Analysis of variance among diameter (cm) values across mature R. 

stylosa plantations of different stand management types  

Level Sum of Squares df Mean Square f p 
Between Groups 87.41 2.00 43.71 

51.36 0.00 
Within Groups 10.21 12.00 0.85 
Total 97.62 14.00    

 

 

c) Height 

 Tree height also varied significantly across stand management types 

where largest values were observed in stands under thinning with 

supplementary planting and do nothing management (Table 4.1 and Table 4.6).  

On the average, stands with these management interventions yielded height 

values of around 12m as compared to thinned with only 8.7m.  Such difference 

is also reflective of the density condition whereas trees under denser stands tend 

to compete with each other in terms of crown dominance for better access to 

sunlight (Oliver and Larson 1996).  This observation was also reflected in 

Figure 4.11 where density and height are positively correlated. 
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Table 4.6 Analysis of variance among height (m) values across mature R. 

stylosa plantations of different stand management types  

Level Sum of Squares df Mean Square f p 
Between Groups 43.04 2.00 21.52 

9.99 0.00 
Within Groups 25.83 12.00 2.15 
Total 68.87 14.00    

 

 

 

 

Figure 4.11 Correlation between density and height values across 

mature R. stylosa plantations of different stand management types 

 

 

Tree biomass and carbon stock 

 Table 4.7 presents the summary of tree biomass and carbon stock for 

mature R. stylosa plantations across stand management types. In view of stands 

under thinning management, biomass and carbon stock for AGB were 

accounted to 165.3 t ha-1 and 74.6 tC ha-1, respectively. Their belowground 

(BGB) biomass and carbon stock were 214.1±30.6 t ha-1 and 98.7±124.1tC ha-1 

each. Total biomass was then estimated to 379.5 t ha-1 with an equivalent carbon 
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stock of 173.3±19.1 tC ha-1.  AGB shared 43.8% of the total carbon stock while 

BGB contributed 56.2%. 

 Tree carbon stock for stands with thinning with supplementary planting 

was accounted to around 78.5±8.9 tC ha-1 for AGB and 116.0±10.7 tC ha-1 for 

BGB.  These values had contributed 40.1% and 59.9% to the total carbon stock 

(amounting to 194.5±19.0 tC ha-1), respectively. 

 Lastly, stands with do nothing management type have carbon stocks of 

around 92.5±2.6 tC ha-1 in AGB, 128.5±3.4 tC ha-1in BGB, and 221.0±5.8 tC 

ha-1 in total.  This has the largest tree carbon stock among mature stands 

assessed.  Bulk (58.1%) of the total carbon stock was shared by roots or BGB.   

 Values obtained from this study are comparable with the estimates 

abroad.  For instance, Putz and Chan (1986) about 135 to 230 tC ha-1 for non-

thinned mature (>80 years old) Rhizophora stands of Matang Mangrove Forest 

in Malaysia.  Nagasuka (1979) estimated about 92.6 tC ha-1 for Rhizophora 

apiculata stand in Ryukyu Island, Japan with a stand density of 9,600 trees ha-

1.  Lastly, around 200 tC ha-1 was reported for R. apiculata stand in Ranong, 

Thailand with a stand density of 2,346 trees ha-1 by Tamai et al. (1986). 
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Table 4.7 Tree biomass and carbon stock of mature R. stylosa plantations 

based on stand management types, including percentage contribution of  

aboveground (AGB) and belowground (BGB) biomass to total carbon stock 

Plot Biomass (t ha-1)  Carbon stock (tC ha-1) 
 AGB BGB Total  AGB % BGB % Total 

Thinning  
Plot 1 141.1 159.5 300.6  63.6 46.4 73.5 53.6 137.1 
Plot 2 137.5 151.6 289.1  62.0 47.0 69.9 53.0 131.9 
Plot 3 166.4 192.0 358.4  75.0 45.9 88.5 54.1 163.5 
Plot 4 188.2 255.2 443.4  84.9 41.9 117.7 58.1 202.6 
Plot 5 193.3 312.5 505.8  87.2 37.7 144.0 62.3 231.2 
Average 165.3 214.1 379.5  74.6 43.8 98.7 56.2 173.3 
SE 11.6 30.6 41.8  5.2 - 14.1 - 19.1 

Thinning with supplementary planting  
Plot 1 192.9 251.0 443.9  87.0 42.9 115.7 57.1 202.7 
Plot 2 182.7 234.1 416.8  82.4 43.3 107.9 56.7 190.3 
Plot 3 101.0 176.0 277  45.5 35.9 81.2 64.1 126.7 
Plot 4 175.8 285.1 460.9  79.3 37.6 131.4 62.4 210.7 
Plot 5 217.9 311.8 529.7  98.3 40.6 143.7 59.4 242 
Average 174.1 251.6 425.6  78.5 40.1 116.0 59.9 194.5 
SE 19.6 23.2 41.6  8.9 - 10.7 - 19.0 

Do nothing  
Plot 1 222.1 289.6 511.7  100.2 42.9 133.5 57.1 233.7 
Plot 2 192.5 268.5 461  86.8 41.2 123.8 58.8 210.6 
Plot 3 214 301.8 515.8  96.5 41.0 139.1 59.0 235.6 
Plot 4 192.6 262.6 455.2  86.9 41.8 121 58.2 207.9 
Plot 5 204.7 271.2 475.9  92.3 42.5 125 57.5 217.3 
Average 205.2 278.7 483.9  92.5 41.9 128.5 58.1 221.0 
SE 5.8 7.3 12.7  2.6 - 3.4 - 5.8 
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Comparison of tree carbon stock among management types 

1) Aboveground versus belowground carbon stock 

Overall, carbon stock is significantly larger in BGB than in AGB as 

seen across the stands under different management types (Table 4.8 and Figure 

4.12).  Their mean difference was estimated to 2.11 tC ha-1 thus showing that 

more carbon stock is stored in roots than in other tree parts.  This observation 

conformed to the studies of Alongi (2010) and Clough et al. (1997) of which 

root biomass (hence carbon stock) of Rhizophora spp. were reported to as much 

as fifty percent of the total carbon stock.  Large root biomass and carbon stock 

are also likely due to trees’ essential mechanism to support aboveground weight, 

and indicative of their adaptation to poor sediment fertility (Alongi 2010). 

 

Table 4.8 Comparison between aboveground (AGB) and belowground (BGB) 

carbon stock of mature R. stylosa plantations using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 4.32 
4.29 

2.11 
0.05 

Equal variances not assumed 4.32 2.11 
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Figure 4.12 Aboveground, belowground and total tree 

carbon stock across different stand management types 

 

 
2) Total tree carbon stock across management types 

Comparison of total tree carbon stock across different management 

types of mature R. stylosa plantations revealed no significant variation (Table 

4.9).  This suggests that there is no guarantee that non-cutting and non-

replanting (as seen in do nothing stand) will always yield larger tree carbon 

stocks.  Furthermore, density did not hold as significantly correlated variable 

with total tree carbon stock (Figure 4.13).  This implies that increasing the 

density by non-thinning or supplementary planting may not assure significant 

increase in tree carbon stock.    
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Table 4.9 Analysis of variance among total tree carbon stock (tC ha-1) values 

across mature R. stylosa plantations of different stand management types  

Level Sum of Squares df Mean Square f p 
Between Groups 5726.13 2 2863.1 

2.30 0.15 
Within Groups 15199.65 12 1266.6 
Total 20925.78 14    

 

 

 

 

Figure 4.13 Correlation between stand density and total tree carbon stock 

of mature R. stylosa plantations across different stand management types 
 

 

Sediment carbon stock 

 Table 4.10 provides the summary of sediment carbon stock values and 

other related properties such as OM height, bulk density, volume and mass for 

mature R. stylosa plantations.  In view of stands under thinning, sediment 

carbon stock was estimated to 223.8±22.7 tC ha-1. Their organic matter (OM) 

layer depth was estimated to 70cm while bulk density was 0.9±0.1 g cm-3. 

 Smaller carbon stock was observed from stands under thinning with 

supplementary planting with 185.1±19.6 tC ha-1.  However, their OM layer 

was found thicker at 100cm, while bulk density showed a similar average with 

thinning with about 0.9 g cm-3.   
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 Sediment carbon stock of mature stands with do nothing management 

was estimated to 252.7±24.8 tC ha-1, a value that is largest among the 

management types.  This can be largely attributed to its thick OM layer that 

measured 120cm.  Average bulk density of these stands was estimated to 0.8 g 

cm-3. 

 Values obtained from this study somehow conformed to the estimates 

abroad.  For instance is the the Rhizophora mangrove of Hinchinbrook, 

Australia stores where sediment stores 182 to 381 tC ha-1 (Matsui 1998). 

  

 

Comparison of sediment carbon stock across stand management types 

 No significant variation was observed among sediment carbon stocks 

of mature R. stylosa plantations across different stand management types 

(Table 4.11).  This indicates that thinning or non-thinning, supplementary 

planting nor non-replanting, will yield significantly larger sediment carbon 

stock over the other.  However, such observation needs to be validated by 

testing the relationship between sediment carbon stock and tree carbon stock.  

Such inquiry builds on a hypothesis that denser vegetation (larger tree carbon 

stock) will have larger sediment carbon stock since there are more trees that 

provide organic materials in sediment through litterfall, and trap more floating 

detritus by roots. 
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Table 4.10 Sediment carbon stock and other related properties of mature R. 

stylosa plantations across stand management types 

Plot 
Ave. 

Ovendry 
wt. (g) 

OM 
height 
(cm) 

Bulk 
Density 
(g cm-3) 

Volume 
(m3ha-1) 

Wt.  
(t ha-1) 

Carbon 
stock 

(tC ha-1) 
Thinning      
Plot 1 82.1 70 0.8 5853.8 5097.9 204.4 
Plot 2 94.6 70 1.0 6745.1 6505.2 260.9 
Plot 3 84.7 70 0.9 6039.2 5437.8 218.1 
Plot 4 97.8 70 1.0 6973.3 7065.6 283.3 
Plot 5 69.4 70 0.7 4948.3 3815.2 153.0 
Average - 70 0.9 6111.9 5584.3 223.8 
SE - - 0.1 358.4 567.0 22.7 
Thinning with supplementary planting 
Plot 1 75.8 100 0.8 7720.9 6041.6 142.0 
Plot 2 100.1 100 1.0 10191.0 10410.0 244.6 
Plot 3 94.4 100 1.0 9610.4 9249.0 217.4 
Plot 4 82.4 100 0.8 8388.1 7076.5 166.3 
Plot 5 79.6 100 0.8 8102.9 6600.0 155.1 
Average - 100 0.9 8802.7 7875.4 185.1 
SE - - 0.0 469.7 834.8 19.6 
Do nothing      
Plot 1 82.5 120 0.8 10084.0 8491.0 265.8 
Plot 2 79.1 120 0.8 9668.4 7937.8 248.5 
Plot 3 90.9 120 0.9 11110.8 10287.9 322.0 
Plot 4 65.1 120 0.7 7951.1 5345.1 167.3 
Plot 5 81.6 120 0.8 9974.0 8304.5 259.9 
Average - 120 0.8 9757.7 8073.3 252.7 
SE - - 0.0 512.6 793.5 24.8 
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Table 4.11 Analysis of variance among sediment carbon stock (tC ha-1) values 

of mature R. stylosa plantations across stand management types 

Level Sum of Squares df Mean Square f p 
Between Groups 11516.2 2 5758.085 

2.27 0.14 
Within Groups 30369.4 12 2530.782 
Total 41885.5 14    

 

 

Total carbon stock 

 The summary of total carbon stock of mature stands based on stand 

management types is presented in Table 4.12.  In view of values for stands 

under thinning, total carbon stock was estimated to 397±21.4 tC ha-1. Larger 

portion (56.3%) of this stock was contributed by sediment.   

 In terms of stands with thinning and supplementary planting, total 

carbon stock was accounted to about 379.6±15.3 tC ha-1.  Tree shared the larger 

portion with 1945.5 3 tC ha-1 (51.2%) than sediment with 185.1 3 tC ha-1 

(48.8%).  

 Lastly, the total carbon stock of stands with do nothing management 

was largest at 473.7±26.63 tC ha-1.  Similar in the case of stands under thinning, 

sediment has the larger share with 220.6±14.1 tC ha-1 or 52.8%. 
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Table 4.12 Total carbon stock and percentage contribution of tree and 
sediment pools in mature R. stylosa plantations across stand management 
types 
 

Plot Carbon Stock Pool Total 
 Tree Sediment 

 tC ha-1 % tC ha-1 % tC ha-1 
Thinning    
Plot 1 137.1 40.1 204.4 59.9 341.5 
Plot 2 131.9 33.6 260.9 66.4 392.8 
Plot 3 163.5 42.8 218.1 57.2 381.6 
Plot 4 202.6 41.7 283.3 58.3 485.9 
Plot 5 231.2 60.2 153 39.8 384.2 
Average 173.3 43.7 223.8 56.3 397.2 
SE 19.1 4.0 22.7 4.0 21.4 
Thinning with supplementary planting   
Plot 1 202.7 58.8 142 41.2 344.7 
Plot 2 190.3 43.8 244.6 56.2 434.9 
Plot 3 126.7 36.8 217.4 63.2 344.1 
Plot 4 210.7 55.9 166.3 44.1 377 
Plot 5 242 60.9 155.1 39.1 397.1 
Average 194.5 51.2 185.1 48.8 379.6 
SE 19 4.2 19.6 4.2 15.3 
Do nothing         
Plot 1 233.7 46.8 265.8 53.2 499.5 
Plot 2 210.6 45.9 248.5 54.1 459.1 
Plot 3 235.6 42.3 322 57.7 557.6 
Plot 4 207.9 55.4 167.3 44.6 375.2 
Plot 5 217.3 45.5 259.9 54.5 477.2 
Average 221.0 47.2 252.7 52.8 473.7 
SE 5.8 2.0 24.8 2.0 26.6 
Overall Average 196.3 47.4 220.6 52.6 416.8 
Overall SE 10.0 2.3 14.1 2.3 16.9 

 

 

Comparison of total carbon stock across stand management types 

 At a glance, sediment seems to have contributed larger carbon stock 

than trees (Figure 4.14).   However, results of their statistical test of difference 

revealed otherwise which suggests that both these pools have somewhat even 

contribution to total carbon stocks (Table 4.13). Correlation test also showed 

that carbon stock values between trees and sediment are independent of one 

another (Figure 4.14).  This implies that there is no guarantee that increasing 
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or decreasing the amount of tree biomass will always yield a corresponding 

change in sediment carbon stock, and vice versa.   

 

 

Figure 4.14 Total carbon stock of mature R. stylosa 

plantations across stand management types 

 

Table 4.13 Comparison between tree and sediment carbon stock of mature R. 

stylosa plantations using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 1.41 
2.55 

24.3 
0.12 

Equal variances not assumed 1.41 24.3 

 

 

 

Figure 4.15 Correlation between tree and sediment carbon stock of 

mature R. stylosa plantations across stand management types 
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In general, mature plantations of R. stylosa store about 416.8±16.9 tC 

ha-1 (Table 4.12).  Estimates significantly varied from one another, and largest 

stock was observed in ‘left-alone’ or stand under do nothing management.  This 

suggest that leaving the stands untinned may produce more carbon stock than 

with thinning or thinning with supplementary planting treatments (Table 4.14). 

However, such assumption may not always hold true since the result of t-test 

revealed no significant difference in favor of stands with do nothing 

management (Table 4.15). 

 
 
 
Table 4.14 Analysis of variance among total carbon stock values of mature R. 

stylosa plantations across stand management types 

Level Sum of Squares df Mean Square f p 
Between Groups 25054.3 2 12527.2 

4.30 0.04 
Within Groups 34883.8 12 2907.0 
Total 59938.1 14    

 
 

Table 4.15 Comparison between total carbon stocks of mature R. stylosa 

plantations across management type using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Do nothing vs. thinning     
Equal variances assumed 2.00 

0.15 
76.5 

0.71 
Equal variances not assumed 2.00 76.5 

Do nothing vs. thinning with supplementary planting  

Equal variances assumed 2.75 
0.58 

94.2 0.47 

Equal variances not assumed 2.75 94.2  
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4.3.4 Carbon stock of young Rhizophora stylosa plantations based on 

plant spacing design 

 

Biometric description 

 Biometric information that describe young even-aged R. stylosa 

plantations based on plant spacing designs (0.5m x 0.5m and 1.0m x 1.0m) are 

summarized in Table 4.16.  In terms of density, young stands that were 

established using 0.5m x 0.5m spacing contain as much as 26,400±2,144 trees 

ha-1.  Looking at their average diameter, values ranged from 4.6 to 4.9 cm, with 

an overall mean measurement of 4.8cm.  Their distribution generally followed 

a normal curve but with some skewness in Plot No. 1 and 3 indicating a larger 

frequency of trees belonging to lower diameter classes from 3.5 cm to 4.5 cm 

(Appendix 4.5).    On the other hand, height was found homogenous for all 

stands with a mean of 4.1 m.   

 In view of stands that were planted through 1.0m x 1.0m interval, 

average density was estimated to 2,500±428 trees ha-1.  Larger density was 

observed in Plots 4 and 5 have with 3,440 and 3,500 trees ha-1, respectively.  

Diameter showed an overall average of 5.1±0.2cm and their distribution 

appeared skewed where mode was observed at low end to middle diameter 

classes (3.5 to 5.0cm).  Mean height was estimated to 2.6±0.1m which was 

found highest in Plot 2 with 2.8m. 
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Table 4.16 Summary of stand density, diameter and height values of young R. 

stylosa plantations based on plant spacing design 

Plot Density Ave. D Ave. H Survival  
 (tree ha-1) (cm) (m) (%) 

Plant spacing: 0.5m x 0.5m 
Location: N 10° 12’ 28”; E 124° 11’ 2.6” 
Stand Age (yr): 20; Estimated area (ha): 150 

 

Plot 1 26800 4.8±0.1 4.1 29.8 
Plot 2 33200 4.6±0.1 4.1 36.9 
Plot 3 20100 4.9±0.1 4.1 22.3 
Plot 4 24300 4.8±0.1 4.1 27.0 
Plot 5 27600 4.8±0.1 4.1 30.7 
Average 26400±2144 4.8±0.0 4.1±0.0 29.3±2.4 
 
Plant spacing: 1.0m x 1.0m 
Location: N 10° 12’ 33”; E 124° 11’ 2.3” 
Stand age (yr): 20; Estimated area (ha): 22 

 

Plot 1 2500 5.3±0.4 2.5 6.3 
Plot 2 1400 5.4±0.4 2.8 3.5 
Plot 3 1700 5.2±0.3 2.7 4.3 
Plot 4 3500 4.3±0.2 2.4 8.8 
Plot 5 3400 5.3±0.2 2.7 8.5 
Average 2500±428 5.1±0.2 2.6±0.1 6.3±1.1 

*Survival pertains to density (x) versus maximum possible seedlings planted per ha; 
hence: x/90,0000 for 0.5mx0.5m;  and x/40000 for 1.0mx1.0m 

 

 

Comparison of biometric values based on plant spacing design 

 Density of young R. stylosa stands planted with 0.5m x 0.5m design 

was significantly larger by as much as 23,900 trees ha-1 than stands that were 

established using 1.0m x 1.0m interval (Table 4.17).  This indicates that a much 

closer spacing will always produce denser stands at the age of 20 years old.   

 In terms of diameter, no significant difference was observed between 

the stands of different planting designs.  This implies that wider spacing may 

not always guarantee larger diameter growth.  Conversely, stands of 0.5m x 

0.5m spacing may not always produce smaller diameter as compared with 1.0m 
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x 1.0m since density and diameter yielded no significant negative correlation 

(Figure 4.16). 

 

 

Figure 4.16 Correlation between density and diameter values 

of young R. stylosa stands  

 

 Similar to mature plantations, height of denser 0.5m x 0.5m stands was 

also found significantly taller than 1.0m x 1.0m plantations.   This was further 

confirmed by the significant positive correlation between height and density, 

such that:  an increase in density will have corresponding increase in tree height 

(Figure 4.17).  Closer spacing normally spurs height growth since trees 

compete for canopy dominance to get more sunlight (Oliver and Larson 1996). 

 

 

Figure 4.17 Correlation between density height values of young R. 

stylosa stands  
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In terms of percentage survival, a more favorable result was observed 

for stands that were raised at 0.5m x 0.5m spacing than in 1.0m x 1.0m.  Their 

mean difference was accounted to 23%.  One of the observed advantages in 

closer spacing was the stronger anchorage of trees against tidal waves.  In 

denser stands, roots are more intertwined thus they have better adaptation 

against of environmental stress brought by wind and waves.    In a quite similar 

study of Kumara et al. (2010) in Puttalam Lagoon, Sri Lanka using Rhizophora 

mucronata seedlings,  plot with low density planting also showed significantly 

reduced survival compared with those that were planted in closer distances.  

Their experiment concluded that 3.2 years after planting, mean survival rates 

were found at 93.4%, 84.2%, 85.7% for denser plots of 6.96, 3.26, 1.93 (in 

seedling m-2), respectively  than in plots with 0.95 seedling m-2 with only 52.9% 

survival.     

 

Table 4.17 Difference test in stand biometrics of young of R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Biometric Aspect t f Mean Difference  p 

Density (tree ha-1) 12.16 8.81 23,900 0.02 

Diameter (cm) 1.54 3.73 0.32 0.09 

Height (m) 20.14 23.83 1.48 0.00 

Survival (%) 7.91 5.22 23.06 0.05 

 

Higher survival, density and height of young plantations that were 

raised using Banacon’s traditional dense planting method of 0.5m x 0.5m can 

be also attributed to silvicultural preferences of the local community in terms 

of planting site selection, preference on the quality of planting material, and 

method of field planting (Melana n.d.).   First, the choice of planting site 
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considered the quality of sediment and tidal regime (Figure 4.18). The best 

sites for planting propagules were sandy corraline substrate which is 

exemplified by its softness and stability, and has thick organic layer or mud (≥ 

50cm).  Their location was far from shifting sandbars and flood waterways 

where strong waves are common during the tropical monsoon period from June 

to September.  Planting sites were also above the neap tide level because R. 

stylosa, like other Rhizophora sp. prefer to grow on shallow water (at most 1m 

deep during high tide level).  

 

 

Figure 4.18 Preferred sites for establishing R. stylosa plantation where: a) 

shallow mudflats in sparse natural stand; b) thick organic sediment layer; c) 

gaps between plantations; and d) logged-over area 

 

 Second, prime quality of propagules was collected prior to field 

planting (Figure 4.19).  A mature, healthy, and ready-to-plant propagule was 

described as: 1) hypocotyls attaining full length of 40 to 60cm; 2) visible 

appendage at the base of the pericarp; 3) pericarp (brown like cap) is easily 

disjointed from the hypocotyl; and 4) distinct lenticels on ‘sturdy’ hypocotyl.  
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Propagule collection is best done during the peak fruiting months of March to 

May.  They are best planted immediately after collection to ensure viability.   If 

stored, propagules are kept for a very short time (at most three weeks) in a well-

ventilated shed that is showered daily with tap water to maintain their moisture. 

 

 

Figure 4.19 Mature and healthy R. stylosa propagules 

 

 Lastly, planting of propagules was done by simply shoving pointed end 

of the hypocotyl into the ‘soft’ or mud sediment.  In terms of coralline sites of 

‘harder’ substrates, planting bar or pointed pole was used to create holes for 

inserting propagules.  Typically, about a third of the total length of the 

hypocotyl should be inserted into the sediment.   The distance between 

propagules may range from 0.3m to 0.5m interval for better survival and faster 

growth (Figure 4.20). 
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Figure 4.20 R. stylosa planting (a. afforestation activity; b. dense spacing 

of planting) 

 
 

Tree biomass and carbon stock 

 Tree biomass and carbon stock of young R. stylosa stands based on 

plant spacing are shown in Table 4.18.   On the average, the total biomass of 

stands that were established using 0.5m x 0.5m spacing was 365.5 t ha-1.  Value 

was found largest in Plot 2 with 439.3 t ha-1.  On the other hand, only about 37.3 

t ha-1 biomass was estimated for stands of.1.0m x 1.0m spacing.  Their estimates 

ranged from 18.6 t ha-1 to 56.3 t ha-1. 

 In terms of carbon stock, densely spaced 0.5m x 0.5m stands measured 

as much as 166.7 tC ha-1. Bulk (76.2%) of this stock is stored in BGB/roots with 

127.1 tC ha-1.  Similarly, larger stock was observed in BGB of 1.0m x 1.0m 

planted stands with 17.1 tC ha-1.  Their total carbon stock was estimated to 17.1 

tC ha-1.   

 
 
 
 
 
 
 



 
112 

 

Table 4.18 Tree biomass and carbon stock of young R. stylosa plantations 

based on plant spacing, including percentage contribution of  

aboveground (AGB) and belowground (BGB) biomass to total carbon stock 

Plant Spacing Biomass (t ha-1)  Carbon stock (tC ha-1) 
 AGB BGB Total  AGB % BGB % Total 

0.5m x 0.5m  
Plot 1 84.3 272.5 356.7  38 23.2 125.6 76.8 163.6 
Plot 2 106.3 333.0 439.3  47.9 23.8 153.5 76.2 201.4 
Plot 3 73.5 224.6 298.1  33.1 24.2 103.5 75.7 136.7 
Plot 4 82.6 259.1 341.7  37.2 23.7 119.4 76.2 156.7 
Plot 5 92.2 289.7 381.9  41.6 23.7 133.6 76.3 175.2 
Average 87.8 275.8 363.5  39.6 23.7 127.1 76.2 166.7 
SE 5.5 17.9 23.3  2.5 0.2 8.2 0.2 10.7 

1.0m x 1.0m  
Plot 1 9.7 34.8 44.5  4.4 21.6 16 78.4 20.4 
Plot 2 5.4 18.6 24.0  2.4 21.8 8.6 78.2 11.0 
Plot 3 5.7 20.7 26.4  2.5 20.7 9.5 78.5 12.1 
Plot 4 6.6 28.8 35.4  3 18.5 13.3 82.1 16.2 
Plot 5 12.3 44.0 56.3  5.5 21.3 20.3 78.7 25.8 
Average 7.9 29.4 37.3  3.6 20.8 13.5 79.2 17.1 
SE 1.3 4.7 6.0  0.6 0.6 2.2 0.7 2.7 

 

 

Comparison of tree carbon stock among management types 

1) Aboveground versus belowground carbon stock 

The contribution of BGB to total tree carbon stock was found 

significantly larger than of AGB with a mean difference of as much 48.8 tC ha-

1.   Larger stock in BGB is reflective of trees’ intensive root development as 

coping mechanism against strong waves and winds. Moreover, the amassing 

root biomass implies that fertility and stability of sediment is low (Alongi 2010).  
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Table 4.19 Difference test in aboveground (AGB) and belowground (BGB) 

carbon stock of young R. stylosa plantations using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 2.40 
85.66 

48.77 
0.00 

Equal variances not assumed 2.40 48.77 

 
 

2) Total tree carbon stock between plant spacing designs 

Despite having a large mean difference of about 149.6 tC ha-1, the total 

tree carbon stock was not found significantly larger between stands that were 

raised using 0.5m x 0.5m and 1.0m x 1.0m (Table 4.20).  This result however 

suggests two things: 1) since p-value was 0.09, there is still a good probability 

that denser planting (using 0.5m x 0.5m) will always yield larger carbon stocks; 

and 2) increasing the number of sample plots may improve the comparison test 

to further demonstrate that there is significant advantage in denser planting 

(using 0.5m x 0.5m) on carbon stock production.      

 

Table 4.20 Difference test in total tree carbon stock of young R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 13.56 
3.74 

149.62 
0.09 

Equal variances not assumed 13.56 149.62 
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Sediment carbon stock 

 Table 4.21 provides the summary of sediment carbon stock of young 

R. stylosa plantations based on plant spacing.  In view of 0.5m x 0.5m spaced 

plantations, OM depth measured about 75 cm.  Bulk density was estimated to 

0.8 g cm-3 while carbon stock was as much as 110.1±3.6 tc ha-1.    

 For stands that were established using 1.0m x 1.0m distance, OM layer 

was measured at 56 cm.  Their average bulk density measured about 0.5 g cm-3 

thus contributing around 21.3 tC ha-1 of carbon stock.  

 

Table 4.21 Sediment carbon stock and other related properties of young R. 

stylosa plantations based on plant spacing design 

Plot 
Ave. 

Ovendry 
wt. (g) 

OM 
height 
(cm) 

Bulk 
Density 
(g cm-3) 

Volume 
(m3ha-1) 

Wt.  
(t ha-1) 

Carbon 
stock 

(tC ha-1) 
0.5m x 0.5m      
Plot 1 72.9 75.0 0.7 5565.3 4155.4 97.7 
Plot 2 79.6 75.0 0.8 6077.2 4945.7 116.2 
Plot 3 80.1 75.0 0.8 6119.2 5002.7 117.6 
Plot 4 76.6 75.0 0.8 5848.0 4560.5 107.2 
Plot 5 78.2 75.0 0.8 5974.0 4759.7 111.9 
Average - 75.0 0.8 5916.7 4684.8 110.1 
SE - 0.0 0.0 99.6 153.4 3.6 
0.5m x 0.5m 
Plot 1 49.1 56.0 0.5 2797.9 1408.4 20.0 
Plot 2 52.9 56.0 0.5 3017.5 1681.7 23.9 
Plot 3 50.0 56.0 0.5 2849.2 1463.3 20.8 
Plot 4 48.4 56.0 0.5 2757.9 1358.4 19.3 
Plot 5 52.3 56.0 0.5 2983.2 1589.5 22.6 
Average - 56.0 0.5 2881.1 1500.3 21.3 
SE - 0.0 0.0 51.1 59.5 0.8 
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Comparison of sediment carbon stock based on plant spacing design 

 With a mean difference of 88.80 tC ha-1, sediment carbon stock of 

stands that were planted using 0.5m x 0.5m interval was found significantly 

larger than those with 1.0m x 1.0m design (Table 4.22).  This implies that closer 

spacing of R. stylosa during planting will produce larger sediment carbon stock 

after reaching the age of 20 years.  Such lead can be attributed to two possible 

factors: 1) thicker vegetation provides larger source organic material through 

litterfall; 2) more interlinked roots help stabilize sediment from erosion while 

effectively trapping more organic material from other sources during tidal 

movements (Alongi 2010; Kumara et al 2010) 

 

Table 4.22 Difference test in sediment carbon stock of young R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 24.02 
5.77 

88.80 
0.04 

Equal variances not assumed 24.02 88.80 

 

 

Total carbon stock 

 Total carbon stock of 0.5m x 0.5m spaced stands was estimated to 

around 276.8±11.6 tC ha-1 (Table 4.23).  Greater portion (60%) of this value 

was shared by trees with 166.7±10.7 tC ha-1.  Among the plots, largest stock 

was noted in Plot 2 with 317.6 tC ha-1.  This plot also has the most number of 

trees and second largest in terms of sediment carbon stock.   

 In terms of stands that were planted through 1.0m x 1.0m interval, total 

carbon stock was estimated to 38.4 tC ha-1.  Sediment has the larger share 
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(56.5%) than trees amounting to 56.5 tC ha-1.  Among the plots, Plot 5 has the 

largest stock with 48.4 tC ha-1.   

 In comparison with estimates reported in Southeast Asia, Ong et al. 

(1982) measured about 105 tC ha-1 for 28-year old Rhizophora apiculata stands 

in Matang Mangroves, Malaysia.  Smaller estimate was however reported by 

Christensen (1978) in Phuket, Thailand with 79.5 tC ha-1 for 15 year-old R. 

apiculata stands. 

 

Table 4.23 Total carbon stock and percentage contribution of tree and 

sediment pools in mature R. stylosa plantations across stand management 

types 

Plot Carbon Stock Pool Total 
 Tree Sediment 

 tC ha-1 % tC ha-1 % tC ha-1 
0.5m x 0.5m    
Plot 1 163.6 62.61 97.7 37.39 261.3 
Plot 2 201.4 63.41 116.2 36.59 317.6 
Plot 3 136.7 53.76 117.6 46.24 254.3 
Plot 4 156.7 59.38 107.2 40.62 263.9 
Plot 5 175.2 61.02 111.9 38.98 287.1 
Average 166.7 60.0 110.1 40.0 276.8 
SE 10.7 1.7 3.6 1.7 11.6 
0.5m x 0.5m         
Plot 1 20.4 50.50 20.0 49.50 40.4 
Plot 2 11 31.52 23.9 68.48 34.9 
Plot 3 12.1 36.78 20.8 63.22 32.9 
Plot 4 16.2 45.63 19.3 54.37 35.5 
Plot 5 25.8 53.31 22.6 46.69 48.4 
Average 17.1 43.5 21.3 56.5 38.4 
SE 2.7 4.1 0.8 4.1 2.8 
Overall Average 91.9 51.8 65.7 48.2 157.6 
Overall SE 25.5 3.5 14.9 3.5 40.1 

 

In view of possible relationship between tree and sediment carbon stock, 

a significantly strong correlation index was observed between these two pools 

(Figure 4.21).  This suggests that there is mutual carbon build-up between these 

pools such that: an increase in tree biomass or vegetation will render significant 
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enhancement in sediment carbon stock that is likely through litterfall and 

trapping or retention of organic matter by roots.  Likewise, the increase of 

organic matter in sediment creates fertile beds for better tree growth and carbon 

stock production. 

 

 

 

Figure 4.21 Correlation between tree and sediment carbon stock of 

young R. stylosa plantations based on planting 

 

 Significantly larger carbon stock was stored in trees than in sediments 

for both stands raised at 0.5m x 0.5m and 1.0m x 1.0m spacing (Table 4.24).  

This suggests that in order to further improve the site’s carbon stocks, major 

focus should be on developing denser stands.   Thus, adopting a closer planting 

interval (through 0.5m x 0.5m spacing) will be more beneficial since it will yield 

higher survival and tree biomass than by 1.0m x 1.0m spacing. 
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Table 4.23 Comparison between tree and sediment carbon stock of young R. 

stylosa plantations using independent t-test  

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 0.89 
30.72 

26.19 
0.00 

Equal variances not assumed 0.89 26.19 

 

 

Comparison of total carbon stock based on plant spacing design 

 Young R. stylosa stands that were established using 0.5m x 0.5m 

planting design have significantly larger carbon stock than with those that were 

planted using 1.0m x 1.0m spacing (Table 4.24).  Their mean difference was 

estimated to 238.4 tC ha-1 which is reflective of higher density, height and 

survival observed from a much denser spacing.  This therefore proposes that 

closer spacing is indeed more effective in producing larger carbon stock. 

 

Table 4.24 Difference test in total carbon stock of young R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 20.01 
7.60 

238.42 
0.02 

Equal variances not assumed 20.01 238.42 
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4.3.4 Carbon stock of natural stands based on species composition 

 

 Biometric information of two natural stand types are presented in Table 

4.25 and Table 4.26. Three (3) species were identified from both Sonneratia-

dominated and Avicennia-dominated stands, namely: Sonneratia alba, 

Avicennia marina and Rhizophora stylosa. 

In view of Sonneratia-dominated stands, S. alba was identified as the 

most dominant species in terms of frequency, diameter and height.  In Plot 2, 

this tree listed as much as 23 trees plot-1.  Its largest diameter and height values 

were accounted to 20.1 cm (in Plot 1) and 7.3m (in Plot 2), respectively.   On 

the average, density was estimated to 1,190±75 trees ha-1 while diameter and 

height were 10.9±0.4cm and 3.6±0.2m, respectively. 

 In terms of Avicennia-dominated stands, Avicennia marina was 

identified as the most common species in all plots except in Plot 4 where more 

R. stylosa were listed (11 trees plot-1).  Largest diameter and height values were 

still observed for S. alba trees with 17.2 cm and 7.5 m (in Plot 2), respectively.  

The overall density of Avicennia-dominated stands was estimated to 1190±75 

trees ha-1.  Mean diameter and height were 10.9±0.4 cm and 3.6±0.2 m each.   
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Table 4.25 Scientific name, frequency, diameter and height of trees listed in 

natural stands based on species composition 

Plot Frequency Ave. D 
(cm) 

Ave. H 
(m) 

Sonneratia-dominated stand 
Plot 1 

Sonneratia alba 12 20.1 6.9 
Plot 2    

Sonneratia alba 19 18.3 7.3 
Avicennia marina 3 15.7 6.0 
Rhizophora stylosa 1 6.7 4.0 

Plot 3    
Sonneratia alba 23 17.3 5.3 
Avicennia marina 1 8.3 4.0 

Plot 4    
Sonneratia alba 17 16.6 6.5 
Avicennia marina 4 13.6 3.5 

Plot 5    
Sonneratia alba 17 19.4 4.4 
    

Avicennia-dominated stand 
Plot 1    

Avicennia marina 19 11.4 3.5 
Sonneratia alba 2 11.2 4.5 

Plot 2    
Avicennia marina 11 12.8 3.8 
Sonneratia alba 2 17.2 7.5 
Rhizophora stylosa 8 5.3 3.9 

Plot 3    
Avicennia marina 16 8.0 3.0 
Sonneratia alba 11 15.0 3.2 
Rhizophora stylosa 2 4.0 3.0 

Plot 4    
Avicennia marina 9 12.2 4.3 
Sonneratia alba 1 20.4 6.0 
Rhizophora stylosa 11 6.0 3.5 

Plot 5    
Avicennia marina 13 9.2 3.2 
Sonneratia alba 1 11.7 4.0 
Rhizophora stylosa 7 9.9 3.0 
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Table 4.26 Summary of stand density, diameter and height values of natural 

stands plantations based on species composition  

Plot Density 
(trees ha-1) 

Ave. D 
(cm) 

Ave. H 
(m) 

Species composition: Sonneratia-dominated stand 
Location: N 10° 11’ 36.4”; E 124° 9’ 17” 
Stand Age (yr): >55; Estimated area (ha): 50 
Plot 1 600 20.1 6.9 
Plot 2 1150 17.6 7 
Plot 3 1200 17.1 5.9 
Plot 4 1050 16.5 5.9 
Plot 5 850 19.4 4.4 
Average 970±110 18.1±0.7 6.0±0.5 
Species composition: Avicennia-dominated stand 
Location: N 10° 12’ 12”; E 124° 10’ 46” 
Stand age (yr): >55; Estimated area (ha): 120 
Plot 1 1250 11.4 3.6 
Plot 2 1050 11.6 4.2 
Plot 3 1450 11.1 3.1 
Plot 4 1050 10.9 3.9 
Plot 5 1150 9.6 3.1 
Average 1190±75 10.9±0.4 3.6±0.2 

 

 

4.2.3 Comparison of biometric values based species composition 

 Among the biometric values compared, only diameter held as 

significantly different parameter between the two types of natural stands (Table 

4.27).  This suggests that trees in Sonneratia-dominated stands have 

significantly larger stems than those that are in Avicennia-dominated stands 

with about 7.22cm.  Such difference can be largely attributed to proliferation of  

S. alba, being the dominant species in terms of stem size. 
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Table 4.27 Difference test in stand biometrics of young of R. stylosa 

plantations based on plant spacing (0.5m x 0.5m vs. 1.0m x 1.0m) 

Biometric Aspect t f Mean Difference  p 

Density (tree ha-1) 1.65 1.14 220.00 0.32 

Diameter (cm) 9.34 5.08 7.22 0.05 

Height (m) 4.72 1.42 2.40 0.27 

 

 

Tree biomass and carbon stock  

 Biomass of Sonneratia-dominated stands was estimated to 261.9±29.7 

t ha-1 (Table 4.28).  Their values ranged from 191.2 t ha-1 to 343.4 t ha-1 across 

plots.   The overall aboveground biomass measured 186.8 t ha-1 while 

belowground biomass was accounted to 75.1 t ha-1.  AGB thus shared a larger 

carbon stock of about 85.7 tC ha-1 (71.2%) while BGB contributed only 34.5 tC 

ha-1 (28.8%).  Overall mean tree total carbon stock was estimated to 120.2±13.6 

tC ha-1.  

 In terms of Avicennia-dominated stands, tree biomass measured around 

96.2±8.0 t ha-1 reflecting a carbon stock of 44.2±3.7 tC ha-1.  AGB contributed 

about 30.5±2.8 0 tC ha-1 (68.6%) while 13.7 tC ha-1 (31.4%), respectively.   

Reports abroad showed comparable values with this study.  For 

instance, natural mangroves of Phuket in Thailand has 159.00 tC ha-1; around 

135.00 tC ha-1 in Boca Chica, Mexico; and 129.10 tC ha-1 for Hongkong 

(Christensen 1978; Day et al. 1987; Lee 1990).  Komiyama et al (1987) also 

measured 203 tC ha-1 in Indonesia while Amarasinghe and Balasubramaniam 

(1992) suggested 120 tC ha-1 for Sri Lanka.  Estimates for Malaysia and China 

were larger at 286.8 tC ha-1 and 248.5 tC ha-1, respectively (Ong et al. 1979; Lin 

et al. 1990).   
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Table 4.28 Tree biomass and carbon stock of natural stands based on species 

composition, including percentage contribution of aboveground (AGB) and 

belowground (BGB) biomass to total carbon stock 

Species composition Biomass (t ha-1)  Carbon stock (tC ha-1) 
AGB BGB Total  AGB % BGB % Total 

Sonneratia-dominated  
Plot 1 247.2 96.2 343.4  113.5 72.0 44.2 28.0 157.6 
Plot 2 160.2 66.5 226.7  73.5 70.7 30.5 29.3 104.1 
Plot 3 161.1 65.8 226.9  73.9 71.0 30.2 29.0 104.1 
Plot 4 134.5 56.7 191.2  61.7 70.3 26.0 29.7 87.8 
Plot 5 230.9 90.3 321.2  106.0 71.9 41.4 28.1 147.4 
Average 186.8 75.1 261.9  85.7 71.2z 34.5 28.8 120.2 
SE 22.0 7.7 29.7  10.1 0.3 3.5 0.3 13.6 
Avicennia-dominated  
Plot 1 76.8 32.6 109.4  35.3 70.2 15.0 29.8 50.2 
Plot 2 76.9 34.0 110.9  35.3 69.3 15.6 30.7 50.9 
Plot 3 68.8 29.5 98.3  31.6 70.0 13.5 30.0 45.1 
Plot 4 66.1 30.0 96.1  30.3 68.8 13.8 31.2 44.1 
Plot 5 43.1 23.4 66.5  19.8 64.8 10.7 35.2 30.5 
Average 66.3 29.9 96.2  30.5 68.6 13.7 31.4 44.2 
SE 6.2 1.8 8.0  2.8 1.0 0.8 1.0 3.7 

 

 

Comparison of tree carbon stock based on species composition 

1) Aboveground versus belowground carbon stock 

Tree carbon stock was found significantly larger in AGB than BGB 

with a mean difference of 34.0 tC ha-1 (Table 4.29).  This suggests that the 

concentration of carbon stock was in the stem, branch and leaves.  Several 

studies on natural stands correspond well to this observation.  For instance, 

Poungparn (2003) reported a 55% share of trees in total carbon stocks of mixed 

species mangrove in Southern Pang-nga, Thailand.  A much larger share (77.8%) 

was observed by Komiyama et al. (1988) for tree carbon stock of Sonneratia 

forest in Halamahera, Indonesia.  Further, about 64.5% contribution of trees to 
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total carbons stock was reported by Mackey (1993) for Avicennia marina forest 

in Brisbane, Australia. 

 

 

 Table 4.29 Comparison between aboveground (AGB) and belowground (BGB) 

carbon stock of natural stands using independent t-test 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 3.05 
10.40 

34.00 
0.04 

Equal variances not assumed 3.05 34.00 

 

 

2) Total tree carbon stock based on species composition 

Tree carbon stock was found significantly larger in Sonneratia-

dominated stands than in Avicennia-dominated stands (Table 4.30).  Their 

mean difference was estimated to 76.04 tC ha-1 which can be owed to the 

presence of large diameter trees particularly S. alba.  Studies abroad also 

confirmed larger carbon stock capacities in Sonneratia forest than Avicennia 

forest.  For instance, Komiyama et al. (1987) reported as much as 174.5 tC ha-

1 for old growth Sonneratia stand in Ranong, Thailand, while Briggs (1977) 

estimated about 136.3 tC ha-1 for old growth Avicennia stand in Australia.  Such 

difference is reflective of stand structure (density, diameter and height) as well 

as geographical settings. 
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Table 4.30 Difference test in total tree carbon stock of natural stands based on 

species composition 

 Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 5.39 
17.00 

76.04 
0.00 

Equal variances not assumed 5.39 76.04 

 

 

Sediment carbon stock 

 Organic matter layer of Sonneratia-dominated stands measured 60cm 

in height (Table 4.31).  With an average bulk density of 0.8 g cm-3, this gave a 

sediment mass value of 4015.1±486.8 t ha-1.  Carbon stock ranged from 96.9 tC 

ha-1 to 194.1 tC ha-1 based on the computed carbon content of 3.4%.   The overall 

mean sediment carbon stock was calculated to 137.3±16.6 tC ha-1. 

 Sediments of Avicennia-dominated stands have an OM thickness of 

100cm.  Their bulk density was estimated to 0.9 g cm-3 thus yielding a sediment 

mass of 8596.5 6 tC ha-1.  With a carbon content of 2.5%, carbon stock ranged 

from 189.7 tC ha-1 to 239.7 tC ha-1.  The overall mean carbon stock in sediment 

was 214.1±8.4 tC ha-1. 
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Table 4.31 Sediment carbon stock and other related properties of natural 

stands based on species composition 

Plot 
Ave. 

Ovendry 
wt. (g) 

OM 
height 
(cm) 

Bulk 
Density 
(g cm-3) 

Volume 
(m3ha-1) 

Wt.  
(t ha-1) 

Carbon 
stock 

(tC ha-1) 
Sonneratia-dominated      
Plot 1 81.5 60 0.8 4977.8 4130.3 141.3 
Plot 2 81.4 60 0.8 4971.7 4162.1 142.3 
Plot 3 72.4 60 0.7 4424.8 3274.6 112.0 
Plot 4 67.2 60 0.7 4103.9 2832.9 96.9 
Plot 5 95.5 60 1.0 5833.5 5675.9 194.1 
Average 79.6 60 0.8 4862.3 4015.1 137.3 
SE 4.8 0.0 0.0 294.5 486.8 16.6 
Avicennia-dominated 
Plot 1 96.3 100 1.0 9803.9 9624.8 239.7 
Plot 2 85.6 100 0.9 8719.1 7618.1 189.7 
Plot 3 91.2 100 0.9 9289.5 8629.5 214.9 
Plot 4 91.9 100 0.9 9360.8 8904.6 221.7 
Plot 5 88.9 100 0.9 9055.3 8206.8 204.3 
Average 90.8 100 0.9 9245.7 8596.7 214.1 
SE 1.8 0.0 0.0 178.9 336.3 8.4 

 

 

Findings of this study carbon conformed well to the ranges suggested 

by Fujimoto (2000) for various mangrove stands with 220 tC ha-1; and Matsui 

et al (2012) in Khanon, Thailand with 154.8 tC ha-1.  However, such estimates 

seem to be conservatively measured since the depth of organic layer is likely to 

be underestimated.  Based on the studies conducted by Fujimoto and Miyagi 

(1993) on Pacific mangroves, sediment OM was estimated to at least two meters 

in height.  On the other hand, Woodroffe et al. (1989) proposed five meters of 

OM layer based on their assessment in Alligator River mangroves of northern 

Australia.  Ong (1993) also reported about 7m in Matang forests, Malaysia.  A 

more rigorous assessment was conducted by Donato et al. (2011) in 25 
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mangrove sites across Micronesia, Borneo, and Bangladesh where carbon stock 

from 0.5 to more than 3m depth has reached 1,023 tC ha-1.   

 

Comparison of sediment carbon stock based on species composition 

 No significant difference was observed between the sediment carbon 

stock of Sonneratia-dominated and Avicennia-dominated stands (Table 4.32). 

This suggests that though Avicennia-dominated stands have as much as 76.74 

tC ha-1 advantage over Sonneratia-dominated stands, such difference cannot be 

generalized for the whole natural stands of Banacon.   

 

Table 4.32 Difference test in sediment carbon stock of natural stands based on 

species composition 

Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 4.12 
1.25 

76.74 
0.29 

Equal variances not assumed 4.12 76.74 

 

 

Total carbon stock 

 The overall carbon stock of natural stand was estimated to 257.9±19.9 

tC ha-1 (Table 4.33).  Larger share (68.1%) came from sediment with 

175.7±21.9 tC ha-1.  On the other hand, trees contributed about 82.2±20.2 tC ha-

1 or 31.9%.    

Carbon stock of Sonneratia-dominated stands measured 257.5±28.2 tC 

ha-1.  Slightly more than half (53.2%) of this came from sediment pool 

amounting to 137.3 tC ha-1.  Tree shared 120.2 tC ha-1 (46.8%) to the total 

carbon stock of this site. 
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In terms of Avicennia-dominated stands, total carbon stock was 

estimated to 258.2±9.8 tC ha-1.  Sediment also shared the larger stock with 214.1 

tC ha-1 (82.9%).  Trees on;y contributed only 44.2 tC ha-1 or 31.9%.   

Comparing the contribution of tree and sediment to total carbon stock, 

Table 4.34 suggests that significantly larger carbon stock was contributed by 

sediment than by trees with as much as 14.10 tC ha-1.   

 

Table 4.33 Total carbon stock and percentage contribution of tree and 

sediment pools in natural stands based on species composition 

Plot Carbon Stock Pool Total 
 Tree Sediment 

 tC ha-1 % tC ha-1 % tC ha-1 
Sonneratia-dominated    
Plot 1 157.6 52.7 141.3 47.3 298.9 
Plot 2 104.1 42.2 142.3 57.8 246.4 
Plot 3 104.1 48.2 112.0 51.8 216.1 
Plot 4 87.8 47.5 96.9 52.5 184.7 
Plot 5 147.4 43.2 194.1 56.8 341.5 
Average 120.2 46.8 137.3 53.2 257.5 
SE 13.6 1.9 16.6 1.9 28.2 
Avicennia-dominated 

        

Plot 1 50.2 17.3 239.7 82.7 289.9 
Plot 2 50.9 21.2 189.7 78.8 240.6 
Plot 3 45.1 17.3 214.9 82.7 260.0 
Plot 4 44.1 16.6 221.7 83.4 265.8 
Plot 5 30.5 13.0 204.3 87.0 234.8 
Average 44.2 17.1 214.1 82.9 258.2 
SE 3.7 1.3 8.4 1.3 9.8 
Overall Average 82.2 31.9 175.7 68.1 257.9 
Overall SE 20.2 7.2 21.9 7.2 19.9 
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Table 4.34 Comparison between tree and sediment carbon stock of natural 

stands using independent t-test 

 Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 0.93 
11.85 

14.10 
0.00 

Equal variances not assumed 0.93 14.10 

 

 

Comparison of total carbon stock based on species composition 

 Surprisingly, total carbon stock was found significantly larger in 

Avicennia-dominated stands than in densely vegetated Sonneratia-dominated 

stands by just a small margin 0.70 tC ha-1 (Table 4.35).  Such difference can be 

attributed to the disparity in sediment carbon stock by which OM layer and 

sediment mass values were found larger in Avicennia-stand.  This therefore 

suggests that it will be worth pursuing a vegetation improvement of Avicennia-

dominated stands to further improve their tree carbon stocks.  This can be done 

through enrichment planting using Sonneratia alba and Rhizophora stylosa 

which are larger absorber of carbon.         

 

 

Table 4.35 Difference test in total tree carbon stock of natural stands based on 

species composition 

 Assumption t f 
Mean Difference  

(tC ha-1) 
p 

Equal variances assumed 0.02 
5.82 

0.70 
0.04 

Equal variances not assumed 0.02 0.70 
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4.3.5 Towards an effective carbon stock management 

 Developing stand management strategies for better carbon stock 

production demands careful investigation of existing forest management 

approaches, and thereafter distilling the most desirable option(s) to augment 

tree biomass, density, survival and sediment carbon properties.  Significant 

findings of this study on the effects of plant spacing, stand management types 

and species composition on carbon stock can therefore provide some directions 

towards crafting stand management plans for mangroves of Banacon Island.   

 In summary, dense planting through 0.5m x 0.5m design was seen more 

effective towards ensuring larger stand density, height and survival of young R. 

stylosa plantations. This approach forms part of the traditional forest knowledge 

of the local community (which includes preference in planting sites, careful 

selection of planting materials, and method and timing of field planting) that 

needs to be sustained.  With higher survival resulting to denser young stands, 

larger carbon stock can be produced.   Further, the significant relationship 

observed between trees and sediment carbon suggests that protecting the 

aboveground vegetation will help augment the sediment carbon stock beneath. 

 As dense young stand matures, non-thinning or do nothing approach 

will be beneficial to further improve carbon stock capacities.  Maintaining large 

density condition by non-cutting of trees will ensure significant increases in 

carbon stock since density and carbon stock were significantly correlated.   

However, such management approach may not be acceptable for the local 

community since they harvest trees for poles and fuelwood.  Thinning with 

supplementary planting approach will be therefore be a more appropriate 

treatment since it could replenish sparsely vegetated stands hence improve the 

carbon stocks.  However, if the purpose of stand management is to increase pole 
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diameter sizes, apart from carbon sequestration, thinning approach will be more 

suitable since reducing density will create spaces for better stem growth. 

 Management of natural stands necessitates conservation measures for 

both tree and sediment pools.  Tree carbon stock was found larger in 

Sonneratia-dominated stands reflecting the huge contribution of dominant 

Sonneratia alba to carbon stocks.   On the other hand, sediment carbon stock 

was larger in Avicennia-dominated stands owing to its thicker OM layer.  This 

therefore suggests that to improve the carbon stocks of natural stands, 

enrichment planting using S. alba should be done in Avicennia-stands to 

achieve larger tree carbon stock complementing the already carbon-rich 

sediment. 

 A schematic diagram which shows stand density management pathway 

towards achieving large carbon stock production was proposed based on the 

significant findings of the study.  This framework indicates that denser planting 

(using 0.5m x 0.5m spacing method) of R. stylosa during plantation 

establishment will be critical to achieve better survival, density and carbon 

carbons stocks.  Reaching the young age of 20 years old, local community needs 

to decide whether they will thin these plantations.  If non-thinning or do nothing 

management will be pursued, stands will can lead directly towards achieving 

the ideal5 carbon stock condition at the age of 50 to 55 years.   However, since 

it is unlikely that the local community will pursue strict protection because of 

their apparent need for pole and fuelwood, thinning with supplementary 

planting will be a more favorable management approach.  Supplementary 

planting can be done in two ways: by replanting using R. stylosa to maintain 

the monoculture condition of stands; and by  planting using mixed species 

                                                      
5 Ideal stand condition pertains to ‘non-thinned’ or do nothing stands where carbon 
stock was found largest among mature R. stylosa plantations. 
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(Avicennia sp., Sonneratia sp. and other Rhizophora sp.) to improve tree 

diversity.   

 

  

 

  

 

 

Figure 4.22 Schematic stand density management pathway for better carbon 

stock capacity of mangrove forests in Banacon Island 
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3.4 Conclusion 

Critical in designing effective carbon stock management are sound 

information about the effects of stand management, plant spacing and species 

composition on stand biometry, biomass and carbon stocks of mangrove forests.  

The adoption of IPCC guidelines for carbon stock accounting and the use 

appropriate allometric models in estimating biomass and carbon stocks values 

were found essential in generating these needed information.  Correlation and 

difference tests also provided reliable bases in determining carbon management 

considerations for mangrove forests of Banacon Island. 

In view of the effects of stand management types on carbon stock of 

mature R. stylosa plantations, do nothing or non-thinning approach offers some 

advantages over thinning and thinning with supplementary planting since it 

yielded larger density and carbon stock estimates.  However, this management 

approach may not be acceptable for local community to adopt since they 

occasionally thin their plantations for poles and fuelwood.  This therefore 

suggest that thinning with supplementary planting will be the next favorable 

strategy such that it can replenish density losses and still achieve the ideal stand 

density condition i.e. being portrayed by the non-thinned stands.  There were 

other significant observations that were also discussed in line with effective 

carbon management.   For instance, larger carbon stock was observed in roots 

than in AGB (stems, branch and leaves).  Further, stand density was found 

significantly correlated with carbon stock, hence maintaining high density will 

produce larger carbon stocks.  However, low stem diameter was observed in 

denser stands which reflects the smaller stem growth due to limited space.  

Height was found taller in dense stands which indicates a relationship that: 

denser stands enhances height growth competition among trees for crown 

dominance and better access to sunlight. 
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Plant spacing used during plantation establishment also had 

considerable effects on the carbon stock of R. stylosa stands at the age of 20 

years old.  Closer spacing method using 0.5m x 0.5m was found more effective 

in producing larger carbon stock than in 1.0m x 1.0m design.  Furthermore, 

density, height and survival was found favorable in denser planting.   With high 

stand density, larger sediment carbon stock was observed.  The significant 

relationship between tree and sediment carbon stock also suggested that trees 

helps augment sediment carbon stocks, and vice-versa.   

Species composition also had likely effects on carbon stocks of natural 

stands.  Tree carbon stock was larger in Sonneratia-dominated stands were 

large-stem Sonneratia alba predominate.  On the other hand, sediment carbon 

stock was bigger in Avicennia-dominated stands owing to its thicker OM layer 

and larger sediment mass.  To improve the total carbon stock of Avicennia-

dominated stands, enrichment planting using Sonneratia alba was 

recommended.  

Integrating relevant information distilled about the effects of plant 

spacing design, stand management and species composition on carbon stock of 

Rhizohpora plantations and natural stands, a schematic stand density 

management framework was proposed. This framework enumerated all the 

necessary considerations towards achieving the ideal carbon stocks capacity of 

mangrove forests in Banacon Island.  
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Appendices 

 

Appendix 2.1 Radiance calibration values for Landsat 5 TM images 

Band LMAX LMIN QCAL 
MAX 

QCAL 
MIN DN GAIN OFFSET Lλ 

Landsat 5 TM (1993) 
1 193.0 -1.5 255 1 99 0.77 -2.286 74.297 
2 365.0 -2.8 255 1 54 1.45 -4.288 75.362 
3 264.0 -1.2 255 1 70 1.04 -2.214 71.908 
4 221.0 -1.5 255 1 73 0.88 -2.386 62.440 
5 30.2 -0.4 255 1 114 0.12 -0.490 13.350 
6 15.3 1.2 255 1 238 0.05 1.183 14.417 
7 16.5 -0.2 255 1 110 0.07 -0.216 7.061 

Landsat 5 TM (2004) 
1 193.0 -1.5 255 1 82 0.77 -2.286 61.278 
2 365.0 -2.8 255 1 35 1.45 -4.288 47.847 
3 264.0 -1.2 255 1 31 1.04 -2.214 31.193 
4 221.0 -1.2 255 1 87 0.87 -2.045 74.927 
5 30.2 -0.4 255 1 59 0.12 -0.490 6.731 
6 15.3 1.3 255 1 134 0.06 1.231 8.681 
7 16.5 -0.2 255 1 20 0.07 -0.216 1.161 

 
 
Appendix 2.2 Reflectance calibration values for Landsat 5 TM images 

Band LMAX LMIN DN ESUN ρλ 
LS 5 TM 1993 

1 193 -1.52 99 195.7 0.0356155 
2 365 -2.84 54 182.9 0.038108 
3 264 -1.17 70 155.7 0.0447653 
4 221 -1.51 73 104.7 0.0665707 
5 30.2 -0.37 114 21.93 0.3178274 
6 15.303 1.238 238 7.452 0.9353134 
7 16.5 -0.15 110 7.452 0.9353134 

LS 5 TM 2004 
1 193 -1.52 82 195.7 0.0305784 
2 365 -2.84 35 182.9 0.0327184 
3 264 -1.17 31 155.9 0.0383848 
4 221 -1.17 87 104.5 0.057265 
5 30.2 -0.37 59 21.91 0.273126 
6 15.303 1.286 134 7.457 0.802493 
7 16.5 -0.15 20 4.457 1.3426499 
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Appendix 2.3 Landuse characterization based on ground-truthing, Google 
Earth image comparison and key information interviews 
 

Point Coordinates Ground points 
classification 

Google 
Earth 

Key informant 
interview 

 N E    

1 10.20240 124.17385 sparse, some plantation, 
heavily harvested stands 

Sparse 
mangrove 
with exposed 
mudflats 

Few trees dominated 
by Pagatpat 
(Sonneratia alba) 
and bongalon 
(Avicennia spp.); 
favorable site for 
shrimp catching 

2 10.20406 124.17259 sparse, some plantation, 
heavily harvested stands 

3 10.20463 124.17142 sparse, some plantation, 
heavily harvested stands 

4 10.20426 124.17026 sparse, some plantation, 
heavily harvested stands 

5 10.20440 124.17014 sparse, some plantation, 
heavily harvested stands 

6 10.20387 124.16810 natural stand, open area Natural stand 
gaps Open pool favorable 

for crab and shrimp 
catching 7 10.20552 124.16351 natural stand, open area Natural stand 

gaps 
8 10.20634 124.16161 Jaguliao Port port port 
9 10.20421 124.16058 open area Natural stand 

gaps 

Open pool favorable 
for crab and shrimp 
catching 

10 10.20422 124.16058 open area 
11 10.20362 124.16002 open area 

12 10.20197 124.15929 55 y-old logged over 
area 

Partially 
denuded 
plantations 

Intensively cut matur 
plantations for 
seaweed post and 
fuelwood 

13 10.20162 124.15916 55 y-old logged over 
area 

14 10.20121 124.15866 55 y-old logged over 
area 

15 10.20134 124.15755 55 y-old logged over 
area 

16 10.20086 124.15710 55 y-old logged over 
area 

17 10.19988 124.15716 natural stand Natural stand 

Natural stand of 
Avicennia and 
Sonneratia  and 
others 

18 10.19926 124.15604 logged over 40 years old 
plantation 

Pool or stand 
gap 

Open space; 
intensively cut for 
poles 

19 10.19913 124.15559 logged over 40 years old 
plantation 

20 10.19876 124.15562 logged over 40 years old 
plantation 

21 10.19804 124.15565 logged over 40 years old 
plantation 

22 10.19730 124.15546 logged over area 
23 10.19733 124.15511 logged over area 
24 10.19683 124.15486 logged over area 

25 10.19601 124.15444 20 years old plantation plantation  Young plantation of 
R. stylosa 

26 10.19569 124.15427 logged over 50 years old Pool or stand 
gap Open space 

27 10.19482 124.15421 open pool Pool or stand 
gap 

Open space for 
shrimp catching 

28 10.19461 124.15475 natural stands of So. 
Putik Vegetated 

stand 
Sonneratia 
Avicennia stands 29 10.19414 124.15535 natural stands of So. 

Putik 
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Appendix 2.3 continued.. 
 

Point Coordinates Ground points 
classification 

Google 
Earth 

Key informant 
interview 

 N E    

30 10.19317 124.15511 sitio putik Settlement 
area Settlement area 

31 10.20837 124.16560 open pool (Paden's 
North) 

Boundary of 
plantations 
(looks like a 
river) 

Open pool for 
shrimp catching 

32 10.20731 124.16369 Pool near Jaguliao pool Open pool for 
shrimp catching 

33 10.21014 124.16842 20 years old plantation plantation Young plantation of 
R. stylosa 

34 10.20884 124.16821 open pool 

pool Open pool for 
shrimp catching 

35 10.20869 124.16889 open pool 
36 10.20875 124.16969 open pool 
37 10.20852 124.17075 open pool 

38 10.20830 124.17165 barangay political 
boundary pool pool 

39 10.20474 124.17535 Paden North Boundary of 
plantations 
(looks like a 
river) 

Open pool for 
shrimp catching 

40 10.20124 124.17616 Paden's highway 

41 10.19726 124.17679 Paden's highway 

42 10.19495 124.16899 open / lagoon Open space Open space 

43 10.19620 124.16906 sparse Sonneratia Few trees Partially vegetated 
natural stands 

44 10.19667 124.16920 barangay political 
boundary 

Along Paden 
pass Along Paden pass 

45 10.19356 124.16132 sparse natural Open pool Open pool favorable 
for shrimp catching 

46 10.19360 124.16079 open pool Sparse 
vegetation Sparse vegetation 

47 10.19249 124.15405 natural stand at Sitio 
Putik 

Vegetated 
area 

Slightly sparse 
natural mangroves 

48 10.19151 124.15306 7 years old plantation With thick 
crown cover Young plantations 49 10.19073 124.15266 7 years old plantation 

with natural stands 

50 10.19012 124.15234 lagoon facing Brgy 
Nasingin Small gap Lagoon area 

51 10.18997 124.15146 sparse natural stands 

Partially 
open stands 

Natural stands with 
few trees 

52 10.19074 124.15183 sparse natural stands 
53 10.19200 124.15141 sparse Avicennia 
54 10.19267 124.15126 sparse Avicennia 
55 10.19280 124.15200 sparse Avicennia 
56 10.19332 124.15242 sparse Avicennia 
57 10.19378 124.15262 sparse Avicennia 

58 10.19411 124.15298 open pool with rock 
formation 

Small karst 
rock 
formation 

Small karst rock 
formation; elevated 
area with some sands 

59 10.19353 124.15349 pagatpat and bakawan Mixed 
natural stands Mixed natural stands 60 10.19463 124.15385 pagatpat and bakawan 

61 10.19626 124.15461 logged over No 
vegetation 

Logged mature 
stands 62 10.19703 124.15534 logged over 

63 10.19637 124.18257 Banacon port 
Port with 
distinct 
landing area 

Small port 
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Appendix 2.3 continued.. 
 

Point Coordinates Ground points 
classification 

Google 
Earth 

Key informant 
interview 

 N E    

64 10.19831 124.18272 Banacon plantation near 
barangay proper 

Thick 
vegetation 

Mostly mature R. 
stylosa plantations 

65 10.19897 124.18182 Banacon plantation near 
barangay proper 

66 10.20036 124.18191 Banacon plantation near 
barangay proper 

67 10.20127 124.18128 Banacon plantation near 
barangay proper 

68 10.20211 124.18083 Banacon plantation near 
barangay proper 

69 10.20315 124.18050 Banacon plantation near 
barangay proper 

70 10.20520 124.18084 seagrass bed 
Coastal area 

Coastal area, 
exposed segrass beds 
during low tide 

71 10.20487 124.18121 seagrass bed 
72 10.20418 124.18170 seagrass bed 

73 10.19726 124.17999 dense natural stand near 
cemetery Thick 

vegetation 

Mixed / natural stand 
near the settlement 
area 74 10.19775 124.17904 dense natural stand near 

cemetery 

75 10.19982 124.17761 dense 55 years old at 
Padens pass 

Thick 
vegetation 
along 
Paden’s pass 

Dense mature stands 
76 10.20022 124.17735 dense 55 years old at 

Padens pass 

77 10.20075 124.17705 dense 55 years old at 
Padens pass 

78 10.20060 124.17651 dense 55 years old at 
Padens pass 

79 10.19687 124.17536 natural stands near 
istumo Sparsely 

vegetated 
area 

Sparse mangrove; 
primarily mudflats 
when low tide 

80 10.19878 124.17477 natural stands near 
istumo 

81 10.19981 124.17412 natural stands near 
istumo 

 



157 
 

Appendix 3.1 Biomass regression of R. stylosa in comparison with diameter 

and height as co-predictors 
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        Appendix 3.2 Actual and computed biomass (kg) of R. stylosa trees (n=35) 
 

Tree No. Actual Measurement Computed using Full model 
 Stem Branch Leaves AGB BGB TODW Stem Branch Leaves AGB Roots TODW 

1 1.7  0.6 2.3 1.6 3.9 1.1  0.42 1.3 5.3 4.8 
2 2.0  0.4 2.4 3.3 5.7 1.3  0.42 1.5 5.4 5.6 
3 1.2  0.4 1.6 4.0 5.6 1.1  0.44 1.4 5.6 6.0 
4 1.1  0.5 1.6 2.9 4.5 1.1  0.44 1.4 5.6 5.6 
5 1.5  0.7 2.2 5.2 7.4 1.6  0.56 2.1 7.3 8.3 
6 1.2  0.4 1.7 4.9 6.6 1.3  0.56 1.8 7.3 8.2 
7 1.3  0.4 1.7 4.1 5.8 1.7  0.60 2.3 7.9 8.4 
8 1.7  0.5 2.2 6.2 8.5 1.6  0.60 2.1 7.9 9.4 
9 2.1  0.7 2.8 4.8 7.6 2.0  0.63 2.5 8.5 9.3 

10 1.5  0.8 2.2 6.0 8.3 1.8  0.64 2.4 8.6 10.0 
11 2.0  0.7 2.8 7.7 10.4 1.6  0.65 2.3 8.8 10.9 
12 4.3 1.7 0.3 6.3 5.4 11.7 3.8 0.70 0.71 4.3 9.8 10.9 
13 4.2 1.4 2.8 8.3 3.5 11.8 4.3 0.74 0.80 5.1 11.1 11.5 
14 2.3  0.7 3.0 6.7 9.7 2.8  0.87 4.0 12.2 14.2 
15 5.0 2.7 1.2 8.9 7.5 16.4 4.4 0.50 0.89 5.5 12.5 14.9 
16 4.9 1.8 0.4 7.0 3.2 10.2 5.6 0.87 0.98 6.9 14.0 14.6 
17 5.0 1.2 1.8 8.1 4.5 12.5 6.5 1.13 1.08 8.2 15.6 16.9 
18 8.4 2.6 1.2 12.2 16.3 28.5 7.2 1.85 1.08 8.7 15.6 23.2 
19 3.1 4.4 0.6 8.1 7.9 16.0 6.7 1.03 1.13 8.5 16.5 19.5 
20 7.9 5.2 2.1 15.2 20.4 35.6 7.3 1.25 1.18 9.4 17.3 27.6 
21 8.9 5.3 1.8 16.0 16.8 32.8 7.6 1.11 1.28 10.2 19.1 27.4 
22 5.7 3.7 0.5 9.9 7.8 17.7 7.6 1.09 1.28 10.1 19.1 22.4 
23 7.1 4.2 1.3 12.7 11.6 24.2 8.9 2.09 1.28 11.3 19.1 24.4 
24 5.4 6.9 1.5 13.8 15.0 28.8 8.2 1.47 1.28 10.7 19.1 26.4 
25 23.3 5.5 2.8 31.5 57.6 89.1 21.6 6.93 2.45 31.7 40.1 82.9 
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Appendix 3.2 continued… 

 
Tree No. Actual Measurement Computed using Full model 

 Stem Branch Leaves AGB BGB TODW Stem Branch Leaves AGB Roots TODW 
26 22.9 12.2 2.2 37.4 52.4 89.7 21.8 6.87 2.67 33.8 44.1 84.1 
27 23.1 10.7 2.6 36.4 41.9 78.4 24.7 8.53 2.81 38.1 46.9 79.9 
28 19.9 6.6 1.9 28.4 33.6 61.9 24.6 8.46 2.81 38.0 46.9 73.8 
29 27.9 8.2 3.7 39.9 52.3 92.2 30.6 12.74 3.27 48.7 55.7 99.9 
30 36.2 12.9 4.4 53.5 65.4 118.8 33.1 14.73 3.43 53.1 58.9 114.8 
31 29.0 11.5 4.5 45.0 74.2 119.2 23.6 12.58 3.52 42.9 60.5 124.5 
32 60.5 20.1 2.5 83.0 45.5 128.5 40.3 21.43 3.93 66.3 68.7 113.0 
33 36.4 22.5 5.4 64.3 67.0 131.3 46.7 29.55 4.46 79.7 79.4 145.5 
34 40.1 32.6 6.0 78.7 55.2 133.9 42.7 30.62 4.64 77.0 83.1 141.4 
35 50.3 41.6 11.3 103.1 58.8 161.9 51.0 35.13 4.73 87.9 85.0 147.1 
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Appendix 4.1 Design of sample plot for biomass and carbon stock assessment 
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Appendix 4.2 Diameter distribution of R. stylosa in plots of mature stand with  

thinning 
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Appendix 4.3 Diameter distribution of R. stylosa  in plots of mature stand 

with  thinning with supplementary planting 
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Appendix 4.4 Diameter distribution of R. stylosa in plots of mature stand with 

do nothing management 
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Appendix 4.5 Diameter distribution of R. stylosa in plots of young stands 

established using 0.5m x 0.5m spacing 
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Appendix 4.6 Diameter distribution of R. stylosa in plots of young stands 

established using 1.0m x 1.0m spacing 
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Abstract  

(In Korean) 

 

  현재 전 세계적으로 가장 긴급한 이슈 중의 하나로 기후 변화가 

대두되고 있는 것은 명백한 사실이다. 주요 탄소 흡수원으로서 산림

은 산림전용 및 산림황폐화 등으로 인하여 기후 변화에 많은 영향

을 미쳐왔다. 2012년 유엔 지속가능발전 정상회의(리우+20)에서 산림

의 위험적인 감소 및 탄소의 증가 상황으로 미루어 현재까지의 자

연 자원 보전 대책이 제대로 시행되지 못하였다는 것이 드러났다. 

산촌 커뮤니티에게는 삶의 기반으로서 산림이 기후변화로 인하여 

망가져가고 있다는 측면에서 지속가능한 산림 경영(SFM)에 대한 요

구가 오늘날까지 지속되고 있다. 이러한 측면을 잘 드러내고 있는 

예로서 고유의 서비스 기능이 악화되고 있는 망그로브 숲을 들 수 

있다. 망그로브 숲의 쇠퇴는 지역의 어업에 영향을 미치고, 심지어 

해안가 주민들이 조수 및 해일에 더욱 취약하게 되어 버렸다. 필리

핀의 경우에는 자국 내 망그로브 숲의 약 70%가 지난 세기에 걸쳐

서 사라져버렸다. 이러한 과거의 쇠퇴 경향에도 불구하고, 최근에는 

망그로브 숲의 생태적 가치에 대한 이해가 커지면서 망그로브 숲의 

전용율이 감소하는 추세에 있다. 게다가 커뮤니티 기반의 산림 경영 

프로그램의 도입되면서 지역 주민들이 해안 식생을 복원하고 기존

재하는 망그로브 성숙림을 보호하려고 노력하고 있다. 사실상 지역 

커뮤니티들은 기후 변화뿐만 아니라 산림전용을 완화시키는데 중요

한 역할을 하고 있다. Bohol Province의 Banacon 섬은 필리핀에서 커

뮤니티 기반 망그로브 숲의 성공적인 사례 중 하나이다. 이 연구는 

망그로브 숲의 탄소 격리 용량을 증진시키기 위한 임분 관리 전략
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을 개발하고자 하는 목적으로 수행되었다. 현재 필리핀 지역은 망그

로브 숲에 대한 공간분석, 성장 모델링, 탄소 저장 용량 및 임분 밀

도 관리 등에 관한 체계적인 연구가 부족한 상황이다. 이 연구의 결

과가 지역 커뮤니티 및 정부가 망그로브 숲에 대한 관리 방안을 개

선하고 조정하는 것에 도움을 줄 수 있다는 희망을 가지고, 이 연구

에서는 다양한 측면에서의 연구결과를 통합하고자 하였다. 

토지이용 특성을 분석하기 위하여 1993년과 2004년에 각각 촬영

된 인공위성 영상을 비교 분석한 결과, 밀집 성숙림(dense mature 

stand), 밀집 준성숙림(dense intermediate stand)과 성긴 망그로브 숲

(sparse mangrove) 등 세 종류의 토지이용이 뚜렷하게 구분되었다. 최

대우도비를 이용한 영상 분류 기법을 적용한 결과, 밀집된 망그로브 

숲은 10년 동안 146.5 ha에서 285.0 ha로 증가한 것으로 나타났다. 이

것은 지역 커뮤니티의 조림에 대한 지속적인 노력이 크게 반영된 

결과이다. 밀집 성숙림(30~55년생)과 준성숙림(29년생 이하)은 각각 

41%와 60%의 규모로 확대되었다. 이러한 망그로브 숲의 확대는 연

간 1.4 ha 및 7.5 ha 규모의 조림 사업이 간벌로 인한 산림전용을 효

과적으로 보완하고 있는 것을 보여주고 있다. 

수목 바이오매스 산정을 위한 적절한 생장 모형을 개발하는 것은 

수목의 탄소 축적량을 효율적으로 정량화하는데 가장 중요하다. 이 

연구에서는 연구대상지에 적합한 생장 모형을 개발하기 위해서 35

개체의 Rhizophora stylosa를 샘플링하여 분석하였다. 그 결과, 수목 

지상부(수간, 줄기 및 잎)보다 지하부(뿌리)의 바이오매스가 더 크게 

나타났다. 또한, 흉고직경 및 수고는 수목 바이오매스를 산정하는데 

중요한 인자로 판단되었다. 한편, 생장 모형은 완전 모형(full model)
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과 제한적 모형(reduced model)의 두 가지 형태로 만들어졌다. 완전 

모형은 바이오매스 산정을 위한 독립변수로서 흉고직경과 수고를 

모두 이용하는 반면 제한적 모형은 흉고직경 만을 이용하게 된다. 

두 모형 모두 높은 결정계수(R2)를 나타내어 그 결과의 신뢰성이 보

장되었다. 하지만, 흉고직경과 수고는 서로 강한 상관관계에 있는 

것으로 나타나서 완전 모형이 보다 선호되었다. 그러므로 완전 모형

을 이용하면 바이오매스를 산정하는데 흉고직경과 수고의 영향을 

모두 반영할 수 있다. 

  마지막으로 망그로브 숲의 탄소 경영 전략을 발전시키고자 하는 

연구목적을 위하여 망그로브 숲의 탄소 축적량에 대한 산림 관리의 

영향을 평가하였다. 표준 방형구 샘플링 법과 적절한 생장 모델을 

이용하여, 세 종류의 임분 관리 방법 별로 R. stylosa 성숙림의 바이

오매스 및 탄소 축적량이 평가되었다. 임분 관리 방법은 1) 간벌, 2) 

간벌 후 보조 식재, 그리고 3) 보존(비간벌) 등이었다. 그 결과, 비간

벌에 의한 관리 방법이 가장 많은 탄소 축적량을 생산해내는 것으

로 평가되어서 가장 이상적인 방법으로 판단되었다. 하지만, 지역 

커뮤니티는 때때로 어업 및 연료를 위해서 망그로브 숲을 간벌하기 

때문에 이에 따른 밀도 손실을 보완하고 탄소 축적량을 증가시키는

데 용이한 간벌 후 보조 식재 관리 방법이 최종적으로 권장되었다. 

  산림 관리의 측면에서 고려된 또 다른 요인은 식재 간격이다. 각

각 0.5 m × 0.5 m 및 1.0 m × 1.0 m의 간격으로 식재된 R. stylosa 유령

림(20년생)에 대해서 바이오매스와 탄소 축적량을 조사한 결과, 0.5 

m 간격으로 식재된 임분에서 확연히 큰 값을 나타내었다. 또한, 밀

도, 수고 및 생존율도 0.5 m 식재 간격의 임분에서 더 크게 나타났
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다. 이러한 결과를 통해서 탄소 축적량을 증가시키기 위해서 밀집된 

간격으로 식재하는 방법이 효율적인 관리 전략으로 추천되었다. 

  한편, 수종 구성 역시 첨연림의 탄소 축적량에 영향을 미칠 수 있

는 것으로 나타났다. 수목 내 탄소 축적량은 Sonneratia alba가 우점

하고 있는 임분에서 더 크게 나타났다. 반면에 토사 내 탄소 축적량

은 더 두꺼운 유기물 층과 많은 토사량을 가지고 있는 Avicennia 우

점 임분에서 더 크게 나타났다. 그래서 Avicennia 우점 임분의 탄소 

축적량을 보다 증진시키기 위하여 Sonneratia alba를 이용한 

enrichment planting이 추천되었다. 

  최종적으로 이 연구에서 도출된 결과를 종합하여 망그로브 숲의 

탄소 축적량을 증진시키기 위한 도식화된 임분 밀도 관리 체계가 

제안되었다. 제안된 관리 체계는 가장 이상적인 임분 밀도와 탄소 

축적량을 획득하기 위해 필요한 조건을 요약 정리하고 있다. 
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