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Chapter 1 

General introduction 

  

1. The value of tropical forests  

 About 31 percent of the total land area in the world, just over 4 

billion hectare, is covered by forest (FAO 2010). Of this, 35% is tropical 

forest (Lorenz &Lal 2010) which are generally recognised as one of the 

most diverse terrestrial systems: they contain more than half of the Earth’ 

species, including 170,000 plant species (Myers et al. 2000).  

 Tropical forests provide a large amount of goods including timber 

and non-timer products. It is estimated that during the period 2000-2005 

about 1.3 billion m
3
 per year was used for wood fuel (FAO 2010) and in 

2011, globally 174 million m
3 

of tropical commercial round logs were 

extracted and used for construction (ITTO 2012). Non-timber forest 

products (e.g. oils, medicinal plants, seeds, fiber products) were 

estimated to have a value of US$ 18.6 billion in 2005 (FAO 2010). In 

addition to harvestable goods, tropical forests provide a wide variety of 

ecosystem services, such as catchment protection, biodiversity 

conservation, carbon sequestration, habitat provision for many organisms 

and eco-tourism. The importance of these services is increasingly being 

recognised; but their monetary value is often difficult to assess 

(Montagnini &Jordan 2005, Blaser et al. 2011). 

2. The role of tropical forests in the carbon cycle  

 Tropical forests play a key role in the global carbon cycle by storing 

about 45% of the carbon stored in all forest ecosystems worldwide, and 

accounting for about one third of net primary productivity of all terrestrial 

ecosystems (Lorenz &Lal 2010, Malhi et al. 2011). Forest ecosystems 

absorb a large amount of CO2 from the atmosphere via photosynthesis, and 

accumulate carbon in above and belowground biomass, litter and soil with a 

rate of 0.72-1.3 Pg C per year (Lorenz &Lal 2010). It is estimated that the 

total carbon stored in above ground biomass of living trees in tropical forests 
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is around 389 Pg C and 435 Pg C is stored in the soil to one meter depth, 

compared to 143 Pg C in the vegetation and 388 Pg C in the soil in boreal 

forests, or 159 Pg C in the vegetation and 195 Pg C in the soil in temperate 

forests (Lorenz &Lal 2010).  

 The amount of carbon stored as biomass in mature tropical moist 

forests may differ considerably both between and within regions. In 

terms of mean above ground biomass (AGB, the biomass in the above 

ground parts of trees), there are differences among continents and 

regions. A review by Lewis et al. (2013) showed that AGB in Central 

Africa (215 Mg C ha
-1

) is similar to that of Bornean forests (223 Mg C 

ha
-1

) but higher than the values of 171 Mg C ha
-1

 in Amazonian forests. 

For the Amazon the amounts of carbon in AGB varies between 140 and 

210 Mg C ha
-1 

(Malhi et al. 2009), while they varied between 125 and 

375 Mg C ha
-1

 in Borneo (Slik et al. 2010) and from 57 to 375 Mg C ha
-1 

in African forests (Lewis et al. 2013).  

 Biomass dynamics in forests are driven by the amount of standing 

biomass on the one hand and the (species specific) individual rates of 

growth, recruitment and mortality (i.e. together denoted as demographic 

rates) on the other. These demographics vary greatly among forests, 

between and within regions. For example annual AGB growth rate in 

mature forests was found to range three-fold between 3.0 and 11.0 Mg 

ha
-1

 year
-1

 in 104 neo-tropical forest plots (Malhi et al. 2004) or two-fold 

from 6.3 to 13.2 Mg ha
-1

 year
-1

 across 11 plots in a Bornean forest (Banin 

et al. 2014). This variation in growth is strongly determined by variation 

in rainfall, soil fertility and species composition (Vieira et al. 2004, 

Malhi et al. 2009, Kho et al. 2013, Lewis et al. 2013, Banin et al. 2014). 

Similarly AGB losses though mortality may differ more than two-fold 

(from 1.9 to 4.2 Mg C ha
-1

 year
-1 

in the study of Chave et al. (2008a) 

within 10 undisturbed tropical forest sites in three continents, and it 

different nearly two-fold (from 1.4 to 2.7 Mg C ha
-1

 year
-1

) within 

Amazonian forests (Malhi et al. 2009). These values may also differ 

substantially between years as a function of fluctuation in either abiotic 

(e.g. wind damage, droughts or fires) or biotic (pests and diseases) 
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stressors (Vieira et al. 2004, Phillips et al. 2010). Yet the mechanisms 

driving the variation in biomass dynamics in tropical forests are still 

poorly understood. This is largely because of the large diversity that 

exists in environmental conditions and species composition both within 

and among tropical forest stands, and because of methodological 

difficulties involved in estimating forest standing biomass and dynamics. 

3. Estimating forest carbon stocks and dynamics 

 One of the major challenges of research in carbon dynamics 

involves the quantification of biomass and carbon stocks and fluxes. In 

forest ecosystems, carbon is mainly stored in living biomass in standing 

trees (both above and belowground) and soil organic matter, while a 

relatively small amount is stored in woody debris (dead trees and tree 

parts) (Sierra et al. 2007, Malhi et al. 2009, Ngo et al. 2013). Tree 

biomass is typically estimated using allometric models that use tree stem 

diameter (DBH) and often also tree height (H) and/or wood density (WD) 

as independent variables (Chave et al. 2005, 2015). The accuracy of these 

models is debated, particularly with respect to the use of models specific 

to the local forests, versus regional or global models for which model 

parameters were not locally determined. In regional or global studies, 

allometric relationships are applied to a wide range of forests. The 

advantage here is that the studies bypass the need to develop specific 

models for every local site since the equations tend to be based on very 

large data sets (i.e. a large number of trees) and are therefore considered 

reliable (Chave et al. 2005, Fayolle et al. 2013, 2015), especially as the 

data on which they are based are becoming increasingly extensive (e.g. 

the model of Chave et al. 2015). However, given the large variation that 

exists in species composition and forest structure, locally calibrated 

models may be more accurate for studies at a smaller scale (Basuki et al. 

2009, Kenzo et al. 2009a, Chave et al. 2015). 

 An additional problem is that most models are only applicable for 

aboveground biomass (AGB) and do not quantify root biomass (RB), and 

most studies thus focus on AGB only (Malhi et al. 2004, Vieira et al. 

2004, Chave et al. 2008a, 2008b, Lewis et al. 2013). Typically root 
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biomass is estimated based on a standard root-to-shoot ratio (RS) with 

RS = 0.24 being the recommended value for tropical moist forests 

(Cairns et al. 1997, IPCC 2006). However a review by Brown (1997) 

showed that in reality RS values can vary between 0.04 and 0.33 across 

different moist tropical forests, suggesting that the assumption of RS = 

0.24 could lead to substantial errors in estimates of forest biomass. 

 Another issue involves the conversion of biomass to carbon. Most 

studies use conversion factor of 0.5, assuming that 50% of dry matter is 

carbon (Chave et al. 2008b, Lewis et al. 2009, Saner et al. 2012, Ngo et 

al. 2013). In reality carbon contents in wood however have been found to 

vary between 41.8 and 51.5% in tropical forest trees, and it has been 

estimated that not accounting for this variation may lead to up to 6% 

errors in forest carbon estimates (Martin &Thomas 2011). 

4. The role of wood density in community biomass dynamics   

 Forest species differ widely from each other in terms of adult 

size, growth rates, mortality rates and thus forest dynamics is probably 

strongly dependent on species composition. Differences in demographic 

rates tend to be correlated to the characteristics of species (Poorter et al. 

2010, Iida et al. 2012). Typically species with thin leaves, high 

photosynthetic rates and low wood density tend to exhibit rapid growth 

but are also more prone to damage and disease and thus suffer higher 

mortality rates than species with the opposite set of trait values (Anten 

&Schieving 2010, Wright et al. 2010, Iida et al. 2012).   

 Wood density (WD), i.e. dry mass per green volume, is of interest 

when considering the relationship between species traits and biomass 

dynamics. A low WD is associated with rapid growth and a resource 

acquisitive growth strategy, while a high WD is associated with slow growth 

and stress resistance (Chave et al. 2005, 2009). Generally high WD is 

indicative of shade tolerance while low WD reflects a larger demand for 

light. As such, variation in demographic rates between species can be linked 

to WD (Hietz et al. 2013). In addition, as WD represents the amount of mass 

and carbon per unit volume it is directly linked to forest carbon stocks. This 
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raises the question to which extent variation in WD is associated with 

variation in tree demographic rates at the species level and how this in turn 

affects carbon dynamics at the community level. 

 A number of studies have investigated the relationship between 

WD and demographic rates, such as mortality and diameter growth 

(Muller-Landau 2004, King et al. 2006, Kraft et al. 2010, Wright et al. 

2010, Iida et al. 2012). They found a strong negative correlation between 

WD and mortality rate for tropical forest species (Muller-Landau 2004, 

King et al. 2006, Wright et al. 2010). Results regarding growth are less 

clear: low WD species were shown to exhibit faster rates of diameter 

growth than high WD ones (Muller-Landau 2004, Wright et al. 2010), as 

was predicted by theoretical models (Anten &Schieving 2010). But, as 

low WD entails less mass per unit volume it is unclear whether this faster 

diameter growth also translates into faster biomass increment. However, 

very few studies have considered relationships between WD and AGB 

increment rates (defined as the amount of new biomass accumulation per 

species per year). Contrary to the notion that high WD is associated with 

slow growth, Keeling et al. (2008) found positive correlations between 

WD and AGB increment rates at least on fertile sites. 

 In order to scale up from species differences in tree demographic 

rates to community level biomass dynamics, differences in abundance 

between species should be taken into account. For example, individuals of a 

given species may on average grow faster than those of other species, but if 

this species is rare, its contribution to the dynamics of the forest may be 

relatively small. The relative abundance of species with different WD may 

vary depending on environmental conditions and disturbance history 

(Ketterings et al. 2001, Wiemann &Williamson 2002). To my knowledge 

however there is no study that has determined the relationship between 

variation in WD and biomass dynamics associated with growth, recruitment 

and mortality, both at the species and community level. Such an analysis 

would strongly contribute to our understanding of the processes that drive 

forest biomass dynamics (Keeling et al. 2008). It may also contribute to 

forest management especially in tropical forests, where selective logging 
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regimes are often implemented. As timber value tends to increase with WD 

(Sist et al. 2014), such logging regimes often focus on harvesting high WD 

species, and it is important to determine how the associated changes in 

species composition could impact community carbon dynamics and the 

recovery of the forest (Bunker et al. 2005). 

5. Selective logging in the tropics 

 The harvesting of commercial round logs in tropical forest, increased 

from 136 million m
3 

in 2009 to 174 million m
3
 in 2011 (Blaser et al. 2011, 

ITTO 2012). For many tropical countries this timber harvesting constitutes 

an important part of their economy. For example, in 1999 the total export 

value of wood primary products (tropical hardwood plywood, sawn wood 

and round logs) was US$ 2.89 billion in Indonesia (equivalent to 1.7% of 

the GDP), while in African ITTO countries the forestry sector has 

contributed around 5-6% to GDP, of which the revenue from timber 

constituted the largest part (Blaser et al. 2011, ITTO 2012). 

 In tropical countries, timber is extracted from the forest through 

selective logging, which entails that only trees of certain species and of 

certain size are harvested (Edwards &Laurance 2013). The preferred 

logging species tend to be a relatively small number of species with high 

commercial value whereas less commercial species are left (Arets 2005, 

Edwards &Laurance 2013). For example, commercial round logs 

production of four commonly harvested species in 2006 in Republic of 

the Congo made up nearly 80% of the total production, of which, the 

most harvested species (Entandrophragma cylindricum) accounted for 

40% (around 1.0 million m
3
) (Blaser et al. 2011). Therefore, the choice 

of which species to harvest in tropical countries is based on market 

requirement and not on ecological considerations. In other words the 

ecological functions of the species are usually not considered, and 

therefore the extent to which selective logging targets the ecologically 

most valuable species is unknown. 

 The second feature of selective logging is that typically only trees 

above a given diameter are cut which automatically entails the removal 
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of larger trees due to their high value in commercial trade (Clark &Clark 

1996). But, large trees play key ecological roles in terms e.g. of habitat 

and food provisioning and forest dynamics (Lindenmayer et al. 2012). 

 Moreover, recent studies suggest that larger trees play 

disproportionately large roles in terms of biomass and annual carbon 

gain (Slik et al. 2013, Sist et al. 2014). To date, no studies 

systematically compared the demographic rates and contribution to 

community biomass dynamics between commercial and non-

commercial species. In addition only very few studies (Sist et al. 

2014) have analysed species and size dependent differences between 

AGB dynamics following logging events. 

 Selective logging in developing countries can degrade the 

forest due to over-harvesting, which entails that the biomass loss from 

harvesting and associated damage are larger than the net biomass 

accumulation by tree’s regrowth in the period between logging  events 

(Pearson et al. 2014). Selective logging can have strong impacts in 

forest structure, biomass and species composition (Sist &Nguyen-The´ 

2002, Mazzei et al. 2010, Carreño-Rocabado et al. 2012). The direct 

effect involves the removal of the trees that are harvested, the 

magnitude of which is stipulated in the selective logging scenario 

imposed and is thus under some degrees of control. However, logging 

also imposes strong indirect effects. Skid road preparation involves 

the removal of additional trees, while the damage is imposed by 

felling (i.e. when a tree falls it often damages or kills surrounding 

trees) (Johns et al. 1996). Furthermore secondary environmental 

effects of logging such as enhanced soil compaction typically result in 

increased mortality rates after logging (Bryan et al. 2010, Mazzei et 

al. 2010), while on the other hand increased light availability may 

stimulate growth (Figueira et al. 2008). 

 Overall, the mechanisms driving post-logging biomass dynamics 

and how they relate to species composition and tree size distribution 

remain poorly understood.  
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6.  Forests in Vietnam 

6.1 Forest area & types 

 Vietnam is a biodiverse country with 13,766 plant species, of which 

11,373 are vascular plants (MONRE 2011). According the latest national 

census in 2012, the total forest area is 13.6 million hectare which is about 

40% of the land area. Most of this forest (i.e.10.4 million ha) is natural with 

the remaining 3.2 million hectare being plantation forest (MARD 2013c). 

 During the period 1980-1990, the forest area continuously 

decreased with a loss rate of about 0.1 million ha per year, due to 

expansion of agricultural cultivation, unsustainable logging and 

infrastructural development. The lowest forest cover in Vietnam was 

27.2% in 1990 (GOV 2007). The forest area has been increasing 

gradually since 1995 due to the expansion of plantation areas (i.e. around 

0.2 million hectare per year during the period 2008-2013) with fast 

growing species and short rotation cycles. The planted forest area is 

almost entirely designated as production forest with main products 

destined for local consumption and industrial purposes, such as furniture, 

pulp paper and chip wood. In contrast, the area, standing volume and 

wood quality of the natural forest have been reduced due to deforestation, 

relatively high harvesting intensities, and poor techniques during logging 

and post-logging treatment (MARD 2011a, VNFOREST 2011). 

 Currently, Vietnamese forests (both natural and planted forests) 

are classified into three types by the law on ‘Forest protection and 

development’ (NAV 2004): 

 - Production forest: 4.4 million hectare is designated for timber 

extraction and/or harvesting non-timber forest products and is managed 

mainly by state forest companies. 

 - Protection forests: These constitute about 4.0 million hectare 

that are mostly natural forest, designated for soil and water protection, 

sand dune stabilization, erosion prevention and other protective purposes. 

These forests can also provide timber and non-timber forest products 
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with a very low harvesting intensity. These forests are managed by state 

forest protection boards. 

 - Special use forests: These constitute 2.0 million hectare that are 

almost all natural forest, designated for biodiversity conservation, 

scientific research, tourism, recreation and conservation of cultural and 

spiritual heritage purposes. This forest type is managed by national parks. 

6.2 Timber harvesting regulations 

6.2.1 Logging quota 

 After the reunification of North and South Vietnam in 1975, a large 

amount of commercial logs was harvested from natural forests in the whole 

country for construction work and timber export (GOV 2007). The highest 

commercial logs production that was defined by the government as a logging 

quota was 1.6 million m
3 

per year during the period 1976-1980, which was 

slightly reduced to 1.4 million m
3
 per year during the subsequent period 1981-

1989. Since 1990, log production reduced gradually to an average of 0.6 

million m
3 

per year in the period 1990-2000 and then dropped to an average 

0.2 million m
3 

per year during period 2001-2010 as a measure to minimize 

forest degradation, illegal logging and weak governance (Quang et al. 2006, 

MARD 2011a, GOV 2012). The logging quota of 0.2 million m
3
 per year, is 

being considered as valid for the current period (2011-2020); however, a new 

temporary logging ban policy has been promulgated for forest companies 

since early 2017, except for the companies that have obtained international 

sustainable forest management certificates (e.g. FSC certificate). Besides the 

amount of commercial logs extracted from both the natural and planted forest, 

it is estimated that about 25.0 million m
3
 of fuel wood was collected annually 

from forests by local households in mountainous areas in the period 2003-

2010 (GOV 2007, GSO 2011). 

6.2.2 Forest harvesting regulation  

 In 1955, the first forest harvesting regulation was introduced in 

the North of Vietnam entitled ‘wood and fuel wood harvesting 

regulation’; however, this regulation and other guidelines only 

promulgated administrative issues related to logging rather than 
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logging techniques (GOV 1955). In 1963, a new regulation entitled 

‘forest harvesting procedure’ was introduced with two new significant 

points i.e. harvesting intensity (maximum 35% of standing volume) 

and a minimum cutting diameter (i.e. 45 cm for hard and rare wood 

species and 30 cm for light and soft wood species). It is noted that this 

regulation was valid for the North of Vietnam only (from 1955 to 

1975 Vietnam was divided in two parts, the North and the South). In 

1975, when Vietnam was reunified, the harvesting regulation was 

implemented in the whole country. After that, some changes were 

made in harvesting intensity and minimum cutting diameter in 1984 

and 1993 (QPN 6-84 and 14-92), and harvesting cycles in 1999, 2004 

and 2005 (MARD 1999;2004a;2005). The current selective logging 

regulation entitled ‘timber and non-timber products harvesting 

regulation’ was updated in 2011 (MARD 2011b) with a reduction of 

the maximum logging intensity to 35% per ha of the total standing 

volume of forests (excluding trees destroyed during harvesting) and a 

minimum cutting diameter for different regions (e.g. 40 cm for hard 

and medium wood species and 35 cm for light and soft wood species 

in the Central Highland region) and a harvesting cycle of 30 years. 

Moreover, several advanced aspects in terms of environmental 

protection were considered such as a logging restriction in buffer 

zones, protecting endangered species in the red-list and minimization 

of negative impacts of road construction in forests (MARD 2011b).   

 In summary, selective logging regulations in Vietnam have been 

valid for 50 years with many revisions and updates but with no 

restrictions imposed on the species that could be harvested (except for 

endangered species in the red-list) even when they are less abundant in 

the forest; hence, loggers harvest commercial species that are associated 

with relative high wood density and thus high timber quality 

(VNFOREST 2011), without paying attention to carbon stocks or 

recovery after logging. This problem needs to be solved, among others 

for keeping future timber stocks, and also to effectively implement the 

program of ‘Reducing Emissions from Deforestation and forest 

Degradation’ (REDD+) in Vietnam. 
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6.3 REDD+ implementation in Vietnam 

 Deforestation and forest degradation account for about 17% of 

global greenhouse gas emissions, or about 5.8 Gt per year and much of 

these emissions occur in developing countries in the tropics (IPCC 2007). 

Deforestation, i.e. the permanent conversion of forest to other uses, 

contributed 60% to these emissions and was mostly the result of forest 

conversion to agriculture. It is estimated that carbon stocks in tropical 

forests declined by an estimated 0.5 billion Mg C annually during the 

period 2005-2010, mainly because of the reduction of forest by 

deforestation (FAO 2010). Forest degradation implies a significant 

reduction in forest biomass and constitutes the remaining 40%.  

 Deforestation and forest degradation also have adverse impacts on 

forest biodiversity, soil and water resources and local livelihoods. Reducing 

Emissions from Deforestation and Forest Degradation (REDD+) was first 

discussed in 2005 at the 11
th
 session of the Conference of the parties to the 

Convention (COP 11) under the United Nation Framework on Climate 

Change (UNFCCC 2006) in order to mitigate emissions from deforestation 

and deforestation in developing countries. In 2007, at COP 13 of the 

UNFCCC, an agreement on taking meaningful steps to reduce emissions 

from deforestation and forest degradation was reached. In 2008, the United 

Nations collaborative programme on REDD+ in developing countries was 

established to assist developing countries to build capacity to reduce 

emissions and to participate in a future REDD+ mechanism (the + refers to 

the effort of a developing country on conservation, sustainable management 

of forests and enhancement of forest carbon stocks) (UN-REDD Programme 

2010). Since then, a number of pilot REDD+ projects have been set up in a 

select number of countries, including Vietnam. In each pilot country, 

REDD+ activities can be divided into three phases: (i) capacity building, 

developing policies and measures, strategy on REDD+; (ii) policy 

implementation, technical knowledge transfer; and (iii) measuring, reporting 

and verification (MRV). Phase (iii) partly aims at assisting pilot countries to 

develop and implement MRV systems to monitor forest carbon emissions 

and acts as a basis for compensation for emission reductions.  
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 Vietnam is one of the pilot countries involved in the UN-REDD 

initiative. The first  phase was finalised (2008-2011) and the second 

phase (2013-2018) has started (MARD 2013b). There is strong 

commitment from the Vietnamese government for REDD+, and many 

activities have been implemented in Vietnam in order to prepare for the 

future implementation of a REDD+ mechanism.  

6.4 Forest biomass estimates in Vietnam 

 There are several studies on forest biomass and carbon sequestration 

in Vietnam, but these studies are conducted for plantation species (Hai et al. 

2010, Phuong et al. 2010). Regarding to the natural forests, few studies 

investigated biomass and carbon stocks, and they mainly focused on 

aboveground parts. Total carbon stocks in forest ecosystems were not 

addressed in those studies (Hai et al. 2013, Huy et al. 2014).  

 National forest inventories have been carried out for more than 20 

years, but forest biomass and carbon stock were not investigated during 

these inventories. Official data on forest biomass and carbon stocks at 

national level were first reported in 2005 under the Food and Agriculture 

Organisation (FAO) of the United Nations programme entitled ‘Global 

forest resource assessment 2005’ (FAO 2005). Such reports are written 

every 5 years, with the latest report from 2010. In these reports, forest 

biomass was estimated following the general approach of the IPCC (FAO 

2010) and are thus not accurate enough for thorough scientific analyses. 

Recently, Sharma et al. (2013) conducted a report on generating forest 

biomass and carbon stocks estimates for mapping the potential of 

REDD+ to deliver biodiversity conservation in Vietnam. Carbon stocks 

(Mg ha
-1

) were estimated for different forest types (e.g. evergreen, 

deciduous and planted forest) based on the equation of Brown (1997). 

Sharma et al. (2013) suggested that the estimate could be improved by 

applying global tree allometry (e.g. Chave et al. 2005) or specific 

allometric equations for major forest types in Vietnam.  

7. Study site 

 The study reported in this thesis was done in the Central Highland 

region of Vietnam. The region includes five provinces and shares borders 
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with the south-central coastal provinces of Vietnam in the East and with the 

lowland regions of Laos and Cambodia in the West. The terrain is mostly 

flat with basalt plateau and lowland semi-plateau (<1.000 m above sea level) 

and contains medium and low massive mountains (>1.000 m) (Lung et al. 

2011). The Central Highland is one of the regions in with the highest 

standing volume of forest in Vietnam with about 2.6 million hectare of 

evergreen natural forest (accounted for 25% of the total natural forest area in 

Vietnam). These forests constitute nearly 35% of the total standing volume 

in Vietnam (FIPI 2011, MARD 2013c). When considering the actual 

production values, the relative importance of this area is even greater; about 

70% of the total logs extraction from natural forest in the country comes 

from this region (MARD 2013a).  

 The fieldwork of the study was conducted in an evergreen forest in 

K’Bang district (108
0
 17’ 75’’ East and 14

0
35’35’’ North) in Gia Lai province 

(Fig. 1). The topography of the area is mostly flat with an altitude ranging 

from 500-600 m above the sea level (Kanak 2012). Annual precipitation is 

approximately 2,300 mm with a 3 to 4 months dry season. Mean annual air 

humidity is 82% and mean annual temperature is 23
o
C (GSO 2013). The soils 

in the area are classified as Ferrasols (Lung et al. 2011).  The main vegetation 

is evergreen broad leaved, closed, mixed forest on low mountain with most 

dominant species belonging to different families such as Mangnoliaceae 

(Paramichelia braianensis, Michelia mediocris); Caesalpiniaceae (Dialium 

conchinchinensis); Meliaceae (Aglaia spp); Fagaceae (Lipthocarpus 

ducampii, Lipthocarpus vestitus); Myrtaceae (Syzygium spp); Lauraceae 

(Cinnamomum spp, Machilus spp) and less dominant species of the 

Dipterocarpaceae family (Lung et al. 2011, Kanak 2012). 

The Central Highland region belongs to the Southern territory of 

Vietnam before 1975. Unfortunately, we hardly have any information 

about past logging in this region. We do know that almost all forested 

areas of this region were first logged from 1983 onwards by state forest 

companies under the regulation in 1963, and then the others afterwards. 

The forests at our site were selectively logged for the first time in 1980-

1982 with a harvesting intensity of about 30-35% of the standing volume 
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and focussed on species producing timber suitable for construction. 

Additional damage associated with logging activities to the forest, such 

as building logging roads, skid trails and felling trees also occurred at 

that time (Xuan et al. 2005). Unfortunately exact information on the 

impact of that logging event is lacking. A new logging cycle (30 years) 

commenced in our area during the time of our study, and there is 

currently therefore a patchwork of plots that were undisturbed since the 

first time logging in 1980-1982 (once-logged forest) and plots that were 

recently (3-5 years) logged for the second time (twice-logged forest). 

 

Fig.1. Map of the study site 
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8. Objectives and thesis outline 

The main objectives of the study are:  

(i) to assess the extent to which the development of local models 

for above and belowground biomass is essential for accurate 

biomass estimates and whether such local models need to be 

functional type specific. 

(ii) to determine carbon stocks and changes therein during early 

and late phases of forest recovery following selective logging. 

(iii) determine the extent to which species demographic rates and 

associated biomass dynamics at the individual and population 

levels correlate with species wood density, and whether these 

correlations change with time after logging. 

(iv) to address the role of tree size and dynamics of commonly 

harvested species following selective logging. 

  

In chapter 2 we develop local allometric models to estimate 

aboveground biomass (AGB) and root mass (RB) for an evergreen forest. 

For AGB we also compare models that distinguish functional types to an 

aggregated model (i.e. data for all species pooled) to analyse the degree 

of specificity needed in local models. Besides that, we compare our 

model with foreign models (i.e. pan-tropical models) to test for 

differences in the estimates. 

In chapter 3 we use the local models that were developed in Chapter 2 

to estimate AGB and RB in the late recovery forest (30 years post-

logging), while other carbon stocks are also quantified. In this Chapter, 

we also determine the correlation between demographic rates and 

biomass dynamics of commonly occurring species, and how these are 

correlated with their wood density. 

In chapter 4 we quantify AGB and total carbon stocks and dynamics in a 

twice-logged forest 3-5 years after the second logging event. Here, we 

also address the role of WD of common species in demographic rates and 
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compare these findings to those from Chapter 3 to determine whether 

these patterns change during the course of forest recovery. 

In chapter 5 we compare the demographic rates and biomass dynamics 

of commercial and non-commercial species in the once-and twice-logged 

forest and address the role of large trees size in carbon dynamics at both 

individual and community level. We also combine the results from this 

thesis with economic data to assess how biomass, yields and income 

would evolve over multiple successive logging events under different 

logging intensities. 

In chapter 6 we provide a comprehensive discussion of our findings. 
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Abstract 

 Allometric regression models are widely used to estimate tropical 

forest biomass, but balancing model accuracy with efficiency of 

implementation remains a major challenge. In addition, while numerous 

models exist for aboveground mass, very few exist for roots.  

We developed allometric equations for aboveground biomass (AGB) 

and root biomass (RB) based on 300 (of 45 species) and 40 (of 25 species) 

sample trees respectively, in an evergreen forest in Vietnam. The biomass 

estimations from these local models were compared to regional and pan-

tropical models. For AGB we also compared local models that distinguish 

functional types to an aggregated model, to assess the degree of specificity 

needed in local models.  

Besides diameter at breast height (DBH) and tree height (H), wood 

density (WD) was found to be an important parameter in AGB models. 

Existing pan-tropical models resulted in up to 27% higher estimates of AGB, 

and overestimated RB by nearly 150%, indicating the greater accuracy of 

local models at the plot level. Our functional group aggregated local model 

which combined data for all species, was as accurate in estimating AGB as 

functional type specific models, indicating that a local aggregated model is the 

best choice for predicting plot level AGB in tropical forests.  

Finally our study presents the first allometric biomass models for 

aboveground and root biomass in forests in Vietnam. 

Keywords: Aggregated model, functional groups, tropical forests, wood 

density, Vietnam 



Equations for aboveground and belowground biomass estimations 

 18 

1. Introduction 

 Allometric regression models are widely used for estimating tree 

biomass in forests. These  models are mathematical functions that relate 

tree dry mass to one or more tree dimensions, such as diameter (DBH), 

height (H) and wood density (WD) (Brown 1997, Lima et al. 2012). A 

major challenge lies in developing models that are both accurate and 

relatively easy to use. It has been argued that models based on large 

compiled data sets (see Brown 1997, Chave et al. 2005) generally 

perform better for larger scale assessments than local models because the 

latter are fitted on a limited number of trees (Chave et al. 2005, Gibbs et 

al. 2007, Fayolle et al. 2013). However, results from other studies 

suggest local models to be more accurate on smaller scales (Basuki et al. 

2009, Kenzo et al. 2009a, Kenzo et al. 2009b, van Breugel et al. 2011, 

Lima et al. 2012). 

 Most models currently in use are multi-species in the sense that 

a single allometric equation is developed for all species considered in 

one or several specific locations. Evidently this ignores the enormous 

species diversity and associated inter-specific trait variation that exists 

in tropical forests (Wiemann &Williamson 2002, Chave et al. 2009). 

The use of aggregated models assumes that concomitant tree-level 

errors in biomass estimates will cancel out at the plot level (van Breugel 

et al. 2011), and the development of species-specific models may not be 

feasible simply because a sufficient number of sample trees will likely 

not be available for every species. An alternative is to categorize 

species by wood density (WD) classes and develop models for each 

wood density class. WD is believed to be a key trait indicating the 

ecological strategy of a species, with low WD being associated with 

high mass-growth rates (Enquist et al. 1999, Muller-Landau 2004, King 

et al. 2006, Van Gelder et al. 2006) and high wood density with 

resistance to damage and disease, and shade tolerance. Growth traits of 

trees are therefore believed to be more similar within than across WD 

classes (hereafter denoted as functional type) (Chave et al. 2005). 

Furthermore, WD is closely correlated with timber quality traits and 
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forest managers tend to categorize species by WD, for instance the 

Vietnamese forestry service uses different WD classes to categorize 

trees. Yet, as far as we know, the use of functional-type specific 

allometric models has not been considered in tropical forest biomass 

assessment studies. 

 Most estimates of tropical forest biomass focus only on 

aboveground biomass (Brown 1997, Ketterings et al. 2001, Chave et al. 

2005, Basuki et al. 2009, Kenzo et al. 2009a, Fayolle et al. 2013). Root 

biomass (RB) is often estimated as a fraction of the aboveground biomass 

(i.e. the root-shoot ratio (RS)), with the IPCC (2006) recommending a RS 

value of 0.24 to be used for all tropical moist, dry and secondary forests, 

respectively, based on Cairns et al. (1997). However, RS values can vary 

substantially between trees depending on species and growth conditions 

(Poorter, Hendrik et al. 2012). A review by Brown (1997) found RS values 

in lowland moist tropical forest to exhibit an 8-fold variation ranging from 

0.04 to 0.33 (the mean being 0.12). There is thus an urgent need to use 

allometric models that can accurately estimate root biomass similar to 

those used for aboveground biomass, but very few such models currently 

exist (Kenzo et al. 2009b, Niiyama et al. 2010, Lima et al. 2012). 

 While several allometric models for both above and below ground 

biomass have been developed recently for South East Asian tropical 

secondary and Dipterocarp forests, e.g. Ketterings et al. (2001), Basuki 

et al. (2009), Kenzo et al. (2009a), Kenzo et al. (2009b), Niiyama et al. 

(2010), no such models exist for Vietnam. Considering the involvement 

of Vietnam in REDD+ programmes, it is important to develop local 

models and to assess the degree of specificity that such models should 

have with respect to locality and species, or functional type specificity. 

 In this study the following issues are addressed: (i) the difference 

in biomass estimations between local, and regional and pan-tropical 

models (ii) the necessity to develop functional type specific models and 

(iii) the development of an allometric model for root biomass and testing 

this against existing models (i,e. IPCC model and foreign models). 
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2. Materials and methods 

2.1 Study site 

 The study was conducted in an evergreen forest (108
o
 17’ 75’’ E 

and 14
o 

35’35’’ N) in K’Bang district, Gia Lai province, in the Central 

Highland region in Vietnam. The topography of the area is mostly flat 

with an altitude ranging from 500-600 m above sea level. Annual 

precipitation is approximately 2,300 mm with a 3 to 4 months dry season. 

Mean annual air humidity is 82% and mean annual temperature is 23
o
C. 

The soils in the area are classified as Ferrasols (Lung et al. 2011). A map 

of the study site is provided in Chapter 1 (Fig. 1). 

 The forest at the study site was selectively logged for the first 

time between 1980-1982 with a harvesting intensity of about 30-35% of 

the standing volume and focussing solely on species producing timber 

suitable for construction. A total of six permanent plots (100 x 100 m 

each) were established in the study site in 2004 by the Highland Tropical 

Forest Research Centre (hereafter Highland FRC). The forest was never 

logged again, therefore the plots had a 30-32 year recovery period during 

the time of measurements in 2012. 

 Forest inventory data were collected in the permanent plots 

between December 2011 and April 2012. In each permanent plot, all 

trees with a diameter at breast height (DBH) larger than 10 cm were 

identified (MARD 2000) and numbered. For each tree, height (H) (using 

a Blumleiss altimeter) and DBH (with a diameter tape) was measured. In 

total 105 species were found within these plots. 

2.2 Measurements of aboveground biomass  

 In order to parameterize local allometric models, a total of 300 

trees pertaining to 45 species were sampled destructively. These trees 

were sampled in two logging compartments close to our study area 

during a logging event (Apr-Jun 2012). Sample trees were selected in 

such a way that their size range (height and DBH) was as much as 

possible representative of the trees measured in the permanent plots. 

Information on sample trees can be found in the Annex. 
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 After felling, diameter (DBH) and height (H) (equal to the length 

of the stem) of each individual sample tree were measured. In addition, 

for larger trees (DBH>40 cm), we applied the Smalian’s formula with an 

interval of two metres (Basuki et al. 2009) to determine the volume of 

concomitant segments of the stem and big branches. Fresh weight of 

stems, branches (for trees with a DBH<40 cm) and leaves were 

determined separately using a balance with an accuracy of ±0.1 kg after 

which subsamples were taken (see below). We also measured the height 

and diameter at the cutting surface of each stump that remained after 

felling, in order to calculate its volume. Dry mass of small trees 

(DBH<40 cm) and leaves were determined based on the dry weight to 

fresh weight ratio (DW/FW, see below). For large trees we calculated dry 

mass by multiplying stem and branch volumes by wood density (see 2.4 

for WD determination). For the tree’s stump, the dry mass was 

determined by multiplying its volume by wood density (see 2.4). 

 Two wood samples were taken from the lower (at cutting 

position) and upper parts (under the first branch position) of the stem 

(maximum 3 individuals per species) with a fresh weight of around 50 g. 

Each wood sample was stored in a plastic bag to avoid water loss. Wood 

samples were sent to the Wood Science Laboratory of the Forestry 

University of Vietnam where fresh mass was determined and where they 

were oven-dried at 105
o
C to constant weight. The DW/FW ratio of each 

wood sample was calculated by the relation between dried weight (DW) 

and fresh weight (FW). The DW/FW ratio of leaves were determined in a 

similar way but using subsamples of about 30 g and oven-drying at 65
o
C. 

2.3 Measurements of root biomass 

 Due to the limitation of budget and time, root biomass could not 

be collected and measured for all the above mentioned sample trees. We 

limited ourselves to those individuals that had been uprooted by 

bulldozers in the logging compartments. We were able to determine root 

mass for 40 of the 300 individual sample trees (25 species) that had been 

used for the AGB measurements. Roots remaining in the soil after the 

tree had been uprooted were dug out as best as possible, though we were 
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unable to remove all finer roots (see also Discussion). Roots were 

divided into smaller parts by a chainsaw and the soil was carefully 

removed by brushing. The fresh weight of the root system of each 

individual was determined and a subsample was taken and oven-dried in 

the Wood Science Laboratory at 90
o
C to constant weight. Total root mass 

was calculated by multiplying the total fresh weight of the root system by 

DW/FW ratio. 

2.4 Wood density measurement 

 To determine wood density (WD) for each species, two wood 

core samples with a length of around 15 cm and a diameter of 0.5 cm 

were taken from opposite positions on the stem at DBH of the same 

individuals that were used to determine DW/FW wood ratios. For the five 

most commonly harvested species (i.e. containing 30 to 40 individuals per 

species), this was done for three individuals, categorized in three different 

diameter classes (small, medium and large). In addition, we also 

determined WD for species that were not in the destructive analysis but 

that did occur in our six permanent plots. For these species, two wood core 

samples were collected at opposite positions at DBH of a standing tree 

with a DBH close to the mean DBH for that species in the plots. 

 Each wood core sample was stored in a plastic tube and covered in 

a plastic bag to avoid water loss, and taken to the Wood Science 

Laboratory. Fresh volume of each sample was calculated by the formula 

(π/4)*d
2
*L (where L was the total length and d the mean diameter of the 

wood core) (Chave 2005). Samples were dried at 90
o
C to constant mass. 

WD was determined by dividing dry mass by its fresh volume. The WD 

value of the species was calculated as the mean of the density of the wood 

core samples. 

2.5 Data analysis 

2.5.1 Tree species functional groups 

 The Vietnamese Forestry Service distinguishes five wood density 

classes: class I (WD ≤ 0.50 g cm
-3

), class II (0.51 - ≤0.65 g cm
-3

), class 

III (0.66 - ≤0.80 g cm
-3

) class IV (0.81 - ≤0.95 g cm
-3

) and class V (>0.95 
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g cm
-3

). These wood density classes are associated with wood quality and 

the Vietnamese logging regulation (MARD 2004b, Ban et al. 2010). 

Class V was not found in our plots, thus we considered classes I-IV as 

representing four functional groups. 

2.5.2 Allometric equations 

 For aboveground biomass (AGB), several common equations 

were tested to develop allometric models that relate the geometric 

measures (DBH, H and WD) to aboveground biomass (AGB). First, we 

established equations in which individuals of all species were lumped 

together (multi-functional group model, denoted as FG-aggregated model 

hereafter). Second, we developed equations for each individual 

functional group separately (FG-specific models, hereafter). We tested 

eight general equations (found in literature) relating AGB to DBH, H 

and/or WD (see below). 

 In the case of root biomass (RB), we used the same general 

equations but added a ninth equation that relates RB to AGB. This builds on 

the common practice of estimating RB from AGB estimates (e.g. IPCC 

2006). For RB we only developed an FG-aggregated model as there were 

not enough sample trees to develop FG-specific models. 

 Several equations are commonly used to develop allometric 

models for AGB and RB. 

 By Brown et al. (1989, 1997) (pan-tropical): 

  ( )       (   )      (1) 

  ( )       (   )      (   )
    (2) 

 By Nelson et al. (1999) (central Amazon): 

  ( )       (   )     ( )    (3) 

 By Chave et al. (2005) (pan-tropical): 

  ( )       (   )     (  )     ( )  (4) 

  ( )       (   )   (  (   ))    (  (   ))  
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    (  )        (5) 

   ( )       (       )    (6) 

 By Djomo et al. (2010) (tropical Africa): 

  ( )       (   )     (  )   (7) 

  ( )       (      )     (  )   (8) 

 with B being AGB or RB. 

 An additional equation for estimating root biomass from Lima et 

al. (2012) (Amazonian forests) was used:  

  (  )       (   )     (9) 

 Following the method of Djomo et al. (2010), first we developed 

equations with only DBH as independent variable. Later, either H or WD 

was added. Finally, both H and WD were added as independent 

variables. The ordinary least squares method was used to fit the 

equations. 

 All above-mentioned equations relate the natural logarithm of 

AGB to the natural logarithms of DBH, H and WD. This however 

introduces a systematic bias in the original biomass estimation. Therefore, 

back-transformed AGB estimates were adjusted by the correction factor 

(CF), as defined by        (
    

 
)  with RSE indicating the residual 

standard errors of the estimate (Chave et al. 2005, Sprugel 1983). 

2.5.3 Model selection 

 To select the best fit model, the following statistical indicators 

were considered: 

(i) The proportion of variance explained by the model (adjusted 

R
2 

for the number of predictor variables). 

(ii) The residual standard errors of estimation (RSE) calculated as 

the square root of the residual sum of squares divided by the 

degrees of freedom (df) of an estimate. The df was calculated 

as the number of observations minus the number of predictor 
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variables. The lower RSE, the better the regression model fits 

(Chave et al. 2005). 

(iii) Average standard error (S%) calculated by the formula: S% = 

   

 
∑

| ̂    |

  

 
    where: n is the number of observations; yi is the 

observed dried mass of tree i;  ̂  is the predicted dried mass of 

tree i. S% indicates the difference between the observed and the 

predicted value. The best fit regression is the one with the lowest 

S% (Chave et al. 2005, Basuki et al. 2009). 

(iv) Akaike Information Criterion (AIC) is calculated by the 

formula           ( )   where p is the number of 

parameters in the model and L is the likelihood of the fitted 

model (Chave et al. 2005, Basuki et al. 2009, Djomo et al. 

2010). The best model is the one with the lowest AIC.  

2.5.4 Comparing FG-aggregated with FG-specific models and local 

with regional and pan-tropical models  

 We conducted paired t-tests to compare the best fit FG-

aggregated and FG-specific models in estimating biomass of the 

destructive sample trees and to determine whether predictions by the two 

types of models were significantly different. 

 We also compared S% between observed and predicted AGB of 

the destructive sample trees made by our local model (FG-aggregated), 

and previously developed regional and pan-tropical models in a similar 

fashion. Finally, we compared S% between estimates of our local FG-

aggregated models and regional and pan-tropical models at the plot level. 

 All statistical analyses were performed by the IBM SPSS 21.0. 

3. Results 

3.1 The functional group of the sample trees 

 The mean value of wood density of all sample species was 0.63 

±0.01 g cm
-3 

with a range of 0.33-0.89 g cm
-3

. The range of DBH was 

similar in each class with the exception of WD class III, for which we 
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appeared to have sampled somewhat smaller trees than in the other 

classes (Table 1). 

Table 1. Number and size measures of trees that were used in the destructive 

measurements categorized per wood density (WD) class. 

Functional 

group 

Number of 

individuals 

(species) 

WD  

(g cm
-3

) 

DBH  

(cm) 

H  

(m) 

AGB  

(kg) 

WD I  61(12) 0.45±0.01 47.9±3.5 25.6±0.9 2155±278 

WD II  119(20) 0.58±0.01 46.6±2.5 24.8±0.7 255±230 

WD III  55(10) 0.70±0.01 37.8±3.2 22.8±1.0 1789±281 

WD IV  65(3) 0.85±0.01 51.6±4.3 25.2±1.2 2938±389 

WD I: ≤0.50 g cm-3, WD II: 0.51-≤0.65 g cm-3, WD III: 0.66-≤0.80 g cm-3, WD IV: >0.81 g cm-3. 

DBH is diameter at breast height, H is tree height, AGB is aboveground biomass (mean values 

and standard errors of the mean). 

3.2 Allometric equations 

3.2.1 Allometric equations for the FG-aggregated model 

 Eight common models for moist forest were fitted to our data 

(Table 2). The adjusted R
2
 of all regressions ranged from 0.981 to 0.986. 

The lowest adjusted R
2
 was recorded for model 1, while model 8, which 

included DBH, H and WD as independent variables, exhibited the 

highest adjusted R
2 

and the lowest values for RSE, AIC and S%. The 

adjusted R
2
 and coefficient b, which indicates the linear effect of 

ln(DBH) on ln(AGB), were significant (p<0.001) in all eight models, 

indicating DBH to be a consistent predictor of AGB. Coefficient c, which 

represents the effect of ln(WD) on ln(AGB), was significant in models 4, 

5, 7 and 8 (p<0.001) indicating that WD was also a good predictor of 

AGB. Coefficient d  indicates that H was also a good predictor of AGB 

when used together with DBH (in models 3 and 4) (analysis for 

significance of coefficients not shown). As model 8 gave the best fit, it 

was selected for predicting AGB in our study as follows: 

  (   )                (     )         (  )  (10) 
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 The equation (after log-transformation) was corrected by a 

correction factor (CF)  that eliminated the systematic bias produced by 

the logarithms transformation (Chave et al. 2004).  Therefore the final 

equation was: 

       (              (     )         (  )) (11) 

Table 2. Model description of above ground biomass (AGB) estimates for the 

FG aggregated model. 

No Model Adjusted R
2
 RSE AIC S% CF 

1 ln(AGB) = a + bln(DBH) 0.981 0.287 -747.4 23.5 1.042 

2 ln(AGB) = a + bln(DBH) + 

b1(ln(DBH))
2
 

0.983 0.270 -785.3 21.6 1.037 

3 ln(AGB) = a + bln(DBH) + 

dln(H) 

0.985 0.254 -820.9 20.6 1.032 

4 ln(AGB) = a + bln(DBH) + 

cln(WD) + dln(H) 

0.986 0.245 -840.8 19.8 1.030 

5 ln(AGB) = a + bln(DBH) + 

e(ln(DBH)
2 

+ f(ln(DBH))
3 

+ 

cln(WD) 

0.985 0.254 -823.8 19.9 1.032 

6 ln(AGB) = a + gln(DBH
2
HWD) 0.981 0.287 -744.3 23.9 1.040 

7 ln(AGB) = a + bln(DBH) + 

cln(WD) 

0.982 0.283 -755.1 23.3 1.040 

8 ln(AGB) = a + hln(DBH
2
H) + 

cln(WD) 

0.986 0.245 -841.2 19.8 1.030 

The results are significant at a 95% confidence interval. DBH, H, WD indicate stem diameter at 

breast height, tree height and wood density, respectively. RSE: residual standard error of the 

estimate, AIC: Akaike Information Criterion, S%: average standard error of the estimate, CF: 

correction factor. 

3.2.2 Allometric equations for different functional groups (FG) 

 Next we compared the different allometric equations for the 

functional type specific models (Table 3).  
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Table 3. Model description of aboveground biomass (AGB) estimates of four functional groups. 

Model 

Group I Group II Group III Group IV 

Adjusted  

R
2
 

RSE AIC S% Adjusted  

R
2
 

RSE AIC S% Adjusted  

R
2
 

RSE AIC S% Adjusted  

R
2
 

RSE AIC S% 

1 0.980 0.279 -156.4 22.4 0.982 0.268 -313.8 21.6 0.983 0.253 -152.2 21.1 0.990 0.235 -188.8 17.8 

2  0.982 0.270 -161.4 21.3 0.986 0.239 -341.7 18.7 0.986 0.226 -165.2 17.5 0.992 0.216 -200.7 16.1 

3 0.984 0.254 -170.9 20.0 0.988 0.221 -357.6 17.5 0.991 0.186 -183.9 14.4 0.993 0.199 -208.6 15.5 

4 (-) 0.984 0.254 -162.0 19.7 0.988 0.220 -354.6 17.4 0.991 0.187 -179.0 14.2 0.993 0.200 -204.4 15.5 

5 (-) 0.983 0.264 -163.5 19.8 0.986 0.240 -340.6 20.0 0.986 0.230 -162.6 17.4 0.993 0.206 -206.3 14.8 

6 0.984 0.264 -159.4 19.6 0.987 0.226 -346.2 17.8 0.991 0.186 -177.5 14.1 0.993 0.198 -203.4 15.7 

7 (-) 0.980 0.280 -154.2 22.8 0.982 0.269 -311.3 21.5 0.983 0.253 -150.2 20.7 0.990 0.235 -186.8 17.4 

8 (-) 0.984 0.255 -160.8 19.8 0.988 0.220 -354.5 17.3 0.991 0.186 -178.8 14.1 0.993 0.199 -203.6 15.4 

The results are significant at a 95% confidence interval. Functional groups are wood density (WD) classes I-IV (group I: WD ≤0.50 g cm-3, group II: WD 

0.51-≤0.65 g cm-3, group III: WD 0.66-≤0.80 g cm-3, group IV: WD>0.81 g cm-3). RSE: residual standard errors of the estimate, AIC: Akaike Information 

Criterion, S%: average standard error of the estimate, (-) indicates the model has a predictor that was not significantly different from 0. 
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 Functional group I (wood density ≤0.5 g cm
-3

): The highest 

adjusted R
2
 was recorded for models 3, 4, 6 and 8 (0.984). Coefficient d 

was significant only in models 3 and 4 (p<0.001). Together with DBH, 

predictor H had an important role in the estimate. Model 3 was selected 

based on the highest adjusted R
2
 (0.984) and the lowest RSE (0.254) and 

AIC (-170.9). Therefore the best model for functional group I was: 

  (   )                (   )         ( )  (12) 

 Functional group II (wood density 0.51- ≤0.65 g cm
-3

): The 

highest adjusted R
2
 was recorded for models 3, 4 and 8 (0.988). 

Coefficient c was not significant in models 4 and 8, therefore these 

models were rejected. The lowest AIC was found in model 3 (-357.6). 

We therefore chose model 3 yielding:  

  (   )                (   )         ( )  (13) 

 Functional group III (wood density 0.66- ≤0.8 g cm
-3

): The 

highest adjusted R
2
 value was found for models 3, 4, 6 and 8 (0.991). The 

RSE and AIC values were lowest for model 3; therefore, model 3 was 

selected for functional group III: 

  (   )                (   )         ( )  (14) 

 Functional group IV (wood density >0.81 g cm
-3

): The highest 

adjusted R
2
 value was found for models 3, 4, 5, 6 and 8 (0.993). The 

lowest value of RSE was given by model 6, however the lowest AIC was 

given by model 3. The S% of model 3 was 15.5% compared to 15.7% of 

model 6, hence model 3 was selected. 

  (   )                (   )         ( )  (15) 

3.2.3 Aboveground biomass predicted by the FG-aggregated model 

and FG-specific models  

 We compared the predictions made with the aggregated model to 

the combined prediction of the FG-specific models (Table 4). The 

average standard error (S%) in the estimates of  the aggregated FG-model 

was 19.8% compared to 17.0% for the FG-specific models. The 
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differences in AGB estimates between the two models were analyzed by 

comparing the prediction for the mean AGB of all trees in the sample to 

the mean observed values, using paired samples t-tests at a 95% 

confidence interval. Predictions of neither model were significantly 

different from the observed values (p>0.05 for pairs 1 and 2). Similarly, 

the two model predictions of both tree level and plot level AGB (pair 3 

and pair 4) values were not significantly different from each other. 

Table 4. Paired t-tests for the mean differences between observed and predicted 

above ground biomass (AGB) of destructively sampled trees. 

Pairs Mean 

differences 

Std. 

Deviation 

Std. 

Error 

Mean 

S% t P 

(1) Observed vs. 

Predicted AGB by FG 

aggregated model. 

-92.41 920.6 55.30 19.8 -1.67 0.096 

(2) Observed vs 

Predicted AGB by FG 

specific models. 

-64.36 932.1 39.02 17.0 -1.64 0.100 

(3) Predicted AGB by 

FG aggregated vs FG 

specific models 

28.05 753.8 34.12 10.7 0.82 0.412 

(4) Predicted AGB 

(plots level) by FG 

aggregated vs FG 

specific models 

-6.01 9.6 3.61 2.1 -1.66 0.157 

Tests were made with the FG-aggregated (pair 1) and FG-specific models (pair 2), and for the mean 

differences between these two models in estimates of mean tree biomass (pair 3) and mean plot level 

AGB for the six plots (pair 4) in this study. The results are significant at a 95% confidence interval. 

Mean differences, Standard (Std) deviation and Standard error of the mean in pair 1, 2 and 3 are in kg; 

in pair 4 this is in ton per ha. S% indicates the average standard error of the estimate. 

3.2.4 AGB estimates at tree and plot level by the FG-aggregated 

model and regional and pan-tropical models 

 We determined the extent to which the estimates of the AGB of 

sample trees and the total AGB in our permanent plots calculated with 

the local FG-aggregated model developed here, differed from those made 

by a number of regional and pan-tropical models (Table 5). These models 
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included both global models for tropical moist forest (Brown 1997, 

Chave et al. 2005) and regional models developed in other parts of SE 

Asia (Ketterings et al. 2001, Kenzo et al. 2009b). 

Table 5. Model description for aboveground biomass (AGB) estimates. 

No Models Forest  

type 

N 

(trees) 

DBH 

(cm) 

WD     

(g cm
-3
) 

Valid Region 

1 AGB = exp (-2.289+2.649ln  

(DBH) -0.021ln(DBH
2
)) 

M 170 5.0-148.0  Global 

2 AGB = 0.0509WDDBH
2
H M 2410 5.0-156.0  Global 

3 AGB = 0.11WDDBH
2.62 

S 29 7.6-48.1 0.60 Indonesia 

4 AGB = 0.0829DBH
2.43 

S 136 0.1-28.7 0.35 Malaysia 

5 AGB = exp(-3.051+0.966ln 

(DBH
2
H) +0.305ln(WD)) 

M 300 1.8-115.0 0.63 Vietnam 

Models: (1) Brown (1997), (2) Chave et al. (2005), (3) Ketterings et al. (2001), (4) Kenzo et al. 

(2009b) and (5) FG-aggregated model (this study). DBH, H, and WD indicate stem diameter at 

breast height, tree height and wood density, respectively. Forest type: M is tropical moist mature 

forest, S is tropical secondary forest. N is the number of sample trees. DBH is the diameter range 

of sample trees and WD is the mean wood density of sample trees used to develop the model. 

 The AGB values of the sample trees (Fig. 1) were considerably 

overestimated by the models of Brown (1997), Ketterings et al. (2001) and 

Chave et al. (2005) (i.e. S% value of  34.3%, 31.2% and 29.2%, 

respectively), but were considerably underestimated (S% value of  38.4%) 

by the model of Kenzo et al. (2009b). The t-tests showed that there were 

significant differences of predicted AGB between our FG-aggregated model 

and the regional and pan-tropical models (p<0.05). Predictions of the plot-

level AGB (Fig. 2) made with the various models differed considerably; the 

AGB estimated by the model of Brown (1997) was more than twice the 

AGB predicted by the model of Kenzo et al. (2009b). When compared to 

our aggregated  model, the model by Brown (1997) resulted in a 27.4% 

higher estimate of plot level AGB followed by the model by Chave et al. 

(2005) (13.9% higher estimate) and the model by Ketterings et al. (2001) 

(8.0% higher estimate). Conversely, the model by Kenzo et al. (2009b) 

resulted in a 38.3% underestimation. All these differences were significant 

(t-test P<0.05) except for the model by Ketterings et al. (2001). 
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Fig.1. The predicted above ground biomass (AGB) of the sample trees (kg tree
-1
) 

made by our FG-aggregated model and by a number of regional and pan-

tropical models. Model used were Brown (1997), Ketterings et al. (2001), 

Chave et al. (2005), and Kenzo et al. (2009b), as a function of DBH. The 

parameters in the brackets indicate the predictors that were used in the model. 

 

Fig.2. Boxplots showing the mean predicted AGB (Mg ha
-1

) of the six plots. 

AGB was predicted by Brown (1997), Chave et al. (2005), Ketterings et al. 

(2001), Chave et al. (2005), our models (both FG-aggregated and FG-specific 

models) and Kenzo et al. (2009b). The parameters in the brackets indicate the 

predictors that were used in the model. 
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3.3 The development of equations for root biomass  

 We tested several allometric equations that relate root biomass 

(RB) to the aboveground size measures such as DBH, H and WD. In 

addition we also conducted regressions between RB and AGB (Table 6). 

Table 6. Model description of root biomass (RB) estimates. 

No Model Adjusted  

R
2
 

RSE AIC S% CF 

1 ln(RB) = a + bln(DBH) 0.790 0.391 -75.16 30.7 1.079 

2 (-) ln(RB) = a + bln  

(DBH) + e(ln(DBH))
2 

0.785 0.396 -75.16. 30.8 1.081 

3 (-) ln(RB) = a + bln(DBH) + dln 

(H) 

0.789 0.392 -73.93 30.7 1.079 

4 (-) ln(RB) = a + bln(DBH) + cln 

(WD) + dln(H) 

0.856 0.324 -88.26 22.2 1.053 

5 (-) ln(RB) = a + bln(DBH) + e  

(ln(DBH))
2 
+ f(ln(DBH))

3 
+  

cln(WD) 

0.854 0.326 -87.73 22.5 1.054 

6 ln(RB) = a + bln(DBH
2
HWD) 0.854 0.326 -85.48 23.3 1.054 

7 ln(RB) = a + bln(DBH) + cln 

(WD) 

0.857 0.323 -89.52 22.8 1.053 

8 ln(RB) = a + bln 

(DBH
2
H) + cln(WD) 

0.854 0.326 -86.61 22.3 1.054 

9 ln(RB) = a + bln(AGB) 0.860 0.322 -90.6 25.5 1.053 

DBH, H, WD and AGB are predictors of the models and indicate stem diameter at breast height, 

tree height, wood density and above ground biomass, respectively. The results are significant at a 

95% confidence interval. RSE: residual standard errors of estimate, AIC: Akaike Information 

Criterion, S%: average standard error of the estimate, CF: correction factor, (-) indicates the 

model has a predictor that was not significantly different from 0. 

 The highest adjusted R
2 

and lowest AIC and RSE were recorded 

when RB was plotted against AGB (model 9). Model 7 relates RB to 

DBH and WD and was second best in this respect (Table 6). The lowest 

average standard error  (S%) was recorded for model 4 that relates RB to 

DBH, H and WD, however, coefficient d, indicating the effect of H, was 
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not significant; therefore, this model is essentially similar to model 7 

with DBH and WD as predictors. Models 3 and 8 had a lower adjusted R
2
 

and higher RSE and AIC values compared to models 7 and 9. Moreover, 

tree height (H) is often difficult to measure accurately in forests (Chave 

et al. 2005). Models 1 and 2 showed relatively weak predictive power 

with only DBH as input. Model 9 is the best selection if only AGB data 

are available. The equation after back log-transformation is:  

      (              (   ))    (16) 

 When DBH and WD are available, model 7 would be 

recommended:  

  (  )                (   )        (  )  (17)

  

 The equation after back log-transformation is as follows: 

      (              (   )        (  ))  (18) 

 Since WD data are available for our study, we selected model 7 

for further analyses.  

 Next, we compared predictions of the mean root biomass in our 

six permanent plots by model 7 against a set of regional and pan-tropical 

models (Fig. 3), i.e Kenzo et al. (2009b), Niiyama et al. (2010) and Lima 

et al. ( 2012). Two of the foreign model estimates differed considerably 

from ours, with the model of Niiyama et al. (2010) resulting in a nearly 

140% higher estimate and the model of  Kenzo et al. (2009b) in a 18% 

lower estimate (Fig. 4). The model of Lima et al. ( 2012) resulted in a 7% 

lower estimate and was not significantly different from ours (P >0.05). 

 The average ratio between root biomass (RB) and aboveground 

biomass (AGB) of all sampled trees was 0.19 (range 0.09-0.43) and did 

not differ among the six plots in our study site (p<0.05). 
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Fig. 3. Root biomass (RB) of sample trees. Root biomass (kg tree 
-1

) was 

predicted by the model of this study and the models of Niiyama et al. (2010), 

Lima et al. ( 2012) and Kenzo et al. (2009b). The parameters in the brackets 

indicate the predictors that were used in the model. 

 

Fig. 4. Boxplots showing the value of root biomass in six plots. Root biomass (Mg 

ha
-1
) was predicted by Niiyama et al. (2010), this study, Lima et al. (2012) and 

Kenzo et al. (2009b). The parameters in the brackets indicate the number of 

predictors in the model. 
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4. Discussion 

 The choice of allometric models represents a major source of 

uncertainty in the estimation of biomass in tropical forests. Particularly 

the balance between model accuracy on the one hand, and the effort 

involved in model parameterization on the other, needs to be carefully 

considered. Here we considered three aspects related to model choice: (i) 

the number and descriptive parameters to be used, (ii) the degree to 

which models should be specific at the level of tree functional types and 

(iii) use of local versus regional and pan-tropical models. We did this for 

both above-and belowground biomass. We showed that the functional 

group aggregated local model with three predictors (DBH, H and WD) is 

the best choice for predicting AGB in the forest of this study. There were 

considerable differences in biomass estimates between our models and 

extant pan-tropical models, confirming existing concern about the 

applicability of pan-tropical models at the plot level. Parameterization of 

local models, especially those for RB, remains an important issue of 

concern. We will discuss our findings in more detail below. 

4.1 FG-aggregated species model 

 We compared eight allometric models to test the predictive value 

of three descriptive parameters, i.e. diameter (DBH), wood density (WD) 

and height (H) for AGB. Of these models the one using DBH (model 1) as 

the only descriptive parameter provided the lowest accuracy. Adding either 

H or WD improved model predictions but the effect of WD was larger, 

while adding both WD and H resulted in a slight further improvement. 

These results support the view that in addition to DBH, H and WD are 

important predictors of aboveground biomass in tropical forest (Chave et 

al. 2005, Djomo et al. 2010, Feldpausch et al. 2011). For further 

comparative analyses we thus chose a model that combined all three 

parameters (model 3). 

 Several studies based on both local and global data sets have 

emphasized the importance of WD as a predictor of AGB for tropical 

forest (Chave et al. 2005, Djomo et al. 2010, van Breugel et al. 2011, 
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Vieilledent et al. 2012, Fayolle et al. 2013), especially for non-pioneer 

trees (Henry et al. 2010). WD of tropical forests may differ considerably 

between regions and strongly depends on the successional stage of 

forests (Chave et al. 2004). This variation in WD across forests makes its 

use as a predictor essential; if not, a model developed for a lower WD 

than where it is applied leads to underestimation of biomass and vice 

versa. The average WD of the sample trees that we used to develop our 

allometric equations was 0.63 g cm
-3

, which is close to the value for a 

tropical moist forest in Cameroon and Ghana (Djomo et al. 2010, Henry 

et al. 2010) and somewhat higher than the value in a secondary tropical 

forest in Indonesia (Ketterings et al. 2001). Further complications arise if 

WD is not uniformly distributed over size, e.g. if larger species have 

higher or lower WD than smaller ones (Chave et al. 2004). In our study 

there was a positive correlation between the mean tree size and WD of a 

species (results not shown), thus averaging WD for all species or across 

groups of species would tend to lead to underestimations of AGB. 

 In some studies WD did not appear to significantly improve 

model predictions of AGB, particularly in studies in secondary and 

Dipterocarp forests (Kenzo et al. 2009a, Kenzo et al. 2009b) This could 

be associated with the fact that the dominant trees (i.e. those that account 

for the largest fraction of AGB) in such forests tend to exhibit a narrow 

range in wood density (e.g. the range of  WD was 0.29-0.53 g cm
-3

 in the 

study of Kenzo et al. (2009b)  in a young tropical secondary forest with 

many pioneer species). 

 In our model, H is a significant predictor, but it is difficult to 

measure accurately because canopy layers hide tree tops in the forest. This 

is a common phenomenon especially in tropical forest. In order to increase 

the quality of the measurement of H, accurate instruments, such as laser 

altimeters, should be used to determine tree heights in tropical forest. 

4.2 Functional group-specific model  

 As noted, multi-species models may entail inaccuracies due to the 

vast different allometric traits that may exist among species, but 
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development of species-specific models may not be feasible in tropical 

forests where the number of species are too large and individuals per 

species too few to provide solid parameterization (Gibbs et al. 2007). The 

use of a functional type specific model, whereby species are grouped, 

could be an alternative. We assessed the extent to which a functional type 

specific allometric model (FG specific), i.e. one that is parameterized per 

functional type defined by wood density, resulted in more accurate 

estimates than the aggregated model. 

 The equations were tested on the trees from four WD density 

classes (i.e. functional types) resulting in FG-specific models that 

provided better fits to sample trees than the aggregated model, i.e. as 

reflected in their higher adjusted R
2 

 and lower standard error in the 

estimate of the AGB of the sample trees (Table 3).  

 We also found that WD was not a significant predictor of AGB in 

any of the FG-specific models. In each functional type, Pearson 

correlations showed that AGB was more strongly related with DBH and H 

than with WD. This smaller role of WD can be attributed to the fact that 

the range in WD within functional types was smaller by definition. These 

findings are consistent with another study showing that the range in WD 

density as well as its role in allometric equations was much less prominent 

in genus specific models than in multi-species ones (Basuki et al. 2009). 

 Even though the FG-specific model provided a better fit and an 

AGB estimate with a smaller error than the FG-aggregated model, there 

were no significant differences of accuracy in AGB estimates for both 

sample trees and plots between the two models. This result is consistent 

with e.g. Fayolle et al. (2013) in that species-specific models do not 

always provide better fits than multi-species models. This leaves the 

question as to why, in spite of its greater detail, the FG-specific model 

was not significantly more accurate? Several factors may have 

contributed to this. Firstly, in the FG-specific models, individual 

regressions were done per WD class and thus the number of trees in each 

of the samples was much smaller (55 – 119, Table 1) than in the FG-

aggregated model (300). Limitations on sample size have been forwarded 
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as an important constraint on the use of more specific models (Chave et 

al. 2004, van Breugel et al. 2011). However, we conducted an analysis to 

determine the sensitivity of the standard error in the AGB estimate by the 

FG-aggregated model, for sample size (Fig. 5), and found the error not to 

be very sensitive over the range 50 – 300 individuals. 

 

Fig. 5. The average standard error (S%) in the estimate of total AGB of 30 

selected trees. Each square was the average standard error (S%) of the estimate 

(Y axis) given by the model that was developed by a certain number of 

destructive trees i.e. 20, 35, 60, ... and 300 trees, respectively (X axis). 

 Secondly, in our study functional types were defined according to 

WD which was also added as a predictor in the aggregated model, and 

thus much of the variation between functional types was already 

accounted for. But tree functional types may differ in other respects as 

well. For example both theoretical models and data suggest trees of high 

WD to be more slender (greater height per DBH) than low WD trees 

(Anten &Schieving 2010, Iida et al. 2012). Nevertheless, tree allometry 

is probably more strongly determined by environmental factors than by 

species or functional type (Gibbs et al. 2007), suggesting that such 

variation in slenderness across functional types it is probably small. To 

summarize, our results indicate that at least in our forest, the use of an 

aggregated model is merited. However, a functional type specific model 

could be more efficient than an aggregated one in situations where one 
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does not know the exact WD of individual species but species are 

categorized in WD classes.  

4.3 Local models versus regional and pan-tropical models  

 Estimates of the AGB of sample trees made by regional and pan-

tropical models differed considerably from the observed values in our 

study. Similarly, large differences were observed when plot level AGB 

estimates by regional and pan-tropical models were compared to the plot 

level estimates made with our local aggregated model. Particularly large 

deviations were found for the models that were based on DBH alone, i.e. 

Brown (1997) resulted in more than 25% overestimations while Kenzo et 

al. (2009b)  in almost 40% underestimation. The deviations were smaller 

for regional and pan-tropical models that included WD; e.g. the much-

used Chave et al. (2005) model resulted in a 14% overestimation of plot 

level AGB, and a 30% higher estimate of sample trees AGB.  

 The use of regional and pan-tropical models implies that one does 

not know their accuracy beforehand, that is, if they are not locally 

checked. This raises questions regarding the consistency of the margins 

of error that we observed. That is, error consistency or at least 

predictability (e.g. linked to forest type or region), could render regional 

and pan-tropical models more useful. Unfortunately, thus far, local-

regional and pan-tropical model  comparisons are still relatively rare, and 

mostly restricted to the pan-tropical models of Brown (1997) and Chave 

et al. (2005). Considerable (at least up to two-fold) overestimations of 

AGB (50-65%) of Brown (1997) model have been observed in a number 

of studies (Basuki et al. 2009, Kenzo et al. 2009a, Kenzo et al. 2009b). 

Such overestimation may arise when models are applied to trees that tend 

to be smaller than those for which model was parameterized (van Breugel 

et al. 2011). However, in our study, the diameter of the sample trees that 

were used to develop allometric models are close to those diameters in 

Brown (1997) and Chave et al. (2005) (Table 5), while an overestimation 

was still found. For the model by Chave et al. (2005) the results are quite 

variable ranging from up to two-fold overestimations (Basuki et al. 2009, 

Lima et al. 2012) to 30-40% underestimations (e.g. Henry et al. (2010) ) 
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of AGB. Other studies reported reasonably close fits (e.g. Fayolle et al. 

(2013)  and citations therein) or size dependent fits whereby Chave et al. 

(2005) underestimated AGB of low density plots and overestimated AGB 

of high density plots (van Breugel et al. 2011). It could be argued that 

Kenzo et al. (2009b) underestimated our biomass data because their 

model was developed for an  early successional forest with relative low 

wood density. However, the Kenzo et al. (2009b) model also 

underestimated the AGB of our group I (lowest WD) alone (data not 

shown), indicating that other factors contributed to the mismatch. 

 These comparisons indicate two points. First, there is a 

reasonably consistent pattern that inclusion of WD in regional and pan-

tropical models can lead to more accurate estimates. This is important in 

view of the of the fact that current IPCC guidelines still recommend the 

use of the Brown (1997) model that is based on only DBH (IPCC 

2003;2006). Second, even inclusion of WD in regional and pan-tropical 

models gives rather inconsistent results in terms of accuracy and the 

direction of errors. The important advantage of regional and pan-tropical 

models however is that they are usually based on a much larger data sets, 

e.g.> 2000 trees as in the case of Chave et al. (2005) that span various 

regions. Local models are often based on less than 100 trees which may 

be problematic (Chave et al. 2004, Gibbs et al. 2007). Moreover at larger 

scales, errors in estimates from regional and pan-tropical models can 

cancel each other out (van Breugel et al. 2011). The inconsistency in the 

performance, and the potential for large errors of the Chave et al. (2005)  

model however calls for caution. 

 We suggest that the selection of allometric models for AGB 

estimates is very important and depends on the purpose of the estimate 

or research questions. In small scale plots for instance, to conduct 

comprehensive estimates of biomass dynamics, model accuracy 

becomes more important while a representative destructive sample is 

more easily obtained. In such cases a local model might be more 

suitable. On the other hand, in large scale studies, e.g. in the case of 

monitoring REDD+ projects at the landscape or regional level, plot 
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level errors may cancel each other out while the data set required for 

parameterization might become prohibitively large. Thus, the use of 

extant regional and pan-tropical models may provide the most rigorous 

estimates in such cases (van Breugel et al. 2011). We used the same 

destructive samples (300 trees) for calibration and validation of our 

local models. This is different from several other studies, e.g. Chave et 

al. (2015), Ishihara et al. (2015), in which the dataset was split for 

calibration and validation. In our study, only 45 species were 

destructively sampled of which 22 species had only one individual; 

hence, splitting the dataset may thus not be necessary in our case. To 

support our point we did separate the whole dataset in two parts at 

random. We used 150 sample trees to calibrate a new FG-aggregated 

model and the rest (another 150 trees) was used to validate the model, 

and to compare to regional and pan-tropical models. The S% (the 

average standard error between observed and estimated AGB of 150 

validated destructive samples) was a 31.1%, 31,7% and 29.5% 

overestimation of the models by Brown (1997), Ketterings et al. (2001) 

and Chave et al. (2005) respectively, and a 39.8% underestimation of 

the model of Kenzo et al. (2009b). The S% was similar (19.8% vs 

19.6%) between the original FG-aggregated model (model developed 

by 300 destructive trees-model 11) and the local FG-aggregated model 

developed by using 150 destructive trees. The paired samples t-tests at a 

95% confidence interval showed that there were significant differences 

between observed and predicted AGB of sample trees (150 trees) made 

by global and regional models (p<0.05), but not significantly different 

from the estimates made by the FG-aggregated model developed by 

using 150 destructive trees) (p>0.05).  

 We suggest that, to develop a local model, splitting the data for 

calibration and validation may not be necessary when the destructive tree 

samples cover all tree sizes found in the forest. 

4.4 Root biomass models 

 Compared to AGB, models to estimate root biomass (RB) are 

rare. Currently, the IPCC (IPCC 2006) advises the use of a root-shoot 
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ratio (RS) of 0.24 to estimate RB in moist tropical forests even though 

RS values can vary between 0.04 – 0.33 (Brown 1997). We developed 

several models for a data set of 40 trees (RS range: 0.09-0.43) and 

compared them to extant regional and pan-tropical models. 

 Regarding the geometric size measures in the RB models used in 

our study, we found both DBH and WD to be good predictors of root 

biomass but H was not significant for all of these models. Nevertheless, 

Pearson correlation showed that the RB-WD relationship is much less 

significant than RB–DBH in each regression. The highest adjusted R
2
 

and the lowest AIC were given by the model in which RB was estimated 

as a function of AGB. This was consistent with other findings, e.g. 

Cairns et al. (1997), and reflects the strong functional relationship 

between roots and shoots. Different from our study, several previous 

studies chose the simplest regression of RB=aDBH
b
 (a and b were 

coefficients of the regression) to predict RB in both secondary and 

primary forest, such as Kenzo et al. (2009b), Niiyama et al. (2010) and 

Lima et al. ( 2012), in part to avoid the need of having to estimate WD 

and/or H. However, as both RB and AGB are often estimated 

simultaneously in an attempt to assess total biomass, the choice of 

parameters to be used in allometric models for RB often depends on the 

predictors that are used in the AGB model; that is, an additional 

parameter for the RB model in our study may not be a problem if this 

parameter needs to be measured anyway. 

 We found that the mean RS ratio was 0.19 across the six plots in 

our study site, which is close to 0.18 of Dipterocarp forest (Niiyama et 

al. 2010) and much higher than the average of 0.12 in lowland moist 

forest (Brown 1997). Nevertheless, it was lower than the value of 0.24 

recommended by the IPCC (IPCC 2006). Two factors may have 

influenced our RB estimates. First, we did not estimate the mass of roots 

that was left behind after excavation. Niiyama et al. (2010) estimated this 

to be 23% of root biomass in their site suggesting that our model might 

underestimate RB. Interestingly, if we correct our RB for the 23% of root 

mass loss found by Niiyama et al. (2010) the RS in our study would be 
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0.237, similar to the IPCC (IPCC 2006) recommended value of 0.24. 

Second, for RB measurements, we sampled trees up to a maximum DBH 

of about 47 cm while our plots included trees of up to 120 cm. However, 

RS does not seem to be very size-dependent (Poorter, Hendrik et al. 2012). 

 Model choice to determine RB may involve a number of 

considerations in addition to those discussed for AGB. First, as with 

AGB model choice it depends on the objective of the study. If the 

objective is to determine whole stand biomass, then accuracy in RB 

estimates is not as significant as AGB, simply because RB constitutes a 

relatively smaller part of the total. For instance, in monitoring REDD+ 

projects, RB is estimated to be 24% of the AGB (IPCC 2006), which in 

our case possibly leads to an overestimation of about 20% (though as 

noted this was probably less). At the level of total biomass this would 

translate into an error of 4-5%. Thus, in our case even the IPCC standard 

would probably have been a reasonable option. On the other hand, if the 

focus is on root mass itself, more accuracy is needed. A second issue is 

the type of model used. As noted, RB models can be categorized as being 

either based on geometric measurements (as are the AGB models) or 

based on AGB by assuming a given and fixed root:shoot ratio (RS). The 

latter is most commonly used (see (IPCC 2006) recommendation), and 

when locally developed, may provide high accuracy as was shown here. 

However, the use of foreign RB models based on AGB entails a 

multiplication of errors: one associated with the model itself (i.e. the 

assumed RS value) and one associated with errors in the model that 

estimates AGB. 

5. Conclusions 

 The multi-species equation (FG-aggregated species) with three 

predictors of DBH, WD and H is the best choice to estimate plot level 

AGB at least at our site. Wood density is an important predictor in 

allometric equations and improves the quality of the estimate for both 

above and belowground biomass. This paper further confirms concerns 

that regional and pan-tropical models based on large data sets may lead 

to erroneous biomass estimates of plot based biomass. The choice of 
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local or pan-tropical forest models for predicting AGB or RB depends on 

the scale and purpose of the study. For landscape or regional level 

biomass estimates, pan-tropical models might be the best solution in 

terms of cost and accuracy. While this study may contribute to the 

general debate regarding the development and use of allometric equations 

for estimating above and belowground biomass, it also adds vital data in 

this regard for Vietnamese forests for which such methods have not yet 

been developed.  
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Annex: Information on the destructively sampled species 

No Species Family Number of  

individuals 

DBH   

range  

(cm) 

H  

range 

(m) 

WD 

 

(g cm
-3
) 

1 Actinodaphne pilosa Lauraceae 1(1) 21.1 23.0 0.33 

2 Aglaia spectabilis Meliaceae 4 29.6-71.0 27.0-33.1 0.65 

3 Aglaia macrocarpa Meliaceae 4(1) 15.0-76.0 13.4-28.5 0.59 

4 Ailanthus triphuysa Simaroubaceae 1 49.0 35.5 0.45 

5 Alangium ridleyi Alangiaceae 1(1) 30.5 26.8 0.44 

6 Alstonia scholaris Apocynaceae 4 62.0-85.0 28.0-35.5 0.43 

7 Antidesma ghasembilla Euphorbiaceae 5 (5) 11.5-32.5 11.8-19.8 0.67 

8 Baccaurea ramiflora Euphorbiaceae 1(1) 20.6 18.0 0.38 

9 Castanopsis indica Fagaceae 2 65.0-69.0 20.5-29.0 0.72 

10 Canarium album Burseraceae 1 72.0 32.4 0.61 

11 Gironniera subaequalis Ulmaceae 1 66.8 29.0 0.43 

12 Cinnamomum bejolghota Lauraceae 8(1) 30.6-88.0 24.8-33.4 0.50 

13 Litsea pierrei Lauraceae 1(1) 25.5 23.2 0.54 

14 Croton Argyrata Euphorbiaceae 3(1) 26.4-47.0 20.5-27.5 0.50 

15 Craibiodendron scleranthum Ericaceae 1 80.0 24.0 0.78 

16 Dipterocarpus alatus Dipterocarpaceae 1 24.5 22.0 0.67 

17 Elaeocarpus griffithii Elaeocarpaceae 1(1) 29.6 2.5 0.62 

18 Euodiabo dinieri Rutaceae 1 45.4 29.5 0.43 

19 Endospermum chinense Euphorbiaceae 34(1) 3.2-105.0 5.3 – 36.0 0.45 

20 Garuga pierrei Burseraceae 40(3) 4.2-93.0 5.9-38.0 0.63 

21 Lithocarpus ducampii Fagaceae 5(1) 10.8-84.0 16.3-33.5 0.89 

22 Lithocarpus vestisus Fagaceae 1 60.0 28.0 0.56 

23 Machilus odoratissima Lauraceae 9(1) 30.0-105.0 23.5-36.5 0.61 

24 Madhuca pasquieri Sapotaceae 1 18.5 22.5 0.71 

25 Mallotus metcalfianus Euphorbiaceae 1(1) 14.8 10.5 0.38 

26 Microcos paniculata Tiliaceae 1(1) 22.6 16.8 0.54 

27 Podocarpus nerrifolius Podocarpaceae 1 75.0 28.5 0.48 
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No Species Family Number of  

individuals 

DBH   

range  

(cm) 

H  

range 

(m) 

WD 

 

(g cm
-3
) 

28 Michelia mediocris Magnoliaceae 1 67.0 28.5 0.55 

29 Nephelium cuspidatum Sapindaceae 4(1) 16.0-75.0 17.7-25.5 0.79 

30 Nephelium melliferum Sapindaceae 5(1) 19.1-76.0 16.0-30.0 0.64 

31 Ivingia malayana Ixonanthaceae 1 75.0 29.0 0.76 

32 Ormosia balansae Fabaceae 1 53.3 29.5 0.52 

33 Parashorea stellate Dipterocarpaceae 30 1.9-115.0 4.2-46.2 0.81 

34 Paramichelia braianensis Magnoliaceae 36(3) 3.1-98.0 5.7-39.0 0.52 

35 Plolyalthia cerasoides Annonaceae 5(2) 11.5-33.1 14.0-25.0 0.58 

36 Prunus arborea Rosaceae 1 58.2 29.7 0.54 

37 Schima superba Theaceae 33(1) 3.4-84.5 3.4-33.0 0.7 

38 Simplocos cochinchinensis Symplocaceae 3(2) 11.7-23.1 13.7-19.7 0.40 

39 Sinosideroxlon Bonii. Sapotaceae 30 1.8-114.0 3.3-33.8 0.89 

40 Cararium benganense Burseraceae 2(1) 10.7-60.0 17.4-28.3 0.56 

41 Syzygium cuminii Myrtaceae 6(6) 12.8-29.3 14.4-23.6 0.66 

42 Syzygium wightianum Myrtaceae 1 40.0 22.0 0.72 

43 Syzygium zeylanicum Myrtaceae 5(1) 29.9-96 19.1-33.5 0.65 

44 Caranium parvum Burseraceae 1 62.0 28.0 0.54 

45 Vitex quinata Verbenaceae 1(1) 46.8 22.8 0.48 

 Total  300(40)    

Note: Information on sample trees used to parameterize the allometric models. The numbers in 

the parenthesis indicate the number of sample trees used for root biomass measurements. 
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Separating the different parts of the sample trees  

 

Weighing the branches of the sample trees
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Abstract 

 Wood density (WD) is believed to be a key trait in driving 

growth strategies of tropical forest species, and as it entails the amount 

of mass per volume of wood, it also tends to correlate with forest 

carbon stocks. Yet there is relatively little information on how 

interspecific variation in WD correlates with biomass dynamics at the 

species and population level. 

 We determined changes in biomass in permanent plots in an 

evergreen forest in Vietnam from 2004 to 2012, a period representing the 

last eight years of a 30 year logging cycle. Biomass dynamics at the 

forest level were determined. Furthermore diameter at breast height 

(DBH) and aboveground biomass (AGB) growth, mortality, and net AGB 

increment (the difference between AGB gains and losses through growth 

and mortality) were estimated per species at the individual and 

population (i.e. corrected for species abundance) level and were 

correlated with WD. 

 At the forest level, mean net AGB increment rates were 6.47 Mg 

ha
-1 

year
-1

 resulting from a mean AGB growth of 8.30 Mg ha
-1

 year
-1

, 

AGB recruitment of 0.67 Mg ha
-1

 year
-1

 and AGB losses through 

mortality of 2.50 Mg ha
-1

 year
-1

. Across species there was a negative 

relationship between WD and mortality rate, WD and DBH growth rate, 

and positive relationship between WD and tree standing biomass. 

Standing biomass in turn was positively related AGB growth, net AGB 

increment both at the individual and population level. 
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 Our findings support the view that high wood density species 

contribute more to total biomass and indirectly to biomass increment than 

low wood density species in tropical forests. Maintaining high wood 

density species help increases biomass recovery and carbon sequestration 

after logging. Therefore, selective logging regimes should consider 

variation in WD between species. 

 

Keywords: carbon dynamics, demographic rates, tropical forest, Vietnam 
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1. Introduction 

 Tropical forests play a prominent role in driving the global carbon 

cycle (Malhi et al. 2011), yet the mechanisms driving carbon dynamics in 

tropical forests are still poorly understood. One of the major challenges 

in studying forest carbon dynamics involves the quantification of 

biomass and its relation to the structure and species composition of the 

forest. In tropical forest ecosystems, carbon is mainly stored in living 

biomass in standing trees and soil, while a smaller amount is stored in 

litter and dead wood  (Sierra et al. 2007, Malhi et al. 2009, Ngo et al. 

2013). Most studies focus on aboveground biomass (AGB) (Malhi et al. 

2004, Vieira et al. 2004, Chave et al. 2008a, 2008b, Lewis et al. 2013) 

where living tree biomass is typically estimated using allometric models 

(Chave et al. 2005). 

 Biomass dynamics in forests are driven by the amount of standing 

biomass on the one hand and the individual rates of growth, recruitment 

and mortality on the other (Chave et al. 2008a, Keeling et al. 2008). 

Amounts of standing biomass in mature tropical forests may differ 

considerably both within and between regions (Slik et al. 2010). Similarly, 

biomass dynamics through growth, recruitment and mortality also differ 

widely between different tropical forests (e.g. Malhi et al. 2004, Chave et 

al. 2008a, Chave et al. 2008b, Malhi et al. 2009, Djomo et al. 2011). 

 One of the factors that may affect the variation in biomass and 

associated biomass dynamics of forests is the species composition and 

associated distribution of functional traits (Vieira et al. 2004, Poorter et 

al. 2008, Poorter et al. 2010, Iida et al. 2012). In this respect, wood 

density (WD) is often used as one of the key traits to indicate functional 

groups (Muller-Landau 2004). Low WD species are associated with rapid 

growth and a resource acquisitive growth strategy, while high WD 

species are associated with slow growth, stress resistance (Chave et al. 

2005, 2009). As such, variation in demographic rates between species 

can be linked to WD (Hietz et al. 2013). Furthermore, as WD represents 

the amount of mass and carbon per unit volume it is directly linked to 

forest carbon stocks. This raises the question to what extent variation in 
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WD drives variation in tree demographic rates at the individual level and 

how this affects carbon dynamics at the population level. 

 A number of studies found a fairly consistent negative correlation 

between WD and mortality rates, suggesting that high WD species tend 

to live longer and could thus grow  to greater size  (Muller-Landau 2004, 

King et al. 2006, Wright et al. 2010). But results regarding growth are 

less clear. Low WD species were shown to exhibit faster rates of 

diameter growth than high WD ones (Muller-Landau 2004, Wright et al. 

2010), as was predicted by theoretical models (Anten &Schieving 2010). 

But, as low WD species entails less mass per unit volume it is unclear 

whether this faster diameter growth also translates into faster biomass 

increment. Unfortunately, few studies have considered relationships 

between WD and AGB increment rates. Contrary to the notion that high 

WD species is associated with slow growth, Keeling et al. (2008) found 

positive correlations between WD and AGB increment rates at least on 

fertile sites in mature tropical Amazonian forest. 

 In order to scale from species individual-plant differences in 

demographic rates to population level biomass dynamics, differences in 

abundance between species should be taken into account. The relative 

abundance of species with different WD may vary depending on 

environmental conditions and disturbance history (Ketterings et al. 2001, 

Wiemann &Williamson 2002). To our knowledge however there is no 

study that has determined the relationship between variation in WD and 

biomass dynamics associated with growth, recruitment and mortality, 

both at the individual and population level. Such an analysis would 

strongly contribute to our understanding of the processes that play a role 

in forest carbon dynamics (Keeling et al. 2008). It may also contribute to 

forest management especially in tropical forests, where selective logging 

regimes are often implemented. As timber value tends to increase with 

WD (Sist et al. 2014) such logging regimes often focus on harvesting 

high WD species, and it is therefore important to determine how the 

associated changes in species composition could impact biomass 

dynamics of the forest (Bunker et al. 2005). 
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 This study focuses on the biomass dynamics in tropical forest 

stands with particular emphasis on the role of interspecific variation in 

WD. This study aims to analyse biomass dynamics of a logged tropical 

forest. We analyse two questions: First, how much biomass and carbon is 

stored in the forest and how is it distributed amongst different 

components? Second, to what extent are across species, demographic 

rates and biomass dynamics associated with their wood density? These 

questions are addressed for an evergreen forest in the Central Highland, 

Vietnam, which was selectively logged 30 years prior to our study. 

2. Materials and methods  

2.1 Study site and plot layout 

 The study was conducted in an evergreen forest (108
o
 17’ 75’’ E 

and 14
o 

35’35’’ N) in K’Bang district, Gia Lai province, in the Central 

Highland of Vietnam. The topography of the area is mostly flat with an 

altitude of 500-600 m. Annual precipitation is approximately 2,300 mm 

with a 3 to 4 month dry season. Mean annual air humidity is 82% and 

mean annual temperature is 23
o
C (GSO 2013). The soils in the area are 

classified as Ferrasols (Lung et al. 2011). A map of the study site is 

provided in Chapter 1 (Fig. 1). 

 The forest at the study site was selectively logged for the first 

time between 1980-1982 with a harvesting intensity of about 30-35% of 

the standing volume and focusing solely on species producing timber 

suitable for construction. A total of six permanent plots (100 m x 100 m) 

were established and inventoried in the study site in 2004 by the 

Highland Tropical Forest Research Centre (hereafter Highland FRC). 

The forest was never logged again, therefore the plots had a 30-32 year 

recovery period at the time of measurements in 2012. 

2.2 Measurements of aboveground components 

2.2.1 Measurements of living components 

 At each inventory (in 2004 and 2012) in each permanent plot, all 

trees with a diameter at breast height (DBH) larger than or equal to 10 
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cm were identified at the species level based on Vietnamese guidelines 

(MARD 2000) and numbered. Across these six plots, a total of 105 

species were found. Of each individual, DBH (using a diameter tape 

accuracy of ± 1 mm) and height (H) (using a Blumleiss altimeter) were 

measured. 

 To determine the amount of biomass in saplings (1 cm ≤DBH<10 

cm) in the time of measurement in 2012, we established a subplot (25 m 

× 25 m) at the centre of each permanent plot. In each subplot, all saplings 

were identified at the species level and numbered. Across these six 

subplots, a total of 67 sapling species were found, of which 61 species 

were also found as adults. Of each individual, DBH and H (using a 

Blumleiss altimeter and pole altimeter for tree’s height <5 m accuracy of 

± 0.1 m) was measured. 

 To determine WD (g cm
-3

) and carbon content for each species, 

two wood core samples with a length of around 15 cm and a diameter of 

0.5 cm were taken from opposite positions on the stem at DBH of one 

(with a DBH close to the mean DBH of that species in the plots) or more 

trees (see Nam et al. 2016). WD of each sample was determined as dry 

mass divided by its fresh volume (Chave 2005): 

 WD = 
 

(
 

 
)     

      (1) 

 where L was the total length (cm), d the mean diameter of the 

sample (cm) and M the dry mass (g) of the sample (after drying at 90
o
C to 

constant mass). The WD of the species was calculated as the average of 

WD of the two wood core samples. In total, WDs of 97 species were 

determined at the Wood Science Laboratory of the Forestry University of 

Vietnam. The number of trees sampled for WD depend on their 

abundance: three trees for the five most abundance species, two for the 

subsequent 16 species and one for the rest. For the eight other species of 

which we could not determine WD (i.e. broken samples), we used the 

average WD of the species of the same genus if present. And otherwise the 

mean WD of species of the six plots which is 0.6 g cm
-3

 (Hertel et al. 
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2009). The two latter groups of species were excluded from the 

demographic analyses and were only included in estimates of forest mass. 

Carbon content in stem tissue was determined on subsamples that were 

finely ground at the Laboratory of the Ecology & Biodiversity Group of 

Utrecht University, the Netherlands (hereafter, Utrecht lab) using a CHN-

Elemental Analyzer (CE instrument, inter-science BV, Breda, The 

Netherlands). In total, we determined the wood carbon content for 90 

species (for all of which we had determined WD). In the case of the 

remaining 15 species, measurements failed due to defective samples. The 

species for which we were unable to determine WD and C content, were 

generally rare with only one or a few small stems in our plots. 

 Biomass in shrubs (including seedlings with stem DBH<1 cm), 

was measured in 2012, by laying out four square frames (2 m x 2 m) in the 

four corners of each permanent plot. We then harvested all aboveground 

parts pertaining to shrubs and determined their fresh weight (FW). The dry 

weight (DW) and fresh weight (FW) ratio (DW/FW hereafter) was 

determined on subsamples of about 50 g FW, which were oven-dried at the 

Highland FRC at 75
o
C until constant mass, and the total DW of shrub was 

then calculated by multiplying FW of the whole frame by the DW/FW 

ratio determined on the subsample. The carbon content in shrub was 

determined on subsamples at the Utrecht Lab with the same methods as 

described above, however, without distinguishing between species. 

2.2.2 Measurements of non-living components 

 Of standing dead trees (stumps included) we measured DBH and 

H in the same way as for the living trees. Trees were determined to be 

dead based on their shape and bark structure (in addition to lack of 

leaves) by us.  

 Biomass and carbon content of woody debris (including stem, 

branches and snags) and litter on the forest floor were determined within 

the same four square frames (2 m x 2 m each) using the same procedure 

in which shrubs were sampled. 
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2.3 Measurements of belowground components 

2.3.1 Measurement of soil carbon organic matter 

 Soil carbon content was determined in two square soil profiles 

(50 cm x 50 cm x 100 cm depth, each) at two opposite corners within 

each permanent plot in 2012. These soil profiles were located at least two 

metres away from the nearest standing trees to avoid hitting their roots. 

First, soil core samples were taken at two depths (0-50 cm and 50-100 

cm) and weighed to determine fresh mass, after which soil subsamples 

were dried to determine soil bulk density (g cm
-3

) at the Highland FRC. 

Second, the carbon content of these samples were determined as 

described for wood. 

2.3.2 Measurement of fine roots 

 The amount of fine roots (diameter ≤ 2 mm) was determined in 

the abovementioned soil profiles, but we did not determine fine root 

content separately at each depth of the soil profiles. First, roots in soil 

were collected carefully by hand and cleaned under running water, and 

their FW measured with an electronic balance (accuracy of ±1 g). 

Second, ~50 g subsamples were collected and oven dried at 75
o
C until 

constant mass and the DW/FW ratio was calculated. Carbon content in 

fine roots was determined as described for wood. 

2.4 Calculations 

2.4.1 Biomass and carbon content  

 Biomass and organic matter components: Above ground biomass 

(AGB, kg tree
-1

) and coarse root (diameter > 2 mm) biomass (RB, kg 

tree
-1

) of each standing woody living tree (DBH ≥ 10 cm) in each 

measurement year were estimated using allometric equations that were 

developed for our study site (Nam et al. 2016): 

 AGB=exp(-3.051+0.966ln(DBH
2
H)+0.305ln (WD))         (2) 

 RB =exp(-1.651 +1.934ln(DBH) +1.06ln(WD))                (3) 
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 with DBH and H the diameter at breast height (cm) and height 

(m) of each tree in each plot, AGB and RB are in kg dry biomass per 

tree. Equations were calibrated using destructive samples of 300 for AGB 

and 40 trees for RB (see Nam et al. 2016). For WD (g cm 
-3

), we used the 

average value per species determined as described above. 

 We also used equation (2) and (3) to determine the AGB and RB 

of saplings (1 cm ≤ DBH<10 cm) and dead standing trees. To correct 

for the fact that  part of the mass in dead trees is already decomposed, 

we used a correction factor based on visual assessment of 

decomposition state: 1 for dead tree with no signs of decomposition, 

0.75 for moderately decomposed trees and 0.5 for highly decomposed 

trees (Latte et al. 2013). 

 The carbon content of each tree was estimated by multiplying the 

species specific C content by the AGB and RB values of each tree. As 

carbon content was determined on stem samples only, this assumes that 

C content of leaves and roots were similar to those of stems. For the 15 

species (DBH≥10 cm) and 6 species (1 cm≤DBH<10 cm) for which we 

could not determine C content, we used the value of carbon content of a 

species of the same genus if present, or otherwise the mean value 

(46.2%) of the carbon content of the 90 species for which we were able 

to determine carbon content. 

 Total AGB, RB and total tree biomass (AGB and RB) and their 

respective carbon stocks (Mg ha
-1

) were then summed to determine a 

total carbon stock for standing living trees in each plot. 

 Amounts of carbon per ha in shrubs, litter, woody debris and fine 

roots were estimated by multiplying the carbon content in each 

component by its dry mass. The carbon in soil organic matter (SOC, kg 

m
-3

) in each soil layer (0-50 cm and 50-100 cm) was estimated by 

multiplying the percentage of carbon in the soil (Ps, %), the soil bulk 

density (Sd, kg m
-3

) and the volume of each soil layer (V, m
3
) (Usuga et 
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al. 2010, Djomo et al. 2011, Ngo et al. 2013). SOC in each soil profile 

(kg m
-3

) was the sum of the SOC in these two soil layers: 

 SOC = Sd*Ps*V                                                 (4) 

 Total carbon stock in each plot was the sum of the values of each 

component: standing living trees (DBH≥10 cm), saplings (1 cm ≤DBH< 

10 cm), shrubs, litter, woody debris, fine roots and soil. 

2.4.2 Calculation of demographic rates 

 Demographic rates were calculated primarily at the individual 

level for trees with a DBH≥10 cm based on the measurements in 2004 

and 2012. For all calculations of demographic rates and population level 

biomass dynamics we only considered the 42 most abundant species 

which had more than 20 individuals per species in the six permanent 

plots and their DBH was ≥10cm. WD of all these species had been 

measured by us. These species accounted for more than 89% of total 

biomass and 87% of individuals of the total in the forest plots. In this 

analysis, the species Dipterocarpus alatus (total 56 individuals) was 

excluded due to a silvicultural treatment for this species after the first 

logging event (around 20 years ago) in one of the six forest plots (i.e. a 

number of small trees had been planted in gaps after logging), thus its 

estimated demographic rates do not reflect their natural values. 

Information of the study species can be found in Annex 1. 

  The mortality rate per year (m, % year
-1

) between two 

measurements for each species was estimated as follows: 

 m= 100 * (       
   

) * t
-1

                           (5) 

 where Ns1 is the number of living trees at measurement 1, Ns2 

(NS1 ≥ NS2) is the number of surviving trees at measurement 2 and t is the 

time (in years) between the two measurement (Sheil et al. 2000, Wright 

et al. 2010). In this case rates were calculated primarily over the whole 

2004-2012 period and thus t = 8 years. 
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 Tree recruitment rate per year (r, % year
-1

) between two 

measurements were estimated as:  

 r =100 * (
   

   
) * t

-1
                 (6) 

 where R12 is the number of new living trees at measurement 2, 

which recruited to DBH ≥ 10 cm. 

 The average growth rate (Gind) in terms of both DBH, AGB and 

TB (total biomass, AGB and RB) per tree per species were calculated 

following King et al. (2006) as: 

 X-Gind = 
 

   
∑ (         )  
   
      (7) 

 where X refers to the entity (DBH, AGB or TB), suffixes 1 and 2 

again refer to the two subsequent inventories and  i denotes tree i (i = 1→ 

NS2 ). To make our calculations comparable with data from the literature, 

biomass dynamics per tree are expressed in terms of AGB (AGB-Gind). 

Average relative growth rates (i.e. AGB growth per unit AGB or DBH 

growth per unit DBH) were calculated by replacing X by ln(X) in 

equation (7). 

 Subsequently we calculated how different species contributed to 

biomass dynamics at the population level. Here population  is defined as  

biomass of all individuals with DBH≥ 10 cm of a species in a given area 

(i.e. hectare land area) which excludes smaller individuals, but these 

smaller individuals consistitute less than 5% of AGB. To this end, we 

calculated the net AGB increment per species per hectare (AGB-Ipop, 

hereafter) as:  

AGB-Ipop = AGB-Gpop  + AGB-Rpop – AGB-Mpop (8) 

 where AGB-Gpop, AGB-Rpop and AGB-Mpop are the changes in 

biomass per species per hectare associated with growth, recruitment and 

mortality (i.e. thus expressed at population level), respectively. AGB-

Gpopwas calculated as the total cumulated AGB growth of all trees of a 

given species that had been recorded at a given census and were still 



Biomass dynamics in an evergreen forest: the role of wood density 

 

 60 

present at the subsequent one (essentially the same as multiplying Gind 

for AGB from equation (7) by NS2). AGB-Rpopwas calculated as the total 

biomass of all newly recruited trees into the size class DBH ≥ 10cm and 

AGB-Mpop as the total mass of trees present at a given census and dead at 

the subsequent one. All these values were divided by plot area to 

normalize to per ha rates (Astrup et al. 2008).  

2.5 Statistical analysis 

 The data in the six plots was pooled. The differences in AGB (Mg 

ha
-1

) per each DBH size class between two measurements (2004 and 

2012) of the six plots were determined by paired-test. Regression 

analyses were used to analyse the relationship between mean values per 

species for growth, recruitment, mortality and AGB-Ipop (all taken as 

dependent variables) and WD (as independent).  

 Similarly we conducted regression analyses of population level 

AGB growth (AGB-Gpop) and net AGB increment rates (AGB-Ipop) 

against WD and species abundance (number of individuals per species 

present in 2004, Ns1). We also conducted a multiple regression with 

AGB-Gind as dependent and WD and trees biomass (AGB size, average 

AGB per tree per species) as independents. Similarly, we did a multiple 

regression of population level AGB-Ipop versus WD and Ns1. 

  All calculations were performed by IBM SPSS statistics 21.0. 

3. Results 

3.1 Biomass and carbon stocks in the forest 

 In the final census in 2012, the average total carbon stock in the 

forest was 355.4±9.8 Mg C ha
-1

 (Table 1, Annex 2) ranging from 324.3 

to 393.2 Mg C ha
-1

 across the six plots, to which biomass (AGB and RB) 

of living trees (DBH ≥ 10 cm) and soil carbon contributed approximately 

equally: 48.5% and 47.1%, respectively. 

 The average AGB of the large trees (DBH≥10 cm) and saplings 

(DBH<10 cm) trees accounted for 82.2% of the total forest biomass, 
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while the coarse and fine root biomasses accounted for 13.5%. The 

other components, such as standing dead trees, woody debris, shrub and 

litter contributed very little to the total (4.3%) of the total mass. In 

terms of carbon stocks, the aboveground components (162.3±9.0 Mg C 

ha
-1

) contributed less than the belowground components (193.1±3.2 Mg 

C ha
-1

). Carbon in soil organic matter accounted for approximately 87% 

of the total amount of carbon in the belowground component, while 

roots (coarse and fine roots of both standing living and dead trees) 

accounted for 13%.  

Table 1. Total carbon and biomass stocks (mean ± standard error of mean) in 

different components of the six plots in 2012. 

Component Total Standing 

 woody trees 

Fine  

roots 

Shrubs Standing  

dead  

trees 

Woody  

debris 

Litter Soil  

(0-100 

cm) DBH 

(≥10 cm) 

DBH 

(<10) 

AGB 

(Mg ha-1) 

 327.2±19.7 7.1±0.6   6.36±1.0    

RB 

(Mg ha-1) 

 43.4±2.7 2.7±0.2   1.06±0.1    

Total  mass 

(Mg ha-1) 

406.6±22.6 370.6±22.5 

(91.2%) 

9.9±0.8 

(2.4%) 

9.14±0.5 

(2.3%) 

1.8±0.1 

(0.4%) 

7.42±1.1 

(1.8%) 

5.5±0.9 

(1.4%) 

1.9±0.1 

(0.5%) 

 

Total Carbon 

 (Mg C ha-1) 

355.4±9.8 172.2±10.4 

(48.5%) 

4.5±0.3 

(1.3%) 

4.0±0.2 

(1.1%) 

0.7±0.1 

(0.2%) 

3.5±0.5 

(1.0%) 

2.4±0.4 

(0.6%) 

0.7±0.1 

(0.2%) 

167.2±3.5 

(47.1%) 

 

3.2 AGB dynamics in 2004-2012 

 The total AGB of trees (DBH≥ 10 cm) in each of the diameter 

size classes (classes: 10.0-29.9 cm and 30.0-49.9 cm) to be higher in 

2012 than in 2004 (p<0.05), but for the larger class (DBH≥ 50.0 cm) the 

difference was not significant (P>0.05). In both censuses, the largest 

amount of AGB was found in trees of DBH class of 40cm (range from 

30.0-49.9 cm) (Fig. 1a). The proportion of the AGB (the percentage 

between AGB of this size class and the total AGB) for this DBH class 

(30.0-49.9 cm) did not change significantly over eight years, it was 



Biomass dynamics in an evergreen forest: the role of wood density 

 

 62 

slightly over 30% of the total AGB. The number of trees within the DBH 

class of 10-29.9 cm, accounted for almost 75% of all trees, while their 

AGB was 20% of the total at both censuses (Fig. 1b). 
 

  
 

Fig.1. Aboveground biomass (a) and tree density (b) in 2004 (dotted bars) and 2012 

(grey bars) 

 Among species there were some changes in their ranking in total 

AGB (i.e. AGB of all individuals of a species) between 2004 and 2012, 

but the ten species with highest AGB remained the same and accounted 

for 52% of total AGB in 2012. At both censuses the three dominant 

families, Mangnoliaceae, Caesalpiniaceae and Myrtaceae, contributed 

about 40% to the total AGB. 

 We calculated biomass and tree dynamics over a period of eight 

years (Table 2). The average net AGB increment in the six plots was 

6.47 Mg ha
-1 

year
-1

, while AGB loss rate due to trees mortality was 2.50 

Mg ha
-1

 year
-1

. AGB increase due to tree recruitment into the DBH ≥10 

cm was very small (25% of AGB mortality rate). We found the average 

mortality rate to be lower than the recruitment rate  across the 6 plots 

(P<0.01). 
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Table 2. Biomass and tree dynamics (mean ± standard error of mean) of trees 

(DBH≥10 cm) in the six plots in 8 years (2004-2012). 

Demography DBH 

increment 

rate 

(cm year-1) 

AGB 

growth 

rate 

(Mg ha-1 year -1) 

AGB 

recruitment 

rate 

(Mg ha-1 year-1) 

AGB 

mortality 

rate 

(Mg ha-1 year-1) 

(*) net AGB 

increment 

rate 

(Mg ha-1 year-1) 

Mortality 

 

rate 

(% year-1) 

Recruitment 

 

rate 

(% year-1) 

Mean 0.35±0.01 8.30±0.32 0.67±0.04 2.50±0.27 6.47±0.37 1.40±0.10 2.54±0.22 

(*) net AGB increment= (AGB growth + AGB of recruited trees - AGB lost by trees mortality)/8. 

3.3 Individual level demographic rates and relation with wood 

density 

 When comparing between species there was a positive 

relationship (p<0.01) between mortality rate and the average  relative 

DBH increment (Fig. 2a). In contrast, mortality rate and species mean 

WD showed a weak negative relationship (P<0.05, Fig. 2b). Similarly, 

we found a negative relationship between the average relative DBH 

increment and WD (P<0.05, Fig. 2c), whereas we did not find a 

significant relationship between DBH-Gind and WD (P>0.05, Fig. 2d). 

Contrary to the results for DBH, there was a positive relationship 

between AGB size (P<0.05), AGB-Gind (P<0.05), TB-Gind (P<0.05), and 

WD (Fig. 2e, f, h). We did not find a relationship between relative AGB 

growth and WD (Fig. 2g). In the multiple regression of AGB-Gind versus 

AGB size and WD, we found a strong positive relationship between 

AGB-Gind and AGB size but the WD effect was no longer significant 

(Table 3).  In short species with high WD had relatively low relative 

diameter growth rates but were also relatively large and had 

comparatively high absolute biomass growth rates. These higher growth 

rates were not directly due to WD but rather resulted from the fact that 

high WD species, had lower mortalities, could grow larger and thus grew 

faster in absolute terms. 
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Fig.2. The relationships between species demographic rates and WD (g cm
-3

). 

(a) relative DBH increment and mortality rate, (b) mortality rate, (c) relative 

DBH increment, (d) DBH-Gind, (e) AGB size, (f) AGB-Gind, (g) relative AGB 

growth rate and (h) Ln (TB-Gind). In (f, h), the Y axis has been log-transformed. 

Symbols indicate mean species values. The line indicates linear regression and 

is only shown when significant.  
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3.4 The relationship between wood density and AGB growth and net-

AGB increment at population level 

 Among the 42 most abundant species we found a positive 

relationship between WD and both its population level AGB-Gpop 

(P<0.05), and AGB-Ipop (P<0.05) (Fig. 3-a, b), but neither variable was 

significantly related with abundance (Ns1). Multiple regression 

confirmed these results, effect of WD being significant and those of 

Ns1 being insignificant (Table 3). Nevertheless, the most abundant 

species (Paramichelia braianensis), with a relatively low WD (0.52 g 

cm
-3

), had the largest contribution to these measures with AGB-Gpop of 

0.98 Mg ha
-1 

year
-1

 and AGB-Ipop of 0.75 Mg ha
-1

 year
-1 

(Fig. 3). 

  

Fig. 3. The relationship between (a) AGB-Gpop(kg ha
-1

 year
-1

) and WD (Y axis 

has been log-transformed to present), (b) AGB-Ipop (kg ha
-1

 year
-1

) and WD of 

the most 42 abundant species.
 

Table 3. Results of multiple-regression analysis across species: (i) at individual-

level: mean aboveground biomass growth AGB-Gind and wood density WD and 

mean tree aboveground biomass (AGB size); and (ii) at population-level: mean 

aboveground biomass increment (AGB-Ipop) versus WD and abundance (Ns1). 

Variables β Sem P 

(i) Individual-level (AGB-Gind) 

WD 3.550 7.688 0.647 

AGB size 0.014 0.002 0.0001 

(ii) Population-level (AGB-Ipop) 

WD 304.9 139.6 0.035 

Abundance (Ns1) 1.718 0.481 0.001 
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4. Discussion  

4.1 Biomass and carbon stocks in the forest 

 To characterize our forest relative to others we first briefly 

discussed standing biomass and carbon stocks. The total carbon stock at 

our site was 355.4 Mg C ha
-1

 with 42% of this (151.0 Mg C ha
-1

) in 

aboveground biomass (AGB) of living trees. This is within the range of 

values found for mature tropical forests 57-375 Mg C ha
-1

 across the 

tropics (Niiyama et al. 2010, Lewis et al. 2013). It should be noted that 

the forest plots analysed by us had been selectively logged about 30 years 

before our final biomass and carbon stocks. As we have no data on the 

pre-logging biomass it is difficult to determine whether AGB levels had 

already recovered to the pre-logging state. The only long-term study that 

we know of on post-logging biomass dynamics (Gourlet-Fleury et al. 

2013) showed that 24 years after logging in African semi-deciduous 

forest, AGB levels had more than recovered to their pre-logging state. 

 The carbon stock in the soil was 167 Mg C ha
-1 

accounting for 

almost half of the total carbon stock in the forest. Together with the amount 

of C in roots, which we estimated to be 24 Mg C ha
-1

, this means that about 

54% of forest carbon was found below ground. Estimates of soil carbon vary 

widely between studies, and belowground fraction of 33-66% have been 

reported (Gibbs et al. 2007, Malhi et al. 2009, Djomo et al. 2011)  

 Part of the variation in the estimates of soil C is associated with 

the variation in sampling depth. Various studies estimate soil carbon to a 

depth of 30 cm (e.g. Djomo et al. 2011, Wei et al. 2014). Here we 

measured soil C down to 100 cm and found that 2/3 (116.1 Mg C ha
-1

) of 

C was in the top 0-50 cm and 1/3 (51.2 Mg C ha
-1

) in the deeper layer 

(50-100 cm). This suggests that limiting measurements to the top 30 cm 

would have led to a serious underestimation of soil C. In addition, a 

recent study (Ngo et al. 2013) sampled soil C down to 300 cm depth and 

found that 40% of C was located deeper than 1.0 m. Thus, our work and 

that of others point to the importance of measuring soil C well beyond 1 

m depth.  
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4.2 Biomass dynamics  

 In this study we assessed the forest level carbon and biomass 

dynamics, and biomass dynamics of different species at the individual 

and population level in a forest that is 30 years post recovery from a 

selective logging event. Particularly we addressed the extent to which 

species biomass dynamics are  associated with species WD. At the forest 

level, net aboveground biomass increment rates were rather high 

suggesting that 30 years post-logging the forest is still in a recovery 

stage. Among species, we found negative relationships of mortality rate 

with diameter growth rates and species wood density. We also found that 

high WD species tended to be larger in terms of standing biomass and 

thus exhibited higher rates of biomass growth and net above ground 

biomass increment both at the individual and population level. These 

findings support the view that high WD species contribute more to 

biomass and biomass increment than low wood density species in 

tropical forest and extends this finding to a forest that is in the latter 

stages of recovery (23-31 years) after a selective logging event.  

 In our study the net increment of aboveground biomass at forest 

level was high compared to values generally reported for mature tropical 

forest (from -1.0 to 4.8 Mg ha
-1

 year
-1

) (e.g. Chave et al. 2008a, Gourlet-

Fleury et al. 2013). As noted above however, our census spanned the 

period between 23-31 years after logging. Gourlet-Fleury et al. (2013) 

analysed forests that had been selectively logged between 1984-1987 and 

found that the mean net AGB increment over the subsequent 24 years 

ranged between 4.8-8.0 Mg ha
-1

 year
-1

, the range encompasses the value 

reported by us, but was 2-4 times higher than the net AGB increment 

value they found in nearby plots of undisturbed forests. Both our results 

and those of Gourlet-Fleury et al. (2013) suggest that forests may exhibit 

accelerated rates of biomass increment for several decades following a 

selective logging event and that may play an important role in forest 

recovery. 

 Net AGB increment is roughly the difference between AGB 

growth (the combined growth of all surviving trees in a stand) and AGB 
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losses through mortality (i.e. biomass gains through recruitment were 

very small). Thus, high biomass increment rates could be the result of 

acceleration of tree growth, suppression of mortality, or both. Both 

processes may have played a role in our site. AGB growth rate was found 

to be 8.3 Mg ha
-1

 year
-1

 which is within the range of values reported for 

mature tropical Amazonian forests  (Malhi et al. 2011), but higher than 

most reported values (e.g. Hertel et al. 2009, Djomo et al. 2011). Losses in 

biomass as a result of tree mortality were indeed lower than the range of 

values found in Amazonian forests in the review of Malhi et al. (2009).  

 How could relative fast growth and low mortality several decades 

after logging be explained? At our site the disturbance by logging was 

most likely severe; 30-35% of the standing volume was probably directly 

harvested with a further 10-15% trees being killed during, or shortly 

after, logging (MARD 2005, Con et al. 2007, Sam et al. 2007). Such 

disturbances open up the forest at least initially, and increase light 

availability, which stimulates growth particularly that of light-demanding 

species (Sist &Nguyen-The´ 2002, Gourlet-Fleury et al. 2013). While 

direct effects of opening the forest most probably faded out in our case, 

the higher light intensity may have enabled fast-growing individuals to 

reach the canopy. Also while mortality generally increases in the first 

years after logging (Mazzei et al. 2010) due to tree damage of logging 

itself, this effect of more trees reaching the canopy may suppress 

mortality in subsequent years (Gourlet-Fleury et al. 2013). Evidently 

these effects may vary and likely depend on environmental factors such 

as soil fertility and species composition (i.e. the presence of light 

demanding species). 

4.3 Relationship between wood density and growth 

 In the second part of this paper, we analysed the extent to which 

interspecific variation in demographic and associated biomass dynamics 

were associated with species WD. We found a negative correlation 

between relative DBH increment and WD. This result is consistent with 

other findings (King et al. 2006, Poorter et al. 2010, Iida et al. 2012) and 

with theoretical models showing that for vertical growth it is 
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mechanically more efficient to produce thicker stems with low WD than 

thinner stems with high WD (Anten &Schieving 2010). 

 The general notion is that low WD is also associated with rapid 

growth in terms of biomass. The arguments are that less dense woody 

tissue permits higher hydraulic conductivity, therefore greater 

photosynthetic capacity of trees than higher WD (Keeling et al. 2008). 

Furthermore, low WD might be part of a suite of traits (high SLA, high 

leaf photosynthetic capacity, etc.) associated with rapid growth and high 

WD with opposite set of traits (Chave et al. 2009). Few studies however 

have considered the relationship between WD and AGB increment in 

natural forest and none that we know of considered the relationship between 

TB growth and WD. Interestingly and contrary to the general view, we 

found a positive relation between average annual AGB and TB growth, and 

WD at individual level. Our result for AGB are consistent with the findings 

of Keeling et al. (2008). 

 To determine WD, we sampled 1-3 individuals per species with a 

DBH close to the species mean in our plots. WD can differ between 

individuals of the same species among other things as a function of DBH 

(e.g. Woodcock &Shier 2002, Nock et al. 2009). Differences in WD 

observed in our study could in theory really have reflected differences in 

DBH. In our study however differences in DBH were small and not 

significantly correlated with WD, and we are therefore confident that this 

issue did not significantly bias the results of our study.    

 Keeling et al. (2008) proposed several factors that could explain a 

positive WD growth relationship. These include high WD species 

tending to have: (i) high leaf longevity (e.g. Kitajima &Poorter 2010) 

resulting in larger and deeper crowns (Keeling et al. 2008) and thus 

higher whole-plant photosynthesis  (Aiba &Kohyama 1997, Lusk 2002), 

(ii) lower respiration rates (Wright et al. 2004, Reich et al. 2006) and (iii) 

a larger resistance to pathogens or hydrological stress preventing (periods 

of) inhibited growth. 
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 Our results however suggest a different explanation. There was a 

negative correlation between mortality rates and WD  (R
2
 = 0.101) 

consistent with other studies (King et al. 2006, Chave et al. 2009) and 

positive relationship between WD and AGB size. In multiple regression 

of growth versus AGB size and WD, only AGB size was significant. 

Together these results indicate that individuals of high WD species have 

lower mortality chances and can on average grow to larger size, and 

larger trees in turn have higher absolute AGB growth rates.  

 Similar to the mean rates per tree we also found strong positive 

relationships between WD and both total AGB growth and total net AGB 

increment at tree population level. This similarity between individual and 

population results arose because species abundance was not significantly 

correlated with species WD. Our findings support the results of Chave et 

al. (2008a), who found high WD species gained more biomass than low 

WD species in different forest sites in three continents (Africa, America 

and Asia). 

 Our results indicate that on average a given species with a high 

WD contributes more to the net biomass increment in a forest than low 

WD species, albeit indirectly through its effect on size. Given that high 

WD probably also entails slower decomposition this pattern might be 

strengthened if considered at the ecosystem level. This may have important 

implications for forest management. Selective logging is commonly used 

for commercial timber production and tends to focus on harvesting trees 

with high quality timber for construction purposes and this is associated 

with high WD species (Xuan et al. 2005, Sam et al. 2007, Yamada et al. 

2013). Thus selective logging may disproportionally affect high WD 

species. In so doing the forest managers may be harvesting those 

individual with the strongest impact on forest carbon accumulation and 

biomass recovery after logging. While more research is needed to quantify 

these effects, our results and those of others point to the need for logging 

regimes to consider variation in WD between species. 
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Annexes 

Annex 1: Characteristics of the study species 

No Species WD N2 in 2012 

 

(trees 6 ha
-1
) 

Mortality 

 rate 

(% year
-1
) 

Recruitment 

rate 

(% year
-1
) 

DBH-Gìnd 

rate 

(cm year
-1
) 

AGB-Gind 

rate 

(Kg tree
-1
 year 

-1
) 

AGB-Gpop 

rate 

(Kg ha
-1
 year

-1
) 

AGB-Ipop 

rate 

(Kg ha
-1
 year

-1
) 

1 Paramichelia braianensis 0.52 153 0.80 1.96 0.51 45.24 987.66 748.47 

2 Symplocos sumuntia 0.49 149 1.93 4.57 0.26 5.65 97.90 105.41 

3 Syzygium cuminii 0.66 151 1.60 2.39 0.31 14.35 294.23 135.41 

4 Syzygium zeylanicum 0.65 140 1.28 2.56 0.32 13.86 263.36 239.50 

5 Machilus ordoratissima 0.61 131 1.86 2.89 0.38 21.11 362.36 131.77 

6 Naphelium cuspidatum 0.79 129 0.80 3.10 0.29 17.02 289.30 310.00 

7 Polyalthia corasoides 0.58 108 1.47 2.21 0.32 13.83 207.51 188.50 

8 Syzygium wightianum 0.72 102 1.79 1.43 0.31 15.77 236.62 224.49 

9 Naphelium melliferum 0.64 101 1.30 1.95 0.33 14.99 214.80 184.71 

10 Dialium cochinchinensis 0.88 95 0.0 2.53 0.36 37.66 495.82 515.62 

11 Lipthocarpus ducampii 0.89 92 1.48 4.11 0.41 18.38 205.28 197.38 

12 Ormosia balansae 0.52 91 1.39 2.93 0.48 17.23 206.71 55.68 

13 Aglai elaeagnoidea 0.59 89 1.83 4.17 0.31 13.26 141.39 82.72 

14 Gironniera subaequalis 0.43 86 1.03 3.25 0.34 10.38 115.89 111.23 

15 Wendlandia paliculata 0.60 85 2.53 0.76 0.26 6.26 82.43 29.17 

16 Microcos paniculata 0.54 84 1.35 3.04 0.37 15.03 165.34 123.47 

17 Morus alba 0.45 82 1.83 1.83 0.30 11.22 130.89 82.76 

18 Lipthocarpus vestitus 0.56 79 1.30 1.62 0.45 23.02 264.70 114.43 

19 Sinosideroxlon Bonii. 0.89 60 0.68 1.82 0.28 20.40 176.81 181.85 

20 Antidesma ghasembilla 0.67 59 2.05 2.95 0.31 14.88 114.04 91.90 

21 Cinnamomum bejolghota 0.50 59 1.50 3.75 0.37 17.41 127.67 127.99 
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No Species WD N2 in 2012 

 

(trees 6 ha
-1
) 

Mortality 

 rate 

(% year
-1
) 

Recruitment 

rate 

(% year
-1
) 

DBH-Gìnd 

rate 

(cm year
-1
) 

AGB-Gind 

rate 

(Kg tree
-1
 year 

-1
) 

AGB-Gpop 

rate 

(Kg ha
-1
 year

-1
) 

AGB-Ipop 

rate 

(Kg ha
-1
 year

-1
) 

22 Garuga pierrei 0.63 57 0.80 3.46 0.38 23.93 175.48 183.63 

23 Castanopsis indica 0.72 56 0.94 1.65 0.45 41.34 337.64 258.55 

24 Symplocos conchinchinensis 0.40 53 1.86 3.46 0.27 6.25 41.66 42.58 

25 Cinnamomum ovantum 0.55 52 1.14 0.45 0.36 14.83 123.60 112.98 

26 Prumus arborea 0.54 48 2.22 3.06 0.37 23.15 142.75 85.38 

27 Aglai spectabilis 0.65 38 1.25 0.63 0.34 27.93 167.56 116.34 

28 Alstonia scholaris 0.43 38 1.83 0.91 0.50 27.68 161.44 35.64 

29 Schefflera heptaphylla 0.43 37 1.56 0.63 0.34 21.66 126.36 74.20 

30 Endospermum chinensis 0.45 35 0.42 2.50 0.61 31.93 154.30 159.44 

31 Elaeocarpus griffithii 0.62 32 1.85 4.17 0.41 16.68 63.94 62.19 

32 Cratoxylum sp 0.52 32 1.29 2.59 0.32 10.07 43.63 45.65 

33 Vitex trifolia 0.52 30 1.61 1.21 0.34 10.72 48.25 27.69 

34 Syzygium zeylanicum 0.58 30 4.51 2.43 0.35 8.38 32.12 8.38 

35 Artocarpus nitidus 0.70 29 0.96 2.40 0.29 13.79 55.17 55.67 

36 Caranium album 0.61 29 0.83 0.42 0.45 29.42 137.31 125.89 

37 Croton argyrata 0.50 28 0.46 0.93 0.35 31.89 101.00 103.50 

38 Engelhardtia roxburghiana 0.68 22 0.63 1.88 0.42 46.20 146.30 135.02 

39 Michelia mediocris 0.55 22 0.63 1.88 0.46 29.23 102.30 78.27 

40 Craibiodendron scleranthum 0.78 22 0.57 0.57 0.32 13.02 21.71 31.91 

41 Symplocos laurina 0.49 20 2.88 9.62 0.35 10.89 23.60 20.87 

42 Knema pierei 0.48 20 2.94 5.15 0.39 16.45 71.27 71.98 
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Annex 2: Biomass and carbon stocks in the six plots in 2012 

1. Biomass 

Plot No Density 

DBH>10 

cm 

(trees ha
-1
) 

AGB 

(DBH>1

0 cm) 

( Mg ha
-1
) 

RB 

(DBH>10 

cm) 

( Mg ha
-1
) 

AGB+RB 

(DBH>10 

cm)  

(Mg ha
-1
) 

AGB 

(D<10 

cm) 

(Mg ha
-1
) 

RB 

(D<10 

cm,  

Mg ha
-1
) 

Dry mass 

of  

Shrubs  

(Mg ha
-1
) 

Dry mass 

of litter  

 

(Mg ha
-1
) 

Biomass of 

fine roots  

 

(Mg ha
-1
) 

AGB of 

standing 

dead trees  

(Mg ha
-1
) 

RB of 

standing dead 

trees  

(Mg ha
-1
) 

Dry mass 

of Woody 

debris  

(Mg ha
-1
) 

1 423 301.44 37.21 338.65 6.8 2.95 1.33 2.07 8.33 4.54 0.78 5.52 

2 559 399.43 53.77 453.20 4.39 1.89 2.01 1.87 10.85 8.36 1.50 6.28 

3 542 252.58 34.68 287.26 8.8 3.47 1.86 2.11 7.21 10.67 1.15 3.19 

4 668 333.45 45.33 378.78 7.51 2.60 2.08 1.99 9.87 5.23 0.97 700 

5 460 336.67 43.75 380.42 7.32 3.10 2.14 1.76 8.16 3.71 0.74 2.49 

6 627 340.04 46.19 386.23 8.07 2.60 1.72 2.09 10.43 5.69 1.27 8.58 

 

2. Carbon stocks 

Plot 

No 

C in 

AGB  

(D>10 

cm,Mg 

ha
-1
) 

C in 

RB 

(D>10

Mg C 

ha
-1
) 

C in 

AGB 

(D<10 

cm, Mg 

ha
-1
) 

C in 

RB 

(D<10 

cm, Mg 

ha
-1
) 

C in 

Shrubs  

 

(Mg C 

ha
-1
) 

C in 

litter  

 

(Mg C 

ha
-1
) 

C in fine 

roots  

 

(Mg C ha
-1
) 

C in 

Woody 

debris 

(Mg C ha
-1
) 

C in 

standing 

dead trees 

(Mg C ha
-1
) 

C in soil  

 

 

(Mg C ha
-1
) 

Total C   

 

 

(Mg C ha
-1
) 

C in 

aboveground  

 

(Mg C ha
-1
) 

C in 

belowground  

 

(Mg C ha
-1
) 

1 139.81 17.23 3.08 1.32 0.54 0.86 3.62 2.45 2.47 165.76 337.14 148.85 188.29 

2 185.23 24.94 2.01 0.87 0.82 0.75 4.74 2.83 4.56 166.44 393.19 195.50 197.69 

3 117.50 16.11 4.08 1.61 0.77 0.75 3.13 1.44 5.56 173.41 324.37 129.57 194.80 

4 155.32 21.09 3.38 1.14 0.88 0.80 4.40 3.06 2.90 164.06 357.03 165.89 191.14 

5 156.24 20.30 3.42 1.45 0.87 0.71 3.53 1.15 2.04 179.56 369.27 164.09 205.18 

6 158.31 21.50 3.71 1.18 0.72 0.77 4.58 3.73 3.24 154.07 351.81 169.89 181.92 
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Effect of logging on carbon and biomass dynamics and 

species demographic rates 
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Abstract  

 Selective logging can have strong impacts on tree biomass and 

carbon stocks in forests. As species with different functional traits may 

respond differently to disturbances, frequent logging may also impact 

species composition.  

Here we determined biomass and carbon stocks and dynamics in 

different forest components in early recovery (2-3 years and 4-5 years) 

forest plots after the second cycle of selective logging and assessed the 

extent to which, at the species level, biomass dynamics and demographic 

rates were correlated with wood density (WD).  

Overall, the amounts of carbon in living tree components (i.e. 

roots and above-ground mass, AGB) was about 60 Mg C ha
-1

. 

Demographic rates did not differ significantly between the twice-logged 

forests, except for mortality rate (% year
-1

) which was higher in the 2-3 

years recovery forest than the 4-5 years recovery forest. Overall biomass 

increment at the forest level (i.e. the difference between gains through 

growth and recruitment and losses through mortality) was not 

significantly different from zero, suggesting that post-logging biomass 

recovery at our site was delayed by 3-5 years. At the species level, 

individuals of species with high WD had on average higher biomass and 

slower DBH growth than those of low WD species, but AGB growth and 

mortality were not significantly correlated with WD. Also, population 

level AGB increment was not correlated with WD. These results contrast 

with those for undisturbed forests and a nearby 30 year post-logging 

forest where AGB growth and increment rates were positively correlated 

with WD.  
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Together our results indicate that selective logging can 

significantly impact not only on biomass increment of forests but also the 

relationship between demographic rates and WD. We argue that such 

effects need to be further investigated and considered in designing 

logging schemes.     

 

Keywords: repeated logging, wood density, tropical forest, recovering forest 
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1. Introduction 

 Selective logging can have strong  impacts on tree biomass and 

carbon stocks in forests (Figueira et al. 2008, Osazuma-Peters et al. 

2015). These effects include the direct removal of aboveground 

biomass (AGB) through extraction of trees, enhancing mortality and 

damage to remaining trees, e.g. resulting from skid road preparation or 

the tree felling itself, soil compaction and other damaging effects 

caused by the use of heavy machinery (Bryan et al. 2010). In addition 

to these instantaneous effects, logging also strongly influences forest 

biomass dynamics in subsequent years. Increases in growth rates of 

individual trees have been documented in the first year after logging, 

likely associated with increases in light availability (Figueira et al. 

2008, Mazzei et al. 2010). Nevertheless, several studies have found a 

decline of AGB for several years following a logging event due to 

enhanced mortality, at least in part resulting from tree damage caused 

by logging (Figueira et al. 2008, Mazzei et al. 2010). On a longer time 

scale, however, post-logging AGB increment rates can exceed those of 

undisturbed forests (Gourlet-Fleury et al. 2013). 

 Species respond differently to logging events (Osazuma-Peters et 

al. 2015). The extent to which logging differentially affects functional 

groups of species has received little attention. Wood density (WD), i.e. 

dry mass per green volume, is often used as a trait to indicate functional 

groups of tree species. Low WD species are associated with rapid growth 

and a resource acquisitive and thus light demanding growth strategy 

while a high WD is associated with slow growth and shade tolerance and 

resistance to drought, pathogens and other stressors (Chave et al. 2005, 

2009). As WD represents the amount of mass and carbon per unit 

volume, it is directly linked to forest carbon stocks (Muller-Landau 2004, 

Wright et al. 2010). Thus differences in WD between species may 

strongly influence site dependent demography as well as community 

level carbon dynamics after logging.  

 In undisturbed forests, WD tends to be negatively correlated with 

mortality and growth of diameter at breast height (DBH) of tree species 
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(Muller-Landau 2004, Keeling et al. 2008, Wright et al. 2010). However, 

contrary to the general notion that low WD species grow faster, mean 

biomass growth was found to increase with WD both in undisturbed 

(Keeling et al. 2008), and in a 30 year post-logging forest (Chapter 3). 

Furthermore, when these effects were scaled to the species population 

level (i.e. by correcting for species abundance) high WD species seemed 

on average to contribute more to community level biomass increment 

than low WD species. 

 Logging, especially when repeated, could alter these patterns. As 

logging entails increases in light availability, it would be expected that 

low WD species would benefit more in terms of growth. Furthermore, 

high WD species are associated with high timber quality and, depending 

on the logging purposes, high WD species are often preferentially logged 

(Sist et al. 2014). Thus, selective logging could negatively affect high 

WD species more than low WD species, which in turn could have effects 

on the species composition and carbon dynamics of the forest. However 

no study that we know of has compared the relationships between WD 

and their demographic rates in early (e.g. < 5 years) phases of recovery 

from selective logging.  

 In the current study, we analyse biomass dynamics and carbon 

stocks in an evergreen forest in the Central Highlands of Vietnam, which 

was logged twice in a 30 year cycle, the most recent logging event being 3-

5 years prior to the census. Conventional selective logging guidelines were 

implemented 50 years ago in Vietnam, and have regularly been updated 

since then (MARD 2005). In spite of this, no studies have been conducted 

on the impact of selective logging on biomass and carbon stocks in 

Vietnam. Specifically we analyse: (i) carbon stocks at the plot level; (ii) 

what are the relationships between WD and demographic rates in these 

forest plots and (iii) how this in turn affects the relative contribution of 

species with different WD to population level biomass dynamics.  

 Vietnam is a relatively forest rich country with about 40% of the 

land area (around 10.4 million ha) being forested. It is one of the 

countries involved the United Nations ‘Reducing Emissions from 
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Deforestation and forest Degradation, REDD’ programme 

(http://www.un-redd.org). Accurate estimates of forest carbon dynamics 

are a key to the successful implementation of REDD+ programs (Huang 

&Asner 2010, Saner et al. 2012, Pearson et al. 2014).  

2. Methods and materials  

2.1 Study site and plot layout 

 The study was conducted in evergreen forests (108
o
 17’ 75’’ E 

and 14
o
 35’35’’ N) in K’Bang district, Gia Lai province, in the Central 

Highlands of Vietnam. The topography of the area is mostly flat with an 

altitude ranging from 500-600 m above sea level. Annual precipitation is 

approximately 2,300 mm with a 3 to 4 months dry season. Mean annual 

air humidity is 82% and mean temperature is 23
o
C (GSO 2013). The soils 

in the area are classified as Ferrasols (Lung et al. 2011). A map of the 

location of the study site is provided in Chapter 1 (Fig. 1). 

 The forests in the study site were selectively logged for the first 

time in 1980-1982 with a harvesting intensity of approximately 30-35% 

of the initial standing volume. Logging focussed solely on species 

producing timber suitable for construction, thus on species with a 

relatively high WD (Xuan et al. 2005). Unfortunately, the original 

logging documents could not be found, so the exact intensity of the 

logging event could not be determined. The second cycle of selective 

logging (logging cycle is 30 years, as prescribed by the Vietnam forestry 

law) was carried out in 2008-2010.  

 In total six study plots (100 m x 100m each) were established 

in the logged forest. Three plots were established in the forest which 

was logged for the second time (i.e. after the first cycle around 1980) 

in 2008, and the others were established in forest that was logged for 

the second time in 2010. Inventory data were collected between 

February and May in 2012 and the same period in 2013. These forest 

plots were therefore considered to be in a stage of 4-5 years and 2-3 

years of recovery. For simplicity, we refer to them as the 2-3 and 4-5 

year recovery plots. In the context of the entire thesis, the six plots 

http://www.un-redd.org/
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together are called twice-logged plots to contrast them with plots 

analysed in Chapters 3 and 5 that had been once-logged 30 years ago 

(which I call the once-logged forest). 

2.2 Measurements of aboveground components 

2.2.1 Measurements of living components 

 At each inventory and in each of the six plots (100 x 100 m each), 

all trees with diameter at breast height (DBH) larger than or equal to 10 

cm were identified at the species level based on the names of forest 

plants in Vietnamese guidelines (MARD 2000) and numbered. Across all 

twice-logged plots, there were 95 species. For each individual, diameter 

(DBH) was measured by using a diameter tape (accuracy of ± 1mm) and 

height (H) was measured by using a Blumleiss altimeter. 

 For saplings (1cm≤DBH<10cm), we established a subplot (20 m 

x 25 m each) at the centre of each 1 ha plot. In each subplot, all saplings 

were identified at the species level and numbered. Across the 6 subplots, 

a total of 64 species were found, of which 52 species were found in the 

larger DBH class (≥10 cm) in the six plots. DBH and H of saplings were 

measured as mentioned above. 

 To determine WD (g cm
-3

) and carbon content for each species, 

two wood core samples with a length of 15 cm and a diameter of 0.5 cm 

were taken from opposite positions on the stem at DBH of one (with a  

DBH close to the mean DBH of that species in the six once-logged plots, 

that were located close to the six twice-logged plots) or more trees (see 

Nam et al. 2016). The WD of each wood core sample was determined by 

dry mass divided its fresh volume (Chave 2005): 

WD = 
 

(
 

 
)     

                                    (1) 

 where L was total length (cm), d the mean diameter of the sample 

(cm) and M the dry mass (g) of the sample (after oven drying at 90
0
C to 

constant mass). The WD value of the species was calculated as the mean 

of the density of the wood core samples. In total, we determined WD in 



Chapter 4 

 81 

this way for 91 species (DBH≥10 cm) at the Wood Science Laboratory of 

the Forestry University of Vietnam. The number of trees sampled for 

WD depended on their abundance: three for five most abundant and 

commonly harvested species, two for the subsequent 16 species and one 

for the rest. For the four other species of which we could not determine 

WD (i.e. broken samples), we used the mean WD of species of the six 

plots which is 0.6 g cm
-3

 (Hertel et al. 2009). The carbon content of the 

stem tissue was determined on subsamples of each WD sample that were 

finely ground at the Laboratory of the Ecology & Biodiversity Group of 

Utrecht University, the Netherlands (hereafter, Utrecht lab) using a CHN-

Elemental Analyzer (CE instrument, inter-science BV, Breda, The 

Netherlands). In total, we determined the wood carbon content for 82 

species (for all of which we had determined WD). In the case of the 

remaining 13 species measurements failed due to defective samples (i.e. 

sample of small stem species were broken). The species for which we 

were unable to determine WD and C content, were generally rare with 

only one or a few small stems in our plots. Therefore, these species were 

excluded from demographic analyses and were only include in estimates 

of forest mass. 

 To determine the amount of biomass in shrubs (all woody 

plants, including seedlings with stem DBH<1 cm), in the measurement 

in 2012, we laid out four square frames (2m x 2m each) in the corners 

of each permanent plot. We then harvested all aboveground parts 

pertaining to shrubs and determined their fresh weight (FW). The dry 

weight (DW) and fresh weight (FW) ratio (DW/FW hereafter) were 

determined on subsamples of around 50 g fresh weight, which were 

oven-dried at  Highland Tropical Forest Research Centre (hereafter 

Highland FRC) at 75
o
C until constant mass, and total dry mass of 

shrubs was then calculated by multiplying FW by DW/FW. The 

carbon content in shrubs was determined on subsamples at the Utrecht 

Lab with the same method described above; however, without 

distinguishing between species.  
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2.2.2 Measurements of non-living components 

 For standing dead trees we measured DBH and H in the same 

way as for the living trees. Trees were determined to be dead based on 

their shape and bark structure (in addition evidently to lack of leaves). 

 Woody debris and litter on the forest floor were determined within 

the same four square frames (2m x 2m each) at each permanent plot using 

the same procedure as with shrubs. The DW/FW ratio of each component 

was determined by using samples of about 50 g and oven-drying at 90
o
C 

(75
o
C for litter samples) until constant mass at the Highland FRC. The 

carbon content of each component was determined by subsamples at the 

Utrecht lab using the same method as described above. 

2.3 Measurements of belowground components 

2.3.1 Measurements of soil carbon organic matter 

 Soil carbon content was determined in two square soil profiles 

(50 cm x 50cm x 100 cm-depth, each) at two opposite corners within 

each permanent plot during the measurement in 2012. These soil 

profiles were located at least 2 metres away from the nearest standing 

trees to avoid hitting their roots. First, soil core samples were taken at 

two depths (0-50cm and 50-100 cm) and weighed to determine fresh 

mass, then soil subsamples were dried to determine soil bulk density 

(g cm
-3

) at the Highland FRC. Second, the carbon contents of these 

samples were determined as described above. 

2.3.2 Measurements of fine roots 

 The amount of fine roots (diameter ≤ 2 mm) was determined in 

the abovementioned soil profiles, but we did not determine fine root 

content separately at each depth of the soil profile. First, roots in soil 

were collected carefully by hand and cleaned under running water, then 

fresh weight of roots was determined with an electronic balance 

(accuracy of ±1g). Second, fine root subsamples of about 50 g were 

collected and oven-dried at 75
o
C until constant mass at the Highland 
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FRC and the DW/FW ratio was then calculated. Carbon content in fine 

root was determined as described above. 

2.4 Calculations 

2.4.1 Biomass and carbon content  

 Above ground biomass (AGB, kg tree
-1

) and coarse root 

(diameter >2 cm) biomass (RB, kg tree
-1

) of each standing woody living 

tree (DBH≥ 10 cm) in each measurement were estimated  using 

allometric equations that were developed for our study site (see Nam et 

al. 2016): 

AGB=exp(-3.051+0.966Ln(DBH
2
H)+0.305Ln(WD))          (2) 

and 

RB =exp(-1.561 +1.934Ln(DBH) +1.06 Ln(WD))                (3) 

 with DBH and H the diameter at breast height (cm) and height 

(m) of each tree in each plot, AGB and RB are in kg dry biomass per 

tree. Both equations were calibrated using destructive samples of 300 and 

40 trees, respectively (for detail see Nam et al. 2016). For WD (g cm
-3

), 

we used the average value per species determined as described above.  

 We also used equation (2) and (3) to determine the aboveground 

and root mass of sapling trees (1 cm≤ DBH<10 cm) and dead standing 

trees. For dead trees this likely entailed an overestimation as partially 

decomposed trees in reality would have smaller masses. To correct for 

this we used a correction factor based on visual assessment of 

decomposition state: 1 for dead trees with so signs decomposition, 0.75 

for moderately in decomposed trees and 0.5 with highly decomposed 

trees (Latte et al. 2013).  

 The carbon content in each tree was estimated by multiplying the 

species-specific carbon content by the AGB and RB values of each tree. 

As carbon content was determined on stem samples only, this assumes 

that C content of leaves and roots were similar to those of stems. For the 

13 species (DBH≥10 cm) and 12  species (1cm≤DBH<10cm) for which 

we could not determine carbon content, we used the mean value of the 
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carbon content of the 82 species for which we were able to determine 

carbon content (i.e. 46,2%, Chapter 3). 

 Total AGB, RB and total tree biomass (TB, AGB+RB) and their 

respective carbon stocks (Mg ha
-1

) were then summed to determine a 

total carbon stock value for standing living trees in each plot. 

 Amount of carbon stocks per ha in shrubs, litter, woody debris 

and fine roots were estimated by multiplying the carbon contents in each 

component by its dry mass. The carbon in soil organic matter (SOC, kg 

m
-3

) in the two soil layers (0-50 cm and 50-100 cm) was estimated by 

multiplying the percentage of carbon in the soil (Ps, %), the soil bulk 

density (Sd kg m
-3

) and the volume of each soil depth profile (V, m
3
) 

(Usuga et al. 2010, Djomo et al. 2011, Ngo et al. 2013) 

SOC = Sd*Ps*V                                                      (4) 

 Total carbon stocks in each plot was the sum of the values of each 

component, i,e, standing living trees (DBH≥10 cm), saplings (1 cm ≤ 

DBH<10 cm), shrubs, fine root, litter, woody debris and soil. 

2.4.2 Calculation of demographic rates 

 Calculation of species-specific demographic rates and biomass 

dynamics considered all individuals with DBH≥10 cm were based on the 

measurements in 2012 and 2013. For all calculations of demographic 

rates and population level biomass dynamics we only considered the 36 

most abundant species with more than 20 individuals with DBH ≥ 10 cm 

per species (hereafter referred to as common species). For this 

assessment the 2-3 and 4-5 year logged-plots were combined because 

there were no significant difference in species level demographic rates 

between these recovery stages. For the six plots, the 36 species accounted 

for more than 80% of total biomass and 82% of  individuals. Information 

of the study species can be found in Annex 1. 

 The mortality rate per year (m) (% year
-1

) between two 

measurements for each species and plot was estimated following Wright 

et al. (2010) and Sheil et al. (2000): 
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 m= 100 x (      
  

) x t
-1

                           (5) 

 where N1 is the number of  living trees at measurement 1 (2012), 

Ns2 is the number of surviving trees at measurement 2 (2013) and t is the 

time (in years) between the two measurements (Wright et al. 2010). 

 Tree recruitment rate per year (r) (% year
-1

) between two 

measurements was calculated as:  

r =100 x ( 
   

  
)x t

-1
                         (6) 

 where R12 is the number of new living trees at measurement 2, 

which recruited to DBH≥ 10 cm. 

 The average growth rates (Gind) in terms of both DBH, AGB and 

TB (total biomass = AGB+ RB)  per tree per species were calculated 

following King et al. (2006) as: 

X-Gind = 
 

   
∑ (         )  
   
               (7) 

 where X refers to the entity (AGB, TB or DBH), suffixes 1 and 2 

again refer to two subsequent inventories and i denotes tree i (i = 1-NS2). To 

make our calculations comparable with data from the literature, biomass 

dynamics per tree are expressed in terms of AGB (AGB-Gind). Average 

relative growth rates (i.e. AGB growth per unit AGB or DBH growth per 

unit DBH) were calculated by replacing X by ln(X) in equation (7).  

 Subsequently we calculated how different species contributed to 

biomass dynamics at the population  level. Here population is defined as 

all individuals of a given species with DBH≥10 cm in a given area (i.e. 

hectare land area) the six forest plots. To this end, we calculated the net 

AGB increment per species per hectare (AGB-Ipop, hereafter) as:  

AGB-Ipop = AGB-Gpop, + AGB-Rpop,– AGB-Mpop  (8) 

 where AGB-Gpop, AGB-Rpop and AGB-Mpop  are the changes in 

biomass per species per hectare associated with growth, recruitment and 

mortality, respectively. AGB-Gpop was calculated as the total cumulated 

AGB growth of all trees of a given species that had been recorded at a 

given census and were still present at the subsequent one (essentially the 
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same as multiplying Gind for AGB from equation (7) by NS2). AGB-Rpop 

as the total biomass of all newly recruited trees into the size class DBH ≥ 

10cm and AGB-Mpop as the total mass of trees present at a given census 

and dead at the subsequent one. All these values were divided by plot 

area (Astrup et al. 2008).  

2.5 Statistical analysis 

 As our design consisted of two groups of three plots that were 

either 2-3 or 4-5 years post-logging, we conducted Mann-Whitney tests 

to investigate the difference in plot level biomass carbon stocks in 2012 

and plot level biomass dynamics (2012-2013). Simple regression 

analyses were conducted to determine the extent to which species mean 

values of mortality, recruitment, DBH and AGB growth (as a dependent 

variables) were correlated with species mean wood density values (WD 

as independent variable).  

 Similarly we conducted regression analyses of population-level 

growth (AGB-Gpop), mortality (AGB-Mpop) and net AGB increment rates 

(AGB-Ipop) against WD and species abundance (number of individuals 

per species present in 2012, Ns1). We also conducted a multiple 

regression with AGB-Gind as dependent and WD and trees biomass (AGB 

size, average AGB per tree per species) as independents. Similarly, we 

did a multiple regression of population-level AGB-Ipop versus WD and 

Ns1. As noted, in these regression analyses data for the 2-3 and 4-5 year 

recovery plots were lumped. 

For this analysis data from all six early recovery plots were pooled. All 

calculation were performed by IBM SPSS statistics 21.0. 

3. Results 

3.1 Plot level carbon stocks  

 At the census in 2012, carbon stocks in different components did 

not differ significantly between the 2-3 and 4-5 year recovery plots 

(Table 1, Annex 2). 
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Table 1. Carbon stocks in different forest components and at the whole-plot 

level (Mg C ha
-1

) in forest plots that were logged either 2-3 years or 4-5 years 

prior to sampling.  

Twice-

logged 

plots 

Carbon stocks (Mg C ha-1) in different components 

Total AGB 

(≥10 cm 

DBH) 

RB 

(≥10 cm 

DBH) 

Sapling(a) 

(1-10 cm 

DBH) 

Fine 

roots 

 

Shrubs 
 

Litter 
 

Woody 

debris 
 

Standing 

dead 

trees (b) 

Soil 
 

2-3 year 

recovery  

263.6±26.0 96.1±10.1 

(36.4%) 

14.4±1.4 

(5.5%) 

4.3±0.6 

(1.6%) 

2.7±0.3 

(1%) 

1.2±0.2 

(0.5%) 

0.9±0.1 

(0.3%) 

7.3±0.3 

(2.7%) 

5.7±0.9 

(2.1%) 

130.8±14.6 

(49.9%) 

4-5 year 

recovery  

283.7±8.8 88.3±2.9 

(31.1%) 

13.1±0.3 

(4.6%) 

7.6±1.2 

(2.7%) 

2.3±0.2 

(0.8%) 

1.3±0.2 

(0.5%) 

0.6±0.1 

(0.2%) 

5.5±1.7 

(1.9%) 

3.6±0.2 

(1.3%) 

161.1±10.0 

(56.9%) 

P  NS NS NS NS NS NS NS NS NS NS 

(a), (b) Saplings and standing dead trees include both above and belowground components. 

The values indicate means ± standard error of means (n = 3 both in the 2-3 and 4-5 year recovery plots). P 

value: Mann-Whitney tests for difference of carbon stocks between the 2-3 and 4-5 year recovery plots, 

(NS) non-significant difference (P>0.05). AGB = aboveground biomass, RB = root biomass. 

 None of the components nor total C differed significantly 

between the two groups of plots (i.e. the 2-3 and 4-5 year recovery plots). 

Total carbon stocks in living trees (AGB+RB) was slightly more than 

100 Mg C ha
-1

and accounted for about 40% of the total carbon stocks. 

Soil carbon content (SOC) constituted the largest fraction (between 50-

60%) of the total carbon stock. Overall however, there was a clear trend 

for the living carbon fraction being larger and dead fraction being smaller 

in the 4-5 year recovery plots than in the 2-3 year recovery plots.  

 At the plot level there were no significant differences in any of the 

demographic rates expressed at the forest plot level between the 2-3 and 4-

5 year early recovery plots (Fig. 1a-g) except the mortality rates that were 

significantly higher in the former (slightly over 5%) than in the latter 

(around 3%, Fig. 1h). This was reflected in smaller AGB losses through 

mortality in the 4-5 year recovery plots (Fig. 1d) but the difference was not 

significant. Recruitment rates (new trees entering the >10 cm DBH class) 

were around 5%, being equal or slightly higher than mortality rates in the 

2-3 and 4-5 year early recovery plots, respectively. AGB growth was 6-7 

Mg ha
-1 

year
-1

, AGB loss through mortality was 6-8 Mg ha
-1 

year
-1

 while 
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AGB gains through recruitment were < 1 Mg ha
-1 

year
-1

. As a result net 

increment rates in AGB were close to zero. That is, in the 2-3 year 

recovery plots, net AGB increment rates tended to be negative while in the 

4-5 year recovery plots they were significantly positive.  

  

       

  

 
 

 

Fig.1. Box plot showing mean demographic rates at plot level in evergreen 

tropical forest plots that are either 2-3 or 4-5 years in recovery since a selective 

logging event. Each panel denotes the significance of differences between the 2-

3 and 4-5 year recovery plots following Mann-Whitney (n=3 for both the 2-3 

and 4-5 year recovery forest), (*) indicate significant (P<0.05) and (NS) 

indicate non-significant (P>0.05). 



Chapter 4 

 89 

 At the stand level, we found a positive correlation between AGB 

growth rate (Mg ha
-1 

year
-1

) and basal area (m
2
 ha

-1
) (Fig. 2a); and recruitment 

rate (% ha
-1 

year
-1

) and DBH growth rate (cm ha
-1
 year

-1
) (Fig. 2b).  

  
 

Fig.2. Relationship between (a) AGB growth rate (Mg ha
-1
 year

-1
) and basal area 

(m
2
 ha

-1
); (b) recruitment rate (% year

-1
) and DBH growth rate (cm year

-1
) in six 

forest plots in evergreen tropical forest that is either 2-3 or 4-5 years in recovery 

since a selective logging event (data for the 2-3 and 4-5 plots pooled for regression 

analysis). Each symbol represents a plot. 

3.2 The effect of WD on common species demography in the twice-

logged forest 

 We assessed the extent to which demographic rates at the species 

level were related to their WD. At the species level, there was a negative 

relation between both absolute (DBH-Gind, cm year
-1

) and relative DBH 

growth rate (cm cm
-1
 year

-1
) and the species mean WD (Fig. 3a,b). Average 

AGB size (kg tree
-1
, expressed in terms of AGB tree 

-1
) was positively related 

to WD (Fig. 3c). There was a negative relation between relative AGB growth 

rate (kg kg
-1
 year

-1
) and WD (Fig. 3d), but absolute AGB-Gind (kg tree

-1
 year

-1
) 

was not significantly related to WD (Fig. 3e). Neither recruitment nor 

mortality rate were related to WD (Fig. 3f-g). In the multiple regression of 

AGB-Gind versus AGB size and WD, we found a strong positive relationship 

between AGB-Gind and AGB size but the WD effect was not significant, 

though there was a marginally significant negative trend (Table 2).   

 At the population level, we found a positive relationship between 

AGB-Gpop of each species (kg ha
-1 

year 
-1

, AGB-Gind i.e. the cumulated 
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biomass increase through growth of all surviving individuals of a given 

species in our plots) and WD (Fig. 3h), but AGB-Ipop (roughly the 

difference between AGB-Gpop and AGB losses due to mortality) were not 

significantly correlated with WD (Fig. 3i). Multiple regression confirmed 

the result for AGB-Ipop, neither WD nor Ns1 was being significant (Table 2).  

   

   

   
 

Fig.3. Effect of WD on demographic rates of the most common species in the early 

recovery plots (total 36 species, data for the 2-3 and 4-5 year recovery plots were 

combined due to non significant differences between them). These regression 

showed the relation to WD of: (a)  DBH-Gind; (b) relative DBH growth rates; (c) 

AGB  size; (d) relative AGB growth rate and WD; (e) AGB-Gind;  (f) recruitment 

rate; (g) mortality rate;  (h) AGB-Gpop; (i)  AGB-Ipop. Panels (h, i) showed the AGB 

growth and net AGB increment rate at the population  level. The lines indicate 

linear regression and are only shown when significant.  
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Table 2. Results of multiple-regression analysis across species: (i) at individual-

level: AGB-Gind and WD and AGB size; and (ii) at population-level AGB-Ipop 

versus WD and abundance (Ns1). 

Variables β Sem P 

(i) Individual-level (AGB-Gind) 

WD -14.608 8.006 0.077 

AGB size 0.013 0.002 0.0001 

(ii) Population-level (AGB-Ipop) 

WD 27.780 238.62 0.908 

Abundance (Ns1) -1.411 0.885 0.121 

 

4. Discussion 

4.1 Plot level carbon stocks and their dynamics  

 The total carbon stocks in the forest reported here (264-284 Mg 

C ha
-1

) were much lower than the values found in a nearby forest (355 

Mg ha
-1

) that had only been logged once ~30 years ago (Chapter 3, 

once-logged forest plots). Plots in the two forest types (i.e. once-and 

twice-logged forest plots) were very close to each other and similar in 

species composition and soil type, making the comparison particularly 

interesting. The difference of carbon stock in AGB was primarily the 

result of there being 60 Mg C ha
-1

 more aboveground biomass (AGB) 

in the once-logged forest plots than in the twice-logged forest plots. 

Interestingly, we estimated, based on the logging list which contained 

DBH and species of logged trees, that roughly 40 Mg C ha
-1

 had been 

removed by logging which is less than the abovementioned 60 Mg C 

ha
-1

. Logging typically entails additional biomass losses beyond the 

felling of trees due to the establishment of skidder trails and damage 

by falling trees (Johns et al. 1996, Sist &Nguyen-The´ 2002, Mazzei 

et al. 2010, Griscom et al. 2014). At our site, direct logging damage 

(totally destroyed trees) was estimated to be 10.2% of the initial AGB 

(equal to 11.2% of the initial volume) based on a study on logging 

damage under the current selective logging regime in Vietnam (Con et 

al. 2007, Sam et al. 2007). Assuming that the pre-logging AGB in this 
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study was comparable to the AGB in the 30 year post-logging plots 

(Chapter 3), which is reasonable as once-and twice-logged forest plots 

were located in the same forest area, this additional loss may have 

entailed a further 15-17 Mg C ha
-1

 bringing the total estimate of direct 

AGB losses of about 55 Mg C ha
-1

. While more direct comparisons 

between logged and unlogged plots are needed, these results suggest 

that 3-5 years after logging the forest had not regained any of the 

direct biomass losses incurred through logging. This seems consistent 

with various studies in tropical forest (Figueira et al. 2008, Mazzei et 

al. 2010), and indicates a clear delay in forest recovery after logging 

or even declines in forest biomass during the first 5 years post-logging 

(Gourlet-Fleury et al. 2013). 

 To further analyse this, we assessed the net AGB increment 

(i.e. the difference between AGB increases through growth and 

recruitment and AGB losses through mortality). These net AGB 

increment rates ranged between -1.0 and 1.4 Mg C ha
-1

 year
-1

 and 

were not significantly different from zero. Similar results have been 

reported elsewhere, e.g. Figueira et al. (2008) found negative AGB 

increment rates up to three years after logging for forest in the Central 

Amazon. Mazzei et al. (2010) found heavy AGB losses in the first 

year after logging but positive increment rates thereafter for forest in 

the Eastern Amazon, while Gourlet-Fleury et al. (2013) found 

negative rates up to 5 years post-logging in an African forest. Such 

extended biomass losses after logging and associated delays in 

recovery are important and evidently will impact the resilience of 

forests to repeated selective logging. In the design of logging regimes 

more research is needed to quantify the extent and duration of these 

post-logging biomass losses.    

 To further understand the effects of logging on forest biomass 

it is important to analyse its effects on the individual demographic 

rates that underlie these effects. We found mean DBH-Gind of 0.44 cm 

year
-1

 which was 20% higher than the value reported for the 30 year 

post-logging forest (0.35 cm year 
-1

) in the same area (see Chapter 3). 
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Note that even though the plots from this study and Chapter 3 were 

essentially part of the same forest area, measurements spanned 

different periods (2004- 2012 for the 30 year post-logging plots in 

Chapter 3 and 2012-2013 in this study) and comparison of rates needs 

to be taken cautiously. Other studies also reported increases in DBH 

growth shortly after logging events (Figueira et al. 2008, Mazzei et al. 

2010, Bonnell et al. 2011), and the pattern could be explained by the 

fact that logging increases light availability and thus tree growth 

(Figueira et al. 2008). In contrast to the results of DBH-Gind however, 

AGB-Gind was lower in this study than in Chapter 3. The discrepancy 

may be associated with tree size which was smaller in this study than 

in the 30 year post-logging plots. This is a logical consequence of the 

fact that larger trees are preferentially harvested. Due to simple 

geometry the same DBH growth will entail more biomass increment in 

a large than in a small tree. Indirectly this size effect may also be 

reflected in the positive correlation between AGB growth and basal 

area (Fig. 2a) and that was also found in other studies in the Eastern 

Amazonian forest (Mazzei et al. 2010). 

 Mortality rates were notably higher in the 2-3 year (5,2% year
-1

) 

than in the 4-5 year (3.1% year
-1

) recovery plots and were also higher 

than in the once-logged (30 year recovery) plots (see Chapter 3). This 

indicates that mortality was enhanced after logging and these effects may 

persist for several years. Similar elevated mortality after logging has been 

found elsewhere, persisting up to10 years after logging (Silva et al. 1995, 

Sist &Nguyen-The´ 2002, Figueira et al. 2008, Mazzei et al. 2010, Putz 

et al. 2012, Sist et al. 2014). These effects are likely associated with tree 

damage by the logging itself and potentially other factors such as soil 

compaction by heavy logging equipment (Sist &Nguyen-The´ 2002, 

Figueira et al. 2008, Mazzei et al. 2010, Sist et al. 2014). These elevated 

mortality rates resulted in AGB losses that were very close to the sum of 

the AGB gains through growth and as a result AGB increment rates were 

about zero. 
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4.2 Logging effects on the relationship between wood density and 

demographic rates, and the consequences for population level 

biomass dynamics 

 The second objective of this study was to assess the extent and 

direction of the relationship between WD and species demographic rates. 

The results that we found differed in various aspects from the findings in 

other studies that were conducted in undisturbed forests (e.g. Muller-

Landau 2004, Keeling et al. 2008, Wright et al. 2010) or in the 30 year 

recovery plots in the nearby area (Chapter 3). Firstly, we did not find a 

significant relationship between mortality and WD which is contrary to 

the negative relationship found in those studies in undisturbed forests. 

Negative correlations between WD and mortality are usually attributed to 

the greater resistance of high WD species to pathogenic attacks, drought 

and their greater mechanical strength (Muller-Landau 2004, Anten 

&Schieving 2010, Wright et al. 2010). As noted above, increases of post-

logging mortality are most likely induced by tree damage and other 

detrimental effects of logging. Such damaging effects have a strong 

random component; trees that are close to skid trails or felled trees are 

more likely to die independent of their species-specific traits. This is 

supported by our observation that dead trees tended to cluster in the areas 

where trees had been felled or skid trails had been made. This logging 

effect in turn probably masked the functional relationship between WD 

and mortality. 

 Secondly, we found no significant relationship between 

individual AGB growth (AGB-Gind) and WD, which contrasts with the 

positive relationship found in undisturbed forest (Keeling et al. 2008) and 

in the 30 year post-logging plots in our forest area (Chapter 3). Several 

factors may determine the growth-WD relationship in forests and these 

may show opposite effects. On the one hand, high WD tends to be 

associated with slow water transport capacity, high construction costs, 

and at the species level with low productive leaf traits (e.g. low 

photosynthetic capacity), all of which conflict with rapid growth (Muller-

Landau 2004, Poorter, Lourens et al. 2012). On the other hand, high WD 
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is also associated with long leaf longevity and associated deep crowns 

and possibly low maintenance respiration, both of which contribute to 

growth. Furthermore, high WD may also entail greater stress tolerance 

and maintenance of growth under stressful conditions (Keeling et al. 

2008). Finally, if high WD species have higher survival rates they can on 

average grow larger and thus in absolute terms grow faster (Chapter 3). 

Logging entails increases in light availability, and high growth traits of 

low WD species probably allow them to utilize this better as has been 

observed in many forest disturbance studies (e.g. Poorter &Bongers 

2006, Selaya &Anten 2010). This could have shifted the relationship 

between AGB growth and WD in a negative direction. 

 The lack of a correlation between AGB-Gind was reflected in the 

fact that biomass increment rates expressed at the level of species 

populations (AGB-Ipop) were not significantly correlated with species 

WD. This contradicts with the study in a nearby 30 year post-logging 

forest where this relationship was positive and for which it was 

concluded that thus on average populations of WD species contributed 

more to forest biomass increment than species of low WD (Chapter 3). It 

also reflected that biomass increment in the 30 y/o forest was at least 

somewhat biased towards high WD species; with time an increasing 

faction of AGB being found in high WD species. This pattern was not 

observed in our 3-5 post-logging forest, and may take time to establish.  

 In conclusion, it is important to consider shifts in the relationship 

between species functional traits such as WD and their demographic rates 

in view of the frequency and intensity in which logging occurs. The more 

positive demographic rates (i.e. greater growth and high survival) of high 

WD species in late recovery forest (Chapter 3) probably entails that these 

species were increasing in dominance (at least in terms of standing mass) 

in the forest. Selective logging largely reduced this demographic 

advantage of high WD. The factors that probably induced this change 

(increased light availability and logging damage) are transient, e.g. 

lasting up to 10 years as suggested by Putz et al. (2012) . Thus, if the 

forest is left untouched long enough, demographic patterns will probably 
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return more or less to their pre-logging state. However frequent and/or 

intense logging could place the forest on a different demographic 

trajectory resulting in forests with relatively lower WD (Carreño-

Rocabado et al. 2012). This in turn could have important implications for 

carbon dynamics of the forest. Such effects need to be further 

investigated and considered in the design of logging schemes.  
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Annexes   

Annex 1: Characteristics of the study species in the twice-logged plots 

No Species WD 

 

(g cm
-3
) 

Ns1 

 

(#trees   6 ha
-1
) 

Mortality 

rate 

(%year
-1
) 

Recruitment 

rate 

(%year
-1
) 

DBH-Gind 

 

(cm year
-1
) 

AGB-Gind 

 

(Kg tree
-1
 year

-1
) 

AGB-Gpop 

 

(Kg ha
-1 

year
-1
) 

AGB-Ipop 

 

(Kg ha
-1 
year

-1
) 

1 Paramichelia braianensis 0.52 62 1.61 6.45 0.61 35.39 359.8 375.9 

2 Symplocos sumuntia 0.49 48 4.17 14.58 0.26 6.29 48.2 58.6 

3 Syzygium cuminii 0.66 116 4.31 0 0.42 16.39 303.3 43.9 

4 Syzygium zeylanicum 0.65 132 5.30 7.58 0.39 16.02 333.8 -269.3 

5 Machilus ordoratissima 0.61 143 4.20 4.20 0.45 20.96 478.5 -372.9 

6 Naphelium cuspidatum 0.79 74 4.05 1.35 0.33 12.60 149.1 14.4 

7 Polyalthia corasoides 0.58 124 5.65 4.84 0.46 17.17 334.9 -79.3 

8 Syzygium wightianum 0.72 114 4.39 4.39 0.35 12.85 233.5 169.2 

9 Naphelium melliferum 0.64 53 1.89 1.89 0.35 13.58 117.7 -43.0 

10 Dialium cochinchinensis 0.88 57 3.51 5.26 0.39 28.05 257.1 185.5 

11 Lipthocarpus ducampii 0.89 76 7.89 5.26 0.4 21.93 255.9 -495.6 

12 Ormosia balansae 0.52 29 0.00 6.90 0.48 18.61 90.0 102.8 

13 Aglai elaeagnoidea 0.59 57 1.75 3.51 0.44 17.19 160.5 144.6 

14 Gironniera subaequalis 0.43 37 5.41 5.41 0.37 15.07 87.9 48.2 

15 Wendlandia paliculata 0.60 29 0.00 0 0.34 8.79 42.5 42.5 

16 Microcos paniculata 0.54 51 3.92 1.96 0.39 16.30 133.1 -13.8 

17 Morus alba 0.45 26 7.69 3.85 0.44 11.77 47.1 -17.5 

18 Lipthocarpus vestitus 0.56 30 10.00 3.33 0.48 19.63 88.3 -15.4 
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No Species WD 

 

(g cm
-3
) 

Ns1 

 

(#trees   6 ha
-1
) 

Mortality 

rate 

(%year
-1
) 

Recruitment 

rate 

(%year
-1
) 

DBH-Gind 

 

(cm year
-1
) 

AGB-Gind 

 

(Kg tree
-1
 year

-1
) 

AGB-Gpop 

 

(Kg ha
-1 

year
-1
) 

AGB-Ipop 

 

(Kg ha
-1 
year

-1
) 

19 Sinosideroxlon Bonii 0.89 20 5.00 5.00 0.29 22.07 69.9 67.2 

20 Antidesma ghasembilla 0.67 24 4.17 8.33 0.31 10.30 39.5 10.7 

21 Cinnamomum bejolghota 0.50 40 10.00 5.00 0.48 16.69 100.1 -2.9 

22 Garuga pierrei 0.63 76 1.32 10.53 0.43 22.70 283.8 238.4 

23 Castanopsis indica 0.72 40 2.50 0 0.46 23.22 151.0 103.1 

24 Symplocos conchinchinensis 0.40 27 7.41 7.41 0.31 7.11 29.6 5.8 

25 Cinnamomum ovantum 0.55 38 2.63 0 0.47 20.46 126.2 49.1 

26 Aglai spectabilis 0.65 76 5.26 3.95 0.45 22.44 269.3 194.1 

27 Alstonia scholaris 0.43 20 0 5.00 0.57 23.08 73.1 79.8 

28 Schefflera heptaphylla 0.43 23 4.35 0 0.61 21.6 79.2 71.5 

29 Endospermum chinensis 0.45 23 13.04 26.09 0.68 27.54 91.8 -427.0 

30 Elaeocarpus griffithii 0.62 42 0 0 0.39 14.90 104.3 104.3 

31 Syzygium jambos 0.58 41 2.44 0 0.34 12.77 85.1 79.9 

32 Artocarpus nitidus 0.70 22 0 4.55 0.37 24.75 90.8 97.2 

33 Caranium album 0.61 34 0 11.76 0.52 24.45 138.6 164.3 

34 Engelhardtia roxburghiana 0.68 20 0 0 0.37 14.07 46.9 46.9 

35 Michelia mediocris 0.55 28 3.57 7.14 0.59 31.73 142.8 120.8 

36 Xanthophyllum glaucum 0.50 37 2.70 0 0.23 8.74 52.4 46.5 
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Annex 2: Biomass and carbon stocks in the twice-logged plots 

1. Biomass 

Plot 

No 

Years 

after 

logging 

(years) 

Density 

(DBH>10 

cm,  

trees ha
-1
) 

AGB  

(DBH>10 

cm) 

(Mg ha
-1
) 

RB  

(DBH>10 

cm) 

(Mg ha
-1
) 

AGB+RB 

(DBH>10 

cm) 

Mg ha
-1
) 

AGB 

(DBH<10 

cm, Mg 

ha
-1
) 

RB 

(DBH<10 

cm, Mg C 

ha
-1
) 

Dry mass 

of  Shrubs 

  

(Mg ha
-1
) 

Dry mass 

of litter  

 

(Mg ha
-1
) 

Dry mass in 

fine roots  

 

(Mg ha
-1
) 

Dry mass in 

woody 

debris  

(Mg ha
-1
) 

Dry mass in 

standing dead 

trees  

(Mg ha
-1
) 

1 2 273 164.53 24.42 188.95 4.81 2.26 2.73 1.570 5.330 17.5 18.17 

2 2 417 224.47 32.74 257.21 6.81 3.20 4.02 3.140 8.000 15.7 9.76 

3 2 475 232.14 34.57 266.71 8.01 3.75 1.87 2.900 5.960 17.5 11.17 

1 4 415 180.54 26.71 207.25 14.36 6.70 3.70 1.920 4.830 15.0 7.81 

2 4 357 201.97 28.91 230.88 12.74 5.90 2.43 1.040 6.200 4.68 7.58 

3 4 324 189.40 28.00 217.40 8.00 3.73 2.95 2.400 5.440 17.8 8.74 

2. Carbon stocks 

Plot 

No 

C  

in AGB  

 

(Mg C ha-1) 

C in RB 

(Mg C 

ha-1) 

C in AGB 

(DBH<10 

cm, Mg C 

ha-1) 

C in RB 

(DBH<10 

cm, Mg C 

ha-1) 

C in 

Shrubs 

(Mg 

C/ha) 

C in fine 

roots  

 

(Mg C ha-1) 

C in litter 

  

 

(Mg C ha-1) 

C in 

woody 

debris 

 (Mg C ha-1) 

C in 

standing 

dead trees 

(Mg C ha-1) 

C in soil  

 

 

(Mg C ha-1) 

Total C 

 

 

(Mg C ha-1) 

C in 

aboveground  

 

(Mg C ha-1) 

C in 

belowground  

 

(Mg C ha-1) 

1 76.31 11.32 2.24 1.10 1.191 2.29 0.626 7.479 8.41 101.598 212.59 95.09 117.50 

2 104.76 15.22 2.60 1.28 1.655 3.29 0.970 6.815 4.52 146.395 288.10 121.24 166.86 

3 108.44 16.13 3.45 1.68 0.784 2.33 1.133 7.860 5.16 144.523 291.80 126.45 165.35 

1 83.89 12.41 5.85 2.85 1.643 2.01 0.776 6.771 3.61 170.206 290.87 102.82 188.05 

2 94.01 16.45 5.00 2.42 0.985 2.84 0.302 2.003 3.51 141.166 269.58 106.25 163.33 

3 87.86 12.99 3.36 1.65 1.245 2.45 0.802 7.812 4.04 172.179 294.75 104.87 189.88 
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An area of the twice-logged forest 2 years after logging 

 

The twice-logged forest 5 years after logging 
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Chapter 5 

The role of commercial species in forest biomass dynamics 

after logging 

 

With Niels P.R. Anten, Rene W. Verburg, R.G.A. Boot and Marijke van 

Kuijk 

 

Abstract  

 Species commercial value and minimum harvestable tree size are 

important determinants in selective logging designs in tropical forests. 

Yet, the role of species and their size in biomass dynamics, and thus their 

contribution to post-logging forest recovery is still poorly understood. 

This knowledge is important to assess the ecological and economical 

sustainability of selective logging.  

Here, we analysed key demographic rates and associated biomass 

dynamics and their size dependency of commercial and non-commercial 

species in once-and twice-logged plots in an evergreen forest in Vietnam. 

We also estimated the impact of different logging intensities on future 

harvests and income and estimated opportunity costs and benefits of 

reducing logging intensities and selling the CO2 equivalent of the thus 

spared trees as C credits.  

The analyses showed that commercial species exhibited higher net 

biomass increment than non-commercial species in the once-logged 

forests, but not in the twice-logged forest. This indicates that in our plots 

commercial and non-commercial species are different in terms of growth 

dynamics. Among commercial species in the once-logged forest, net-

biomass increment rates increased with tree size. In the twice-logged 

forests the trees in the largest size category (DBH > 60 cm) had positive 

increment rates but those in the intermediate size class (40-60 cm) had 

negative rates; biomass losses through mortality of trees exceeded the 

gains by growth of surviving trees. This suggests that preserving more 

large trees may be an efficient means towards biomass recovery. However, 
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our economic analysis showed that logging such trees is considerably more 

profitable than sparing them and selling carbon credits.  

Altogether, our results point to the need to reconsider species 

choice and size restriction in selective logging designs and confirm 

earlier findings that selling carbon credits may not be sufficiently 

profitable as an alternative to logging. 

 

Keywords: carbon stocks, demographic rate, repeatedly logged forest, 

wood density. 
  



Chapter 5 

 103 

1. Introduction 

 In 2010, more than 400 million ha of natural tropical forests were 

designated for permanent forest timber production (Blaser et al. 2011). 

This accounted for more than 24% of the natural total tropical forest in 

the world. Most of this area is managed under some of sort of selective 

logging scenario. Selective logging in tropical forest usually entails 

extracting a select number of commercially interesting tree species, and 

of those species, only individuals above a minimum size, while smaller 

trees and non-targeted species are left standing (Bertault &Sist 1997, 

Edwards &Laurance 2013). This has long been seen as a sustainable 

means of timber extraction (Putz et al. 2012). Yet currently, poorly 

planned selective logging constitutes one of the major causes of forest 

degradation and associated carbon emissions in the tropics (Putz et al. 

2008). Particular concerns about sustainability of logging apply to South 

East Asia, where selective logging intensities are relatively high (Sist 

&Nguyen-The´ 2002, Sist et al. 2003, Bischoff et al. 2005, Putz et al. 

2008, Picard et al. 2012, Griscom et al. 2014). Thus, improvements in 

logging methods as well as economic alternatives such as REDD+ 

(Reducing Emissions from Deforestation and forest Degradation) are 

widely considered. 

 As most selective logging scenarios stipulate a minimal 

harvestable tree size (i.e. in terms of DBH), it automatically entails the 

removal of relatively large trees. This is evidently associated with the 

fact that large trees tend to have the highest commercial value (Clark 

&Clark 1996). There is however increasing evidence that large trees play 

key ecological roles in terms of habitat and food provisioning and forest 

dynamics (Lindenmayer et al. 2012). Furthermore, larger trees appear to 

play a disproportionately large role in terms of standing biomass and 

carbon stock (Pinard &Putz 1996, Feldpausch et al. 2005, Slik et al. 

2013, Sist et al. 2014). 

 Large trees may also play an important role in forest recovery 

after logging. Mazzei et al. (2010) found that biomass recovery rates 

after logging had a positive correlation with the residual basal area of 
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the remaining trees in the logged forest, to which large trees (DBH>60 

cm) contributed more than the smaller size trees class, which is 

consistent with Sist et al. (2014). This has led to the idea that leaving 

more of the larger trees standing may provide an effective measure for 

sustainable logging in terms of biomass retention (Mazzei et al. 2010, 

Sist et al. 2014). 

 A second parameter in selective logging involves species choice. 

Generally species are chosen solely for their commercial value with 

little concern for their biological traits and ecological contribution to 

the forest (Asner et al. 2005, Picard et al. 2012). Commercially 

desirable traits typically include larger sizes and high wood density 

(correlated with timber quality) (Schulze et al. 2008). However, these 

are also the traits associated with carbon storage, and thus commercially 

valuable species may also be those that are most valuable in terms of 

carbon sequestration. There is no study however that we know of that 

has systematically compared the demographic rates and their 

contribution to stand level biomass storage and dynamics, between 

commercial and non-commercial species. 

 The choice of whether or not to log trees of given size or species, 

largely depends on how economic benefits of logging compare to 

alternative such as selling carbon equivalent of these tree’s biomass in 

schemes such as REDD+. This depends on a wide variety of factors 

including: the abundance and timber value of commercial species and 

(local) costs associated with logging (Fisher et al. 2014). Generally 

speaking, selling carbon credits is more likely to offset the opportunity 

costs of foregoing logging when commercial species are rare and/or 

timber prices are low (Schulze et al. 2008). In addition, when planning 

longer term forest management strategies, long-term benefits of repeated 

logging versus selling C credits will also depend on: the intensity of 

logging, additional damage to the forest and the rate and delays in 

recovery of timber stocks. 

 Vietnam is a relatively forest rich country with a forest cover of 

about 40% (MARD 2016). Selective logging is being conducted under 
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the current logging protocol with a maximum logging intensity of 35% 

of standing timber volume per ha and a minimum cutting diameter of 40 

cm (MARD 2005). Loggers tend to focus on harvesting commercial 

species with the highest quality and largest size, ignoring their 

abundance in the forest, except for very rare and endangered species 

that are not allow to be cut under Vietnamese Laws (MARD 2005, 

GOV 2006, MARD 2011b). To date, no studies on the role of commonly 

harvested species and their size dependent effects on biomass dynamics 

have been conducted for Vietnamese forests, and thus the sustainability 

of the above mentioned logging protocol remains to be tested. 

 To investigate the role of commercial species and their size 

dependent characteristics in forest biomass dynamics and thus forest 

recovery, we address the following research questions: (i) How do 

commercial species differ from non-commercial species in terms of 

demography? (ii) To what extent are demographic rates and associated 

biomass increment of commercial species dependent on tree size? (iii) 

When reducing logging intensity, to what extent can benefits of selling 

the CO2 equivalent of the thus spared trees as C credits compensate for 

the opportunity costs in terms lost revenue from selling timber?. 

 These questions are addressed for an evergreen forest in the 

Central Highland of Vietnam, which was partly selectively logged once 

(30 years ago) and partly logged twice (3-5 years ago). 

2. Materials and methods  

2.1 Study site and plot layout 

 The study was conducted in an evergreen forest (108
o
 17’ 75’’ E 

and 14
o 

35’35’’ N) in K’Bang district, Gia Lai province, in the Central 

Highland of Vietnam. The topography of the area is mostly flat with an 

altitude ranging from 500-600 m above sea level. Annual precipitation is 

approximately 2,300 mm with a 3 to 4 months dry season. Mean annual 

air humidity is 82% and mean annual temperature is 23
o
C (GSO 2013). 

The soils in the area are classified as Ferrasols (Lung et al. 2011). A map 

of the study site is provided in Chapter 1 (Fig. 1). 
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 The forests at our site were selectively logged in 1980-1982 with 

a harvesting intensity of approximately 30-35% of the initial standing 

volume and focussing solely on species producing timber suitable for 

construction (Xuan et al. 2005). Unfortunately, the records of the logging 

documents could not be found, so the exact intensity of the logging event 

remains unclear. The second cycle of logging was carried out in 2008-2010 

(the Vietnam forestry law prescribes 30 year logging cycles), leaving a 

patchwork of plots that were undisturbed since 1980-1982 and plots that 

were recently logged for the second time.  

 Six permanent plots (100 m x 100 m each) were established in 

2004 by the Highland Tropical Forest Research Centre (hereafter the 

Highland FRC). The forest was never logged again since the first 

selective logging in 1980-1982, indicating that it had a 30-32 year 

recovery period in 2012. Additional data were collected in the same six 

permanent plots between December 2011 and April 2012 (once-logged 

plots hereafter). The data of these six once-logged plots were combined 

in our analyses. 

 Another set of six plots (100 m x 100 m each) was established in 

the forests of Ka Nak Forest Company, close to (maximally 2000 m 

away) the once-logged plots. Three plots were established in the forest 

which was logged a second time in 2008 (i.e. after the first cycle around 

1980), and the others were established in the forest logged for a second 

time in 2010. These forest plots therefore reflected 2-3 and 4-5 years of 

early recovery, respectively. Inventory data were collected between 

February and May in 2012 and in the same period in 2013. We refer to these 

plots jointly as ‘twice -logged plots’ and have combined the data from these 

plots in our analyses as there were no significant differences between these 

forests for parameters measured in this paper (see Chapter 4). 

2.2 Measurements of aboveground components 

2.2.1 Measurement of living components 

 At each inventory and in each plot (100 x 100 m each), all trees 

with a diameter at breast height (DBH) larger than or equal to 10 cm 
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were identified at the species level based on the names of forest plants in 

Vietnamese guidelines (MARD 2000) and numbered. Across all plots, 

there were 112 species of which we found 105 species in the once-logged 

plots and 95 species in the twice-logged plots and 88 species occurred in 

both the once and twice-logged plots. For each individual, diameter 

(DBH) (using a diameter) and height (H) (using a Blumleiss altimeter) 

was measured. 

 To determine WD,  two wood core samples with a length of 15 

cm and a diameter of 0.5 cm were taken from opposite positions on the 

stem at the DBH of one (with a DBH close to the mean DBH of that 

species in the plots) or more trees (see Nam et al. 2016). Wood density 

(amount of dry mass per green volume in g cm
-3 

 WD hereafter) of each 

wood core sample was determined by dry mass divided its fresh volume 

as the formula follows (Chave 2005): 

WD = 
 

(
 

 
)     

                                  (1) 

 with L the total length (cm), d the mean diameter of the sample 

(cm) and M the dry mass (g) of the sample (after drying at 90
0
C to 

constant mass). WD value of the species was calculated as the mean of 

the density of the wood core samples. In total, the WD of 104 species 

(DBH≥10 cm) in both once- and twice-logged plots were determined at 

the Wood Science Laboratory of the Forestry University of Vietnam. The 

number of trees sampled for WD depend on their abundance: three trees 

for the five most abundance species, two for the subsequent 16 species 

and one for the rest. For the remaining eight species in the once-logged 

forest, WD could not be determined because of defective samples (i.e. 

samples were broken), these species were excluded from the 

demographic analyses. Carbon content of stem tissue was determined on 

subsamples of each WD sample that were finely ground at the Laboratory 

of the Ecology & Biodiversity Group of Utrecht University, the 

Netherlands (hereafter, Utrecht lab) using a CHN-Elemental Analyzer 

(CE instrument, inter-science BV, Breda, The Netherlands). In total, we 

determined the wood carbon content for 95 species (for all of which we 
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had determined WD). In the case of the remaining 17 species, 

measurements failed due to defective samples. The species for which we 

were unable to determine WD and C content, were generally rare with 

only one or a few small stems in our plots. 

2.2.2 Measurement of dead standing trees 

 For dead standing trees we measured DBH and H in the same 

way as for the living trees. Trees were determined to be dead based on 

their shape and bark structure (in addition evidently to lack of leaves). 

2.3 Calculations 

2.3.1 Aboveground biomass (AGB) and carbon content 

 Above ground biomass (AGB) of each standing woody living tree 

(trees with DBH larger than 10 cm) in each measurement was estimated 

using an allometric equation  that was developed for our local study site 

(see Nam et al. 2016). 

AGB=exp(-3.051+0.966Ln(DBH
2
H)+0.305.Ln(WD))      (2) 

 With DBH and H the diameter at breast height (cm) and height 

(m) of each tree in each permanent plot, AGB is in kg dry biomass per 

tree. For WD (g cm
-3

), we used the average value per species 

determined as described above. For the eight species in the once-

logged plots of which we could not determine WD, we used the 

average WD of a species of the same genus if present. If WD was not 

available at the genus level, we used the mean WD of species of the 

six once-logged plots which is 0.6 g cm
-3

 (Hertel et al. 2009). 

 We also used equation (2) to determine the aboveground mass of 

dead standing trees. 

 Carbon content in each tree was estimated by multiplying the 

species specific carbon content by the AGB values of each tree. For the 

17 species (DBH≥10 cm)  for which we could not determine carbon 

content, we used the mean value of the carbon content of the 95 species 

for which we were able to determine carbon content (i.e. 46.2%). The 
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species for which we were unable to determine WD and C content, were 

only one or a few small stems in our plots. 

 Total AGB (Mg ha
-1

) and its respective carbon stock (Mg C ha
-1

) 

of each species were then calculated as the sum of the values of each 

standing tree in each plot. 

2.3.2 Calculation of demographic rates 

 Demographic rates were calculated primarily at the species level 

for trees with a DBH≥10 cm based on the measurements in 2012 and 

2013 for the twice-logged plots, 2004 and 2012 for the once-logged plots. 

The mortality rate per year (m) (% year
-1

) between two measurements for 

each species and plots was estimated following Wright et al. (2010) and 

Sheil et al. (2000): 

m= 100 x (       
   

) x t
-1

    (3)                            

 where N1 is the number living tree at measurement 1 (2004 for 

the once and 2012 for the twice-logged plots), Ns2 is the number of 

surviving trees at measurement 2 (2012 for the once and 2013 for the 

twice-logged plots), t is the time (in years) between the two 

measurements (t = 1 year for the twice logged plots, and t= 8 years for 

the once logged plots). 

 Tree recruitment rate per year (r) (% year
-1

) between two 

measurements was calculated as:  

r =100 x ( 
   

   
)x t

-1
     (4)  

 where R12 is the number of new living trees (recruited into the 

DBH≥10 cm) at measurement 2.  

 The average growth rates (X-Gind) in terms both DBH and AGB 

per tree per species were calculated following King et al. (2006) as: 

X-Gind = 
 

   
∑ (         )  
   
      (5)   

 where X refers to the entity (AGB or DBH), suffixes 1 and 2 again 

refer to two subsequent inventories and i denotes tree i (i =1→ NS2). The 
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two growth rates are denoted as (AGB-Gind and DBH-Gind hereafter). 

Relative growth rates (i.e. AGB growth per unit AGB or DBH growth per 

unit DBH) were calculated by replacing X by ln(X) in equation (5). 

 Subsequently we calculated how different species contributed to 

biomass dynamics at the population level (i.e. here population  is defined 

as all trees with DBH≥ 10 cm in our twice or once logged plots). To this 

end, we calculated the net AGB increment per species per hectare (AGB-

Ipop, hereafter) as:  

AGB-Ipop = AGB-Gpop, + AGB-Rpop,– AGB-Mpop (6) 

 where AGB-Gpop, AGB-Rpop and AGB-Mpop  are the changes in 

biomass per species per hectare associated with growth, recruitment and 

mortality, respectively. AGB-Gpop was calculated as the total cumulated 

AGB growth of all trees of a given species that had been recorded at a 

given census and were still present at the subsequent one (essentially the 

same as multiplying Gind for AGB from equation (5) by NS2. AGB-Rpop as 

the total biomass of all newly recruited trees into the size class DBH > 

10cm and AGB-Mpop as the total mass of trees present at a given census 

and dead at the subsequent one. All these values were divided by plot 

area (Astrup et al. 2008).  

2.4 Species selection 

 For all calculations of demographic rates and population level 

biomass dynamics we only considered species with more than 20 

individuals with a DBH ≥ 10 cm within a given forest type (i.e. either in 

the once or  twice-logged plots, and hereafter referred to as common 

species) because of their dominance in both pupolation and biomass in 

these forests. For this assessment the 2-3 and 4-5 year recovery plots 

were combined because of no significant difference in demography of 

these species between these forest types (see Chapter 4). In this analysis, 

the species of Dipterocarpus alatus (56 individuals) was excluded due to 

silvicultural treatment for this species after the first logging (around 30 

years ago) in one of the once-logged plots (i.e. a number of small trees 
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were planted in the gaps in the forest after logging), thus its estimated 

demographic rates do not reflect their natual values. In the six once-

logged plots, 42 species met this requirement and they together 

accounted for accounted for  89% of total biomass and 87% of 

individuals. For the six twice-logged plots, there were 36 species with 

more than 20 individuals that accounted for more than 80% of total 

biomass and 82% of individuals. 

 Among these selected species, we defined commercial species as 

those of which more than 2% had been harvested in the 2008 and 2010 

logging cycle based on logs lists of Ka Nak Forest company (Kanak 

2008;2010), these species accounted for 70% of the individuals and for 

80% of the total volume of harvested individuals. Other species were 

considered non-commercial. All species assigned as commercial species 

are commonly harvested in the area. In total, the same 17 species were 

designated as commercial species in both once-and twice-logged plots, 

while the remaining 25 and 19 species in the once-and twice-logged  

plots, respectively, were defined as non-commercial species. The study 

species can be found in Annex 1 and 2.  

2.5 Logging scenarios and carbon credit calculation 

 We did an analysis where we estimated the effect of different 

logging intensities on future harvestable logging volumes and AGB. 

Subsequently, we compared the net present value in 2012 (US$ ha
-1
year

-1
) 

that could be obtained by either harvesting trees and selling round wood 

following different logging intensities and cycles, or not harvesting these 

trees and obtaining carbon credits in a fictive REDD+ project. This 

logging versus selling carbon credits choice scenario was roughly based 

on the scenario assumed by Fisher et al. (2014). A forest manager can 

either log trees at an intensity of 35% (the current logging percentage  in 

Vietnam of standing volume) and sell these logs or reduce the logging 

intensity to 30, 25 or 20% and sell the CO2 equivalent of the spared trees 

as carbon credits. Specifically, we calculated the marginal opportunity 

costs (lost logging income) and benefits (earnings from selling credits) 
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associated with lowering logging intensity. To this end, we first 

calculated the volume and AGB of logged trees under different logging 

intensities conducted in six subsequent cycles of 30 years. From these 

volumes, NPV (net present value) of different logging intensities and 

differences between them (i.e. missed income from lowering intensity for 

35% to 20-30%) were calculated. We then converted differences in AGB 

of logged wood between these logging intensities to CO2 equivalents and 

from this calculated NPVs of selling C credits. For simplicity and due to 

lack of more accurate data we assume post-logging net AGB increment 

rates and mean timber price to be independent of logging intensity, 

realising that this may be unrealistic (see discussion). Details of the 

calculation are given in Table 1. 

Table 1. Description of the calculation of cost and income from logging and 

trading carbon credit in the six once-logged plots after multiple harvesting 

cycles following different harvesting intensities (35, 30, 25 and 20% of the 

initial standing volume). 

Description 

1. Volume of harvested trees (m
3
 ha

-1
) 

(i) Logged volume of trees (m
3
 ha

-1
) was calculated by multiplying the average 

predicted standing volume (m
3
 ha

-1
, the predicted standing volume before logging in 

each cycle as explained in  point 4) in the 6 once-logged plots by the logging intensities 

(i.e. 20-35% of the initial standing volume). 

 (ii) The commercial logged volume of the logged trees (m
3
 ha

-1
) in each harvesting 

cycle was estimated by using a wood utilisation rate of 65% of the logged standing 

volume (based on the logs list document of the Forestry company (Kanak 2008;2010)). 

2. Income (selling round logs, carbon) 

(i) The average commercial logged volume (CLV) price was assumed to be US$110 m
-3

 

(the exchange rate was US$ 1.0 equal to 20,000.0 VND) in the local wood market 

(Kanak 2010). The annual gross income from selling timber was calculated as 

110*CLV /30. Here 30 reflects the 30 year logging cycle. 

(ii) The average CO2 
 
price was assumed to be US$ 8.7 Mg

-1
  for Vietnam in the 
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voluntary market in 2016 (Hamrick &Goldstein 2016). The income from selling C 

credits (US$ ha
-1

) of logged trees was calculated as 0.462*AGBcredit (Mg ha
-

1
)*(44/12)*8.7, where AGBcredit is the biomass eligible to be used as basis for selling C 

credits, 44 the molar mass of CO2 (g mol
-1

), 12 the molar mass of C and  the value 0.462 

is the mean carbon content of biomass as determined in chapter 3. AGBcredit was 

calculated as the difference in logged biomass at 35% (AGBlog,35) and a lower intensity i 

(AGBlog,i i = 20, 25 or 30%): 

AGBcredit = (AGBlog,35 - AGBlog,i) 

3. Cost (management, logging cost, monitoring carbon) per ha in a logging cycle (30 

years) 

 (i) Total cost in case of logging (LC) = 45*CLV(m
3
)+10*30 

where the logging operation cost was set to an average of US$ 45 m
-3

 of commercial 

logged volume 
 
and forest management costs were an average of US$ 10 ha

-1
 year

-1
 

(Kanak 2010). 

(ii) Total cost  in case of selling C credits (CC) = 10*30 +89= 389 US$ ha
-1 

where the costs for the carbon monitoring survey were an average of US$ 89 ha
-1

 for 

South East Asia (Pearson et al. 2013)  

4. Predicted standing Volume, AGB after different logging cycles 

(i) T(i)         The remaining standing volume or AGB after a harvesting event (Mai) was calculated 

as:  

Mai = Mi * (1 – HI/100 – DR/100)  

where Mi is the volume or biomass before harvesting, HI is the harvesting rate (20-35%) 

and DR the destruction rate (additional trees were destroyed during conducting the 

harvesting activities), which was set at11.2% of the initial standing volume (m
3
 ha

-1
). 

This value was estimated by Con et al. (2007) for a forest type with its standing volume 

>200 m
3
 ha

-1
.  

 (ii) Predicted standing volume (m
3
 ha

-1
) and AGB over rotation cycles of 30 years (M(i+30)) 

just before the subsequent harvesting event were estimated by the following formula:   

Mi+30=Mai*(     )      

Where the number 30 indicates the logging cycle of 30 years. LT, the lag time, indicates 

the amount of time it takes a forest to resume positive increment rates after a logging 

event. Due to enhanced mortality rates after logging it can take up to 10 years for forests 

to resume positive AGB increment rates after logging (Putz et al. 2012). In Chapter 4 

we found that logged forests were still not exhibiting significantly positive AGB 
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increment rates 3-5 years after logging, thus we decided to set the LT value at 5 years. 

Finally, NI denotes the annual net biomass (AGB) and volume increment rates. These 

were obtained by taking the difference in the standing volumes and AGB values 

between the once-logged forests (30 years post-logging) and the twice-logged forests 

(3-5 years after logging) and dividing this difference by 25 years, which reflects the 

difference in post logging recovery between the two forest types (see Annex 3). NI for 

volume was thus set at 6.09 m
3
 ha

-1
 year

-1
 and that for AGB at 5.14 Mg ha

-1 
year

-1
. 

5.Net present value (NPV) 

 The net present value (NPV) of logging or selling carbon credits (no logging) in each 

harvesting cycle was calculated for different harvesting intensities (Boardman et al. 2006): 

Net present value (NPV) =∑
(     )

(   ) 
 
    

Where gross Bi was the income of the year i, Ci was the total cost of year i (as 

calculated under point 3), r was the discount rate (including inflation), and n was the 

harvesting year (n ranges from 1 to 30 years in each harvesting logging cycle). In these 

scenarios, the discount rate was 4.5% year
-1

 (the current rate in Vietnam), n=30 years. 

2.6 Statistical analysis 

 The first set of tests was done to determine the extent to which 

biomass dynamics and demography differed between species 

commercial type (i.e. a species being either commercial or not). This 

analysis was done for the once-and twice-logged forest plots 

separately. As the forest of different histories were sampled over 

different periods of time, we did not deem it appropriate to make 

direct statistical comparisons between them. We first compared 

whether on average commercial species were different from non-

commercial ones in a one-way ANOVA with species type as fixed 

factor. Subsequently, as DBH differed between species type and as 

some characteristics were assumed to be correlated with tree size we 

conducted an ANCOVA with these characteristics as dependent, mean 

species DBH as continuous variable and species type as fixed factor. 

 Subsequently we analysed the extent to which biomass dynamics 

of commercial species differed between tree size categories. To this end, 
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data for the different commercial species were pooled following the 

rationale that the decision of tree size is made independent of species 

(and effects of size differences between species were implicitly already 

tested in the previous analyses). We also assumed that size restrictions 

would be based on size categories. Thus, a one-way ANOVA was used to 

investigate the effect of size class (as a fixed factor) on AGB growth, net 

AGB increment (as a fixed factor) of harvested species and Bonferroni 

post-tests were done for pairwise comparisons.  

 Analyses were performed by IBM SPSS statistics version 21.0. 

3. Results 

3.1 Tree size distribution, demographics and biomass dynamics of 

commercial and non-commercial species 

 The relative abundance of commercial and non-commercial 

species depended on tree size with non-commercial species tending to be 

more abundant in classes DBH (10< /= 40 cm) and the commercial 

species being more abundant in the larger classes. These patterns were 

consistent for the plots with different logging history. In the once-logged 

plots, large trees (DBH>60 cm) accounted for 4.4% of the total stems 

(24.0±3.0 trees ha
-1

), but represented approximately 36% of total AGB 

(116.4±19 Mg ha
-1

). Within this size category, commercial species were 

dominant with nearly 63% of stems (15±4 trees ha
-1

) and 71.4% of AGB 

(83.1 ±14.2 Mg ha 
-1

). In the twice-logged plots, large trees (DBH>60 

cm) represented 3.4% and 27.6% of the stems and total AGB, 

respectively. Commercial species accounted for 66.6% of stems and 

69.7% of AGB of those large trees, significantly more than non-

commercial species (P<0.05). Overall stem densities and AGB values 

were lower in the twice-logged plots than in the once-logged plots 

(P<0.05, n= 6 plots) (Fig. 1a-d). 
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Fig.1. Stem density (stems ha
-1

) and AGB (Mg ha
-1

) per DBH size class of 

commercial and non-commercial species in the once-logged plots (a, c), and in 

the twice-logged plots (17 versus 19 species) (b, d). 

 When comparing DBH and AGB at the population level (see 

Table 2), we found that on average, trees from commercial species 

tended to be larger than those of non-commercial species but the 

difference was only significant in the twice-logged plots (Table 2). These 

results were reflected in the size distributions of Fig. 1. The mean DBH 

growth per individual (DBHind) was not different for the commercial than 

for the non-commercial species in both once- and twice-logged plots 
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(P>0.05). The  average tree-level AGB growth  (AGB-Gind ) tended to be 

higher for the commercial species than in the non-commercial but the 

difference was only significant in the twice-logged plots and marginally 

significant (p = 0.09) in the once-logged plots. AGB-Gind was positively 

correlated with DBH and when considering these effects of DBH was not 

significantly affected by species type in either forest. The relative AGB 

growth rate (i.e. growth per unit mass) was slightly higher for the non-

commercial species than for the commercial ones in the twice-logged 

forest but not in the once-logged forest plots. In the once-logged forest, 

mortality rates expressed in number of trees were significantly lower for 

the commercial than for the non-commercial species also when corrected 

for effects of DBH differences between species. But in the twice-logged 

forests these rates did not differ between species types. Notably, 

mortality rates were 3-4 times higher in the twice-logged than in the 

once-logged forest. Mortality rates expressed in terms biomass were not 

different between commerciality type in either forest. Recruitment rates 

when expressed in numbers of trees and in terms of AGB (data not 

shown), did not differ significantly between commercial and non-

commercial species in either forest type (P > 0.05). These rates also 

appeared to be higher in the twice-than in the once-logged plots (but note 

that rates were not compared statistically between forest types). 

 Finally net increment rates (AGB-Ipop, the sum of AGB gains 

through tree growth and recruitment rates, and AGB losses through 

mortality, see Eq. 6) were higher for the commercial species than for the 

non-commercial species, also when correcting for effects of DBH, in the 

once-logged plots but this difference was not significant in the twice-

logged plots. In other words, when taking total growth recruitment and 

mortality at the population level into account, commercial species 

contributed on average more to biomass increment than non-commercial 

species in the once-logged plots but not in the twice-logged plots. 
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Table 2. Demographics and biomass dynamics showing means (± standard error of mean) of commercial and non-

commercial species in the once-and twice-logged forest plots. 

Species/plots Total 

Sp 

WD 

 

(g.cm-3) 

DBH 

(in 2012) 

(cm) 

AGB size 

 

(Kg tree-1) 

DBHind 

 

(cm y-1) 

AGB-Gind 

 

(kg tree-1 y-1) 

Relative AGB 

growth  

(kg kg-1 tree-1 ) 

AGB 

mortality 

 (Kg ha-1 y -1) 

Mortality 

rate 

(% y-1) 

Recruitmen 

rate 

(% y-1) 

AGB-Ipop 

 

(kg ha-1 y-1 ) 

ONE-WAY ANOVA            

Once-logged forest            

Commercial species 17 0.64±0.03 30.3±1.98 791.6±161.2 0.38±0.02 22.8±2.1 0.05±0.002 68.3±21.8 1.07±0.12 2.4±0.28 200.2±43.2 

Non-commercial species 25 0.56±0.02 27.2±1.66 523.8±91.2 0.34±0.01 17.3±2.1 0.054±0.002 42.2±8.6 1.7±0.17 2.6±0.38 96.5±13.8 

 P-value  (*) (NS) (NS) (NS) (NS) NS (NS) (**) (NS) (*) 

Twice-logged forest 26           

Commercial species 17 0.64±0.03 28.5±1.2 763±111.7 0.44±0.02 21.7±1.3 0.06±0.003 1111.9±400.5 4.2±0.98 6.1±1.4 16.2±257.8 

Non-commercial species 19 0.56±0.02 21.±1.1 322±48.4 0.40±0.02 15.1±1.4 0.08±0.003 612.7±243.1 3.5±0.53 3.7±0.91   34.3±21.2 

P-value  (*) (**) (**) (NS) (**) (**) (NS) NS NS NS 

ANCOVA            

Once-logged forest            

 DBH      (***)  (***)  NS (***)  (***)  

Species  type  

(commercial /non-

commercial) 

     NS NS NS (*)  * 

Twice-logged forest            

 DBH      (***) (***) NS NS  NS 

Species  type  

(commercial /non-

commercial) 

     NS NS NS NS  NS 

The P-values of the species type (commercial or non-commercial) in the one-way ANOVA. ANCOVA test of the effect of DBH and species types 

(commercial and non-commercial species) on demographics. AGB-Ipop, AGB mortality rate (kg ha-1 year -1), mortality rate and recruitment rate were tested 

at population level.  (*), (**), (***) and NS indicate significant difference at P-value of 0.05, 0.01, 0.001 and non-significant, respectively. 
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3.2 The role of tree size of commercial species on biomass dynamics  

 In this section, we present the size dependency of biomass 

dynamics and demographic rates and associated biomass dynamics for 

different size categories of commercial species and the extent to which 

this differed between logging history (once-and twice-logged plots). Note 

that the data for different species are pooled. The rationale for focussing 

only on commercial species and pooling them here is the idea that 

loggers would choose the species first (dealt with in the previous section) 

and then follow a certain protocol for tree size that is the same for all 

commercial species. 

 Size dependent growth patterns of the commercial species 

differed between the once-and twice-logged plots (Fig. 2). In both forest 

types,  mean DBH growth of a tree (DBH-Gind) showed an optimum 

pattern being higher for the trees of intermediate size than for the other two 

size categories while AGB growth (AGB-Gind) was highest in the largest 

size class (61.0 kg year
-1

 tree
-1

 vs 37.0 kg year 
-1

 tree
-1

) (Fig. 2a-b).  

 When AGB losses through mortality (AGB-Mpop) and net increment 

rates (AGB-Ipop) were calculated at the population level, by considering the 

contribution of all individuals in a given size class, the pattern was 

somewhat different from that of individual tree based values. AGB-Mpop 

were much higher in the smallest than in the two larger size classes in the 

once-logged forest (Fig. 2c). In the twice-logged forest, they were higher for 

the smallest and especially intermediate size class than for the largest size 

class. In the once-logged plots, AGB-Ipop was positive (> 0) for all size class, 

but smaller size classes had higher values than larger classes (P<0.05) (Fig 

2d). The smaller classes were much more abundant which compensated for 

their lower per tree growth rates. In the twice-logged plots the pattern was 

different with the smallest and largest size classes now contributing about 

equally and the intermediate size showing a strong negative AGB-Ipop value. 
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Fig. 2. Growth rates of the commercial species in the different DBH size class 

in the once-and twice-logged plots. At the individual level (boxplots): (a) DBH-

Gind, (b) AGB-Gind. At the population level (bars): (c) AGB-Mpop and (d) AGB-

Ipop. (*), (**) and NS referred to the significant difference at P-value of 0.05; 

0.01 and a non-significant difference. The cross-tabs in the boxplots were the 

median values of the growth rates. 

3.3 Logging versus selling carbon credits 

 Here we report on the impact of different logging intensities on 

the harvested wood volume and AGB, and net present value (NPV). 

Estimated standing volume as well as AGB of the plots decreased 

following the heavy harvesting intensity of 35% over multiple 30-year 

logging cycles (Fig. 3a-b), whereas they increased when applying light 
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harvesting intensities (25 and 20%). For the medium intensity (30%), the 

stock showed a stable value over logging cycles. In other words, as 

logging intensity increased, the long-term balance between stock 

increment rates and losses through logging shifted from positive to 

negative. Even though timber stocks decreased at high intensities, taking 

a larger fraction of these smaller stocks still entailed a larger harvest, 

though the difference narrowed in time (Fig. 3c-d).     
   

  

  

Fig.3. (a) Predicted volume (m
3
 ha

-1
) and (b) predicted AGB (Mg ha

-1
) in the six 

once-logged plots recovered after harvesting cycles (every 30 years) and under 

different harvesting intensities (35, 30, 25 and 20 %); (c) harvested volume (m
3
 

ha
-1

) and (d) harvested AGB (Mg ha
-1

) were fictively extracted from these plots. 
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 Net present value (NPV) of logging (i.e. the income of selling 

logs minus management and logging operation costs) was calculated to 

decrease from US$ 1,255 to US$ 1147 ha
-1

 following a 35% logging 

intensity over each 30 year logging cycle (i.e. from cycle 2 to cycle 6) 

(Fig. 4). In contrast, with the intensity of 20%, the NPV increased from 

US$ 778 to US$ 901 ha
-1

. In the logging intensities 25 and 30% showed 

intermediate between those of 35% and 20% intensity (Fig. 4). This 

entailed that reducing the logging intensity from 35% to 30% entailed a 

loss in revenue of slightly over US$ 137 ha
-1

 in the second cycle 

declining to US$ 57 ha
-1

 in the sixth cycle. Reducing logging to 20% 

entailed a larger loss of almost US$ 477 ha
-1

 in the second cycle 

declining to almost US$ 135 in the sixth cycle. These losses in revenue 

were not compensated by selling carbon credits (Fig. 5). In the second 

cycle the NPV for selling carbon credits increased from US$ 87.6 ha
-1

 for 

reduction in logging to 30% to almost US$ 141 ha
-1

 with a reduction to 

20%. For cycle 6 these figures were US$ 17 ha
-1

 and US$ 72 ha
-1

, 

respectively. Together these figures show that for our situation about 

30% of lost revenue caused by reducing logging intensity can be 

compensated if the CO2 equivalent of trees that are spared can be sold as 

C credits. 

 

Fig.4. Net present value (US$ ha
-1

 cycle
-1

) following different logging 

intensities (i.e. 35, 30, 25 and 20%) over each logging cycle 
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Fig.5. Effect of reducing logging intensity from 35% to: (a) to 30%, (b) to 25% 

and (c) to 20% on NPV of logging (US$ ha
-1

 cycle
-1

) and selling carbon credits 

(US$ ha
-1

 cycle
-1

) following different logging cycles (from cycle 2 in 2042 to 

cycle 6 in 2162). 

 

5. Discussion 

 In this paper we addressed two aspects of selective logging: 

species choice and the size of the trees being harvested. We also assessed 

the economic effects of different logging intensities both in terms of net 

present value and the opportunity costs in terms of reducing the intensity 

of logging and selling CO2 equivalent of trees thus spared as carbon 

credits. We found that on average net biomass increment rates of 

commercial species were more positive than those of non-commercial 

species 30 years after a single logging event (note that direct biomass 

losses through logging itself are excluded), but this difference was not 

significant in a forest that had recently (3-5 years ago) been logged for a 

second time. This suggests that at least in our site, commercial species 

have the potential to be more important in terms of biomass increment on 

the longer term but that this effect may only become apparent several 

years after logging. Among individuals of commercial species, biomass 

recovery 3-5 years after logging was clearly size dependent, with the 

largest individuals showing the most positive biomass increment rates 

(Fig. 2). This points to the potential benefits of retaining at least a few 

very large individuals for biomass recovery of the forest. However, our 
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financial analysis (Fig. 5) shows that leaving such trees standing and 

selling their CO2 equivalent would entail an approximate 70% loss in 

revenue. 

5.1 The role of commercial and non-commercial species in post 

logging dynamics 

 Two important quality indicators of timber are log size and wood 

density (McConnell 2012) and are obvious traits in which commercial and 

non-commercial species are likely to differ. The former is correlated with 

tree size, and indeed individual trees of commercial species were almost 

twice as large in terms of standing biomass as individuals of non-

commercial species. This was reflected in their relatively greater presence 

in the larger DBH classes. Furthermore, for the commercial species most 

of the biomass per hectare was concentrated in large trees while the reverse 

held for non-commercial species. Demographically a relatively large share 

of big trees in a population is achieved either through rapid growth or low 

mortality rates (Caswell 2001, Zuidema et al. 2007), the two however 

often being negatively correlated (Wright et al. 2010). In absolute sense, 

growth of aboveground biomass (AGB) was higher in the commercial 

species, but relative AGB growth rate was in fact somewhat lower at least 

in the twice-logged plots. On the other hand, in the once-logged plots, 

mortality rates of commercial species were on average 70% lower than 

those non-commercial ones. While more data would need to be collected 

to draw firm conclusions, it does appear that low mortality rates may be 

contributing to the relatively large tree size of commercial species, at least 

at our site. 

 In situations where timber is used for building purposes, as is the 

case for our forest, wood density (WD) is considered a desirable 

commercial trait (e.g. Valle et al. 2007, Schulze et al. 2008, McConnell 

2012) as it correlates with strength and durability (King et al. 2006, 

Anten &Schieving 2010). In our study however, commercial species had 

on average only slightly higher WD values than non-commercial species 

(0.63 vs 0.56 g cm
-1

) and there was a clear overlap of high WD species in 
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the list of the non-commercial species. This could reflect changes in 

logging practices in Vietnam. In the past, high WD species were 

primarily sought after as these were in highest demand. But changes in 

government policy (e.g. putting higher taxes on high WD timber) (NAV 

2009) in combination with changes in the market (e.g. several light wood 

species common in forests associated with low WD, i.e. Endospermum 

chinensis (WD=0.45 g cm
-3

);  Cinnamomum bejolghota (WD=0.5 g cm
-3

) 

became more widely utilised), probably changed this preference to a 

broader range of species (Sam et al. 2007, Kanak 2012). Together these 

data suggest that currently abundance of large trees might be a more 

important selection criterion than WD to determine a commercial species. 

 In the once-logged forest, commercial species had higher rates of 

net biomass increment rates (AGB-Ipop, the difference between biomass 

increases through growth and recruitment and biomass losses through 

mortality) than non-commercial species. In other words, on average 

populations of commercial species contributed more to biomass 

increment of the forest, than those of non-commercial species. We know 

of no other studies that have done a similar comparison between 

commercial species and non-commercial species. Our findings suggest 

that at least in terms of biomass increment at our site harvesting tends to 

target the ecologically most important species. These differences are to 

some extent associated with the greater size of commercial species, as 

larger trees exhibited higher rates of AGB growth. This supports the 

notion of the importance of large trees for carbon dynamics in forests 

(Sist et al. 2014, Stephenson et al. 2014). Intriguingly, AGB loss rate 

through mortality were also higher in commercial-species than in non-

commercial species while mortality rates expressed in numbers of dying 

individuals were lower. This reflects the larger average size of dying 

individuals among commercial species, which can at least be partly 

explained by the fact that tree size was overall larger in these species. 

However, the absolute AGB mortality rates are relative small and 

account for 19% and 28% of AGB growth rate of commercial and non-

commercial species, respectively. 
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 In the twice-logged plots, AGB-Ipop values were much lower than 

in the once-logged plots (see also Chapter 4). The overall lower AGB-Ipop 

in twice-logged plots forest resulted primarily from increases in 

mortality. Enhanced mortality rates that persist several years after 

logging have been found elsewhere (Silva et al. 1995, Sist &Nguyen-

The´ 2002, Mazzei et al. 2010, Putz et al. 2012, Sist et al. 2014), and are 

likely associated with tree damage by the logging itself and potentially 

other factors such as soil compaction by heavy logging equipment (Sist 

&Nguyen-The´ 2002, Figueira et al. 2008, Mazzei et al. 2010, Sist et al. 

2014). In the twice-logged plots, AGB-Ipop values of commercial species 

was close to zero, and tended to be lower than in non-commercial 

species, though not significantly, even though AGB growth rate was 

much higher in commercial than in non-commercial species. It is notable 

that in the twice-logged plots the mean AGB losses rate (kg tree
-1

 year
-1

) 

per tree dying after logging was nearly three times as high as the non-

commercial species, while mortality rate (% year 
-1

) was almost the same 

(3.5 vs 4.2 %). This suggests that in the twice-logged forest for the 

commercial species relatively many larger trees died shortly after 

logging. This conclusion is confirmed by Fig. 2 that shows high AGB 

losses through mortality and associated negative AGB-Ipop for the 

commercial species in the intermediate size class. This could be 

associated with the fact that individuals of a given species were to some 

extent clustered, and that when a tree is felled it will likely damage a con-

specific individual rather than one from a different species. 

 Current projections of the impacts of logging on forest functions 

such as carbon sequestration and future timber yields do not consider the 

potential for replacement of valuable timber species by other non-timber 

species (Valle et al. 2007, Schulze et al. 2008). Here we show that 

commercial species may contribute more to forest carbon gain in addition 

to being more valuable for their timber. Furthermore, we show that by 

logging not only are a large numbers of individuals of these species 

directly removed from the forest, the performance of the remaining 

individuals is more negatively impacted than those of non-commercial 
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species. Such effects should be considered in sustainability assessments 

of logging scenarios.  

5.2 Economy of logging 

 In our calculation, future timber volumes and AGB values are 

negatively correlated with increasing logging intensity from 20-35%. 

This is an obvious result, as more trees are removed fewer remain for 

future growth and thus logging. The trend in our results show that at a 

logging intensity of 35% logging stocks decline. By reducing the logging 

intensity this balance shifts to stable stock at 30% and positive values at 

 Based on our estimations, it seems that 35% logging is not 20 and 25%.

sustainable at our site. 

 The potential role of maintaining large trees as a means towards 

more sustainable logging (see above), has led to the suggestion that 

compensatory payments such as the REDD+  mechanism could be used 

to encourage such practices (Sist et al. 2014). We thus assessed the 

potential economic benefits of retaining trees and selling standing carbon 

stocks and assessed whether this could compensate the loss in revenue 

caused by selling less timber. We estimated that with the current prices, 

logging and selling timber would be more profitable than receiving 

compensation from REDD
+
. For instance, in the second logging cycle, 

reducing logging intensity from 35 to 30% entails a loss in revenue of 

US$ 137 ha 
-1

 and an income from selling C credits of US$ 40, for a 

reduction to 20% these numbers are US$ 478 and US$ 141, respectively. 

In relative terms, by selling C credits only about 30% of the opportunity 

costs associated with reduced logging intensity are compensated. From 

this it can be estimated that the carbon price per Mg CO2 would have to 

increase more than three-fold to fully compensate opportunity costs. In 

other words, under current circumstances and regulations, selling carbon 

credits would on its own not be an economically viable alternative to 

logging in our forest. Even though the carbon prices very considerable 

among different projects (Peters-Stanley &Yin 2013, Hamrick 

&Goldstein 2016) they are currently not high enough compared to the 
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profit from logging. To actually reduce carbon emissions from logging, 

policies providing (financial) incentives need to be improved.   

 However, it should be noted that our biomass recovery after 

logging and thus associated long-term income are sensitive to a number 

of processes for which we assumed values in our calculations. First, we 

used post-logging volume and AGB increment rates that have been 

estimated from the differences in values in forests 3-5 years and 30 years 

post-logging, divided by 25 years. This assumes that these forests, after a 

lag-time, recover at a constant rate. This is unlikely; the recovery rates 

will probably initially be slow and then increase (Gourlet-Fleury et al. 

2013; Chapter 3 and 4). The rates that we estimated were 6.1 m
3
 ha

-1
 

year
-1

 and 5.1 Mg ha
-1

 year
-1

, respectively (see Chapter 3 and 4). The 

latter is rather high when comparing to values reported for tropical rain 

forests (Chave et al. 2008a), but might be in the range of values reported 

for forests that are recovering from logging events (Gourlet-Fleury et al. 

2013; Chapter 3). These increment rates may also be affected by logging 

intensity itself, and affect that we did not consider.  

 Second, we assumed a lag-time (the period after logging needed 

for forests to resume positive increment rates) to be 5 years, based on the 

fact that 3-5 years after logging our twice-logged forest had increment 

rates that were not significantly different from zero (see also Chapter 4). 

This lag-time was comparable to that reported by Gourlet-Fleury et al. 

(2013). Lag times in recovery occur because increased mortality rates 

that may persist for several years and thus caused losses in timber 

volume and mass may compensate or even exceed increases through 

growth and recruitment (Chapter 4). There are still relatively few data on 

these delays in recovery but they may last up to 10 years (Putz et al. 

2012). They are also likely correlated with logging intensity. Similarly, 

the collateral damage inflicted during a logging event, which we set at 

11% of standing biomass based on estimates of Vietnamese forestry 

service, are most likely positively correlated with logging intensity. 

Particularly, felling large trees imposes disproportionate damage in terms 

of killing or damaging other trees which entails an additional carbon 
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source (Clark &Clark 1996, Sist et al. 2003). In this study we did not 

consider either of these positive correlations and we may thus have 

overestimated the positive relationship between NPV of selling timber 

and logging intensity. 

 Third, the benefit of logging evidently depends on timber price, 

and this price may differ between species in a forest (e.g. from 59 m
-3

 to 

US$ 207 m
-3

 in our site). By consequence, it is likely that marginal gains 

of increasing logging intensity are initially high, as loggers first log the 

most valuable species, but then decline (Fisher et al. 2014). This would 

make reductions in logging intensity relatively more favourable. 

 Fourth, when consider logging or sparing large trees, it should be 

noted that they are often important sources of ecosystem services other 

than carbon storage (Lindenmayer et al. 2012). 

  Finally, we found net biomass increment rates may increase with 

tree size, but the current compensation of reducing carbon emission does 

not consider the amount of carbon that is accumulated by large trees if 

they are not harvested. 
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Annexes 

Annex 1: Characteristics of the study species in the six once-logged plots   

No Species 
Sp  

Code 

WD 

 

N2  

(trees/6 ha) 

Mortality rate 

(% yr
-1
) 

Recruitment  

rate (% yr
-1
) 

DBH-Gind  

(cm yr
-1
) 

AGB-Gind  

(Kg tree
-1
yr

-1
) 

AGB-Gpop 

(Kg ha
-1
 yr

-1
) 

AGB-Ipop  

(Kg ha
-1
 yr

-1
) 

1 Paramichelia braianensis 1 0.52 153 0.80 1.96 0.51 45.24 987.66 748.47 

2 Symplocos sumuntia 2 0.49 149 1.93 4.57 0.26 5.65 97.90 105.41 

3 Syzygium cuminii 2 0.66 151 1.60 2.39 0.31 14.35 294.23 135.41 

4 Syzygium zeylanicum 2 0.65 140 1.28 2.56 0.32 13.86 263.36 239.50 

5 Machilus ordoratissima 1 0.61 131 1.86 2.89 0.38 21.11 362.36 131.77 

6 Naphelium cuspidatum 1 0.79 129 0.80 3.10 0.29 17.02 289.30 310.00 

7 Polyalthia corasoides 2 0.58 108 1.47 2.21 0.32 13.83 207.51 188.50 

8 Syzygium wightianum 2 0.72 102 1.79 1.43 0.31 15.77 236.62 224.49 

9 Naphelium melliferum 1 0.64 101 1.30 1.95 0.33 14.99 214.80 184.71 

10 Dialium cochinchinensis 1 0.88 95 0.0 2.53 0.36 37.66 495.82 515.62 

11 Lipthocarpus ducampii 1 0.89 92 1.48 4.11 0.41 18.38 205.28 197.38 

12 Ormosia balansae 1 0.52 91 1.39 2.93 0.48 17.23 206.71 55.68 

13 Aglai elaeagnoidea 1 0.59 89 1.83 4.17 0.31 13.26 141.39 82.72 

14 Gironniera subaequalis 2 0.43 86 1.03 3.25 0.34 10.38 115.89 111.23 

15 Wendlandia paliculata 2 0.60 85 2.53 0.76 0.26 6.26 82.43 29.17 

16 Microcos paniculata 2 0.54 84 1.35 3.04 0.37 15.03 165.34 123.47 

17 Morus alba 2 0.45 82 1.83 1.83 0.30 11.22 130.89 82.76 

18 Lipthocarpus vestitus 1 0.56 79 1.30 1.62 0.45 23.02 264.70 114.43 

19 Sinosideroxlon Bonii. 1 0.89 60 0.68 1.82 0.28 20.40 176.81 181.85 

20 Antidesma ghasembilla 2 0.67 59 2.05 2.95 0.31 14.88 114.04 91.90 
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No Species 
Sp  

Code 

WD 

 

N2  

(trees/6 ha) 

Mortality rate 

(% yr
-1
) 

Recruitment  

rate (% yr
-1
) 

DBH-Gind  

(cm yr
-1
) 

AGB-Gind  

(Kg tree
-1
yr

-1
) 

AGB-Gpop 

(Kg ha
-1
 yr

-1
) 

AGB-Ipop  

(Kg ha
-1
 yr

-1
) 

21 Cinnamomum bejolghota 1 0.50 59 1.50 3.75 0.37 17.41 127.67 127.99 

22 Garuga pierrei 1 0.63 57 0.80 3.46 0.38 23.93 175.48 183.63 

23 Castanopsis indica 2 0.72 56 0.94 1.65 0.45 41.34 337.64 258.55 

24 Symplocos conchinchinensis 2 0.40 53 1.86 3.46 0.27 6.25 41.66 42.58 

25 Cinnamomum ovantum 1 0.55 52 1.14 0.45 0.36 14.83 123.60 112.98 

26 Prumus arborea 2 0.54 48 2.22 3.06 0.37 23.15 142.75 85.38 

27 Aglai spectabilis 1 0.65 38 1.25 0.63 0.34 27.93 167.56 116.34 

28 Alstonia  scholaris 2 0.43 41 1.83 0.91 0.50 27.68 161.44 35.64 

29 Schefflera heptaphylla 2 0.43 37 1.56 0.63 0.34 21.66 126.36 74.20 

30 Endospermum chinensis 1 0.45 35 0.42 2.50 0.61 31.93 154.30 159.44 

31 Elaeocarpus griffithii 2 0.62 32 1.85 4.17 0.41 16.68 63.94 62.19 

32 Cratoxylum sp 2 0.52 32 1.29 2.59 0.32 10.07 43.63 45.65 

33 Vitex trifolia 2 0.52 30 1.61 1.21 0.34 10.72 48.25 27.69 

34 Syzygium jambos 2 0.58 30 4.51 2.43 0.35 8.38 32.12 8.38 

35 Artocarpus nitidus 1 0.70 29 0.96 2.40 0.29 13.79 55.17 55.67 

36 Caranium  album 1 0.61 29 0.83 0.42 0.45 29.42 137.31 125.89 

37 Croton argyrata 2 0.50 28 0.46 0.93 0.35 31.89 101.00 103.50 

38 Engelhardtia roxburghiana 2 0.68 22 0.63 1.88 0.42 46.20 146.30 135.02 

39 Michelia mediocris 2 0.55 22 0.63 1.88 0.46 29.23 102.30 78.27 

40 Craibiodendron scleranthum 2 0.78 22 0.57 0.57 0.32 13.02 21.71 31.91 

41 Symplocos laurina 2 0.49 20 2.88 9.62 0.35 10.89 23.60 20.87 

42 Knema pierei 2 0.48 20 2.94 5.15 0.39 16.45 71.27 71.98 

Note: 1 are the commercial species; 2 are the non-commercial species  
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Annex 2: Characteristics of the study species in the 6 twice-logged plots   

No Species Sp 

code 

WD N2 

(trees/6 ha) 

Mortality  

rate 

(%
 
yr

-1
) 

Recruitment  

rate  

(% yr
-1
) 

DBH-Gind  

 

(cm yr
-1
) 

AGB-Gind 

 

(Kg tree
-1
 yr

-1
) 

AGB-Gpop 

 

(Kg ha
-1 

yr
-1
) 

AGB-I pop 

 

(Kg ha
-1 

yr
-1
) 

1 Paramichelia braianensis 1 0.52 62 1.61 6.45 0.61 35.39 359.8 375.9 

2 Symplocos sumuntia 2 0.49 48 4.17 14.58 0.26 6.29 48.2 58.6 

3 Syzygium cuminii 2 0.66 116 4.31 0 0.42 16.39 303.3 43.9 

4 Syzygium zeylanicum 2 0.65 132 5.3 7.58 0.39 16.02 333.8 -269.3 

5 Machilus ordoratissima 1 0.61 143 4.2 4.2 0.45 20.96 478.5 -372.9 

6 Naphelium cuspidatum 1 0.79 74 4.05 1.35 0.33 12.6 149.1 14.4 

7 Polyalthia corasoides 2 0.58 124 5.65 4.84 0.46 17.17 334.9 -79.3 

8 Syzygium wightianum 2 0.72 114 4.39 4.39 0.35 12.85 233.5 169.2 

9 Naphelium melliferum 1 0.64 53 1.89 1.89 0.35 13.58 117.7 -43 

10 Dialium cochinchinensis 1 0.88 57 3.51 5.26 0.39 28.05 257.1 185.5 

11 Lipthocarpus ducampii 1 0.89 76 7.89 5.26 0.4 21.93 255.9 -495.6 

12 Ormosia balansae 1 0.52 29 0 6.9 0.48 18.61 90.0 102.8 

13 Aglai elaeagnoidea 1 0.59 57 1.75 3.51 0.44 17.19 160.5 144.6 

14 Gironniera subaequalis 2 0.43 37 5.41 5.41 0.37 15.07 87.9 48.2 

15 Wendlandia paliculata 2 0.6 29 0 0 0.34 8.79 42.5 42.5 

16 Microcos paniculata 2 0.54 51 3.92 1.96 0.39 16.3 133.1 -13.8 

17 Morus alba 2 0.45 26 7.69 3.85 0.44 11.77 47.1 -17.5 

18 Lipthocarpus vestitus 1 0.56 30 10 3.33 0.48 19.63 88.3 -15.4 

19 Sinosideroxlon Bonii 1 0.89 20 5 5 0.29 22.07 69.9 67.2 

20 Antidesma ghasembilla 2 0.67 24 4.17 8.33 0.31 10.3 39.5 10.7 



Chapter 5 

 133 

No Species Sp 

code 

WD N2 

(trees/6 ha) 

Mortality  

rate 

(%
 
yr

-1
) 

Recruitment  

rate  

(% yr
-1
) 

DBH-Gind  

 

(cm yr
-1
) 

AGB-Gind 

 

(Kg tree
-1
 yr

-1
) 

AGB-Gpop 

 

(Kg ha
-1 

yr
-1
) 

AGB-I pop 

 

(Kg ha
-1 

yr
-1
) 

21 Cinnamomum bejolghota 1 0.5 40 10 5 0.48 16.69 100.1 -2.9 

22 Garuga pierrei 1 0.63 76 1.32 10.53 0.43 22.7 283.8 238.4 

23 Castanopsis indica 2 0.72 40 2.5 0 0.46 23.22 151.0 103.1 

24 Symplocos conchinchinensis 2 0.4 27 7.41 7.41 0.31 7.11 29.6 5.8 

25 Cinnamomum ovantum 1 0.55 38 2.63 0 0.47 20.46 126.2 49.1 

26 Aglai spectabilis 1 0.65 76 5.26 3.95 0.45 22.44 269.3 194.1 

27 Alstonia scholaris 2 0.43 19 0 5.26 0.57 23.08 73.1 79.8 

28 Schefflera heptaphylla 2 0.43 23 4.35 0 0.61 21.6 79.2 71.5 

29 Endospermum chinensis 1 0.45 23 13.04 26.09 0.68 27.54 91.8 -427 

30 Elaeocarpus griffithii 2 0.62 42 0 0 0.39 14.9 104.3 104.3 

31 Syzygium jambos 2 0.58 41 2.44 0 0.34 12.77 85.1 79.9 

32 Artocarpus nitidus 1 0.7 22 0 4.55 0.37 24.75 90.8 97.2 

33 Caranium album 1 0.61 34 0 11.76 0.52 24.45 138.6 164.3 

34 Engelhardtia roxburghiana 2 0.68 20 0 0 0.37 14.07 46.9 46.9 

35 Michelia mediocris 2 0.55 28 3.57 7.14 0.59 31.73 142.8 120.8 

36 Xanthophyllum glaucum 2 0.5 37 2.7 0 0.23 8.74 52.4 46.5 

 

Note: 1 are the commercial species; 2 are the non-commercial species 
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Annex 3: Average volume (V) and AGB increment in the six once and twice-logged plots in a 30 years logging cycle 

No Plots type Average V 

(m
3
 ha

-1
) 

Net V increment 

(m
3
 ha

-1
 yr 

-1
) 

Average AGB 

(Mg ha
-1

) 

Net AGB increment 

(Mg ha
-1

 yr 
-1

) 

1 Once-logged  385.66  327.26  

2 Twice-logged  233.27  198.61  

 Average  6.10  5.14 
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Measuring trees in the twice-logged forest 
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A commercial tree is being logged in the forest, K Bang District, Gia 

Lai province (photograph by So Pai Forest Company) 
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Chapter 6 

General discussion 

  

 Tropical forests provide a suite of ecologically and economically 

important goods, including timber and non-timber products, as well as 

environmental services. Especially, the role of tropical forests in CO2 

sequestration and thus mitigation of global warming receives increased 

interest, and is being implemented as part of international agreements and 

mechanisms (e.g. the recent Paris Climate Agreement and Reducing 

Emissions from Deforestation and forest Degradation, REDD). However, 

the mechanisms underlying forest carbon dynamics and how these relate 

to the structure and species composition of tropical forests remain poorly 

understood (Bunker et al. 2005, Keeling et al. 2008, Gourlet-Fleury et al. 

2013). Particularly, the impact of logging on forest carbon stocks, the 

subsequent carbon dynamics during recovery and how this relates to 

species choice and the intensity of tree harvesting, has so far been poorly 

investigated. This lack of knowledge is hampering the implementation of 

forest carbon sequestration into climate agreements as well as the 

development of sustainable logging regimes. 

 In Vietnam almost 40% of the land area is covered by tropical 

forest, 80% of this being natural forest (MARD 2016). Vietnam was 

chosen as one of the first pilot countries to be involved in the UN-

REDD
 
programme (www.un-redd.org). However, to date no data on 

forest carbon dynamics and how it is affected by logging exist for 

Vietnamese forests. 

 In this thesis, we developed and critically compared models for 

estimating both above and belowground biomass of an evergreen forest 

in the Central Highland region. The thus developed models were used to 

analyse biomass stocks and their dynamics in the forest. Particularly, we 

investigated post-logging biomass dynamics and the extent to which this 

depends on tree size and species demographic rates. In selective logging 

regimes, only commercial species are harvested. To assess the extent to 

http://www.un-redd.org/
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which these species are ecologically different especially as regards to 

biomass dynamics, we compared commercial species and non-

commercial species in terms of demographic rates and associated 

biomass increment. We also calculated the financial benefits from 

logging as compared to the benefits from a potential REDD mechanism. 

The main findings of the thesis are briefly described below and will be 

discussed in more detail in the following paragraphs. 

 We developed an accurate allometric model (Chapter 2) for 

estimating aboveground biomass (AGB) based on three variables: stem 

diameter (DBH), tree height (H) and wood density (WD). We similarly 

developed one of the first allometric model for estimating coarse root 

mass (RB) based on measurements of DBH and WD. Both models were 

considerably more accurate than existing foreign models (i.e. models 

based on regional or even global data sets) for tropical forests when 

applied to our forest plots. We also tested whether functional group 

specific models based on wood density would yield more accurate 

biomass estimations as compared to an aggregated model, but this was 

not the case.   

 We used the developed models to compare biomass stocks and 

dynamics at two stages of recovery following logging events: a late stage 

of once-logged forest plots (30 years after logging, the once-logged forest 

plots hereafter) (Chapter 3) and an early stage of twice-logged forest 

plots (3-5 years after logging, the twice-logged forest plots, hereafter) 

(Chapter 4). We found carbon stocks in living woody components 

(AGB+RB of trees with DBH≥ 10cm) to be much higher in the once-

logged plots than in the twice-logged plots. Carbon stocks in the non-tree 

biomass components did not differ between the once-and the twice-

logged plots, except for woody debris, which was higher in the twice-

logged plots than in the once-logged plots. In the once-logged plots, we 

found net AGB increment rates (defined as the sum of AGB growth and 

AGB of new recruited trees, minus AGB losses due to tree mortality), to 

be relative high compared to mature forests in the literature. Conversely, 

in the twice-logged forests, the net AGB increment rates were not 
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significantly different from zero, suggesting that it may take at least 3-5 

years after logging for these forests to start recovering their biomass. 

 When comparing between species with different WD, we found 

that in the once-logged plots, high WD species were positively correlated 

with tree size and AGB growth, and negatively correlated with mortality 

and relative DBH growth (Chapter 3). Together these patterns resulted in 

high WD species having higher rates of net AGB increment rates. In the 

twice-logged plots, these correlations generally were absent (Chapter 4), 

except for DBH growth, and none of the demographics were correlated 

with WD. Together these results indicate that in our forests on average 

high WD species tend to be more important for both biomass stocks and 

biomass increases than low WD species, but that (repeated) selective 

logging can change this pattern, at least temporarily. 

 Commercial species on average differed with respect to their 

demographic traits from non-commercial species (Chapter 5). On average 

populations of commercial species contributed more to forest biomass 

increment than populations of non-commercial species. Among 

commercial species, the largest trees in the largest size class collectively 

maintained positive net biomass increment rates (positive difference 

between biomass gains through growth and losses through mortality), 

while trees in other size classes exhibited negative rates. This indicates 

that leaving more of the large individuals standing could contribute to 

sustainable logging, as such trees could enhance forest biomass recovery 

after logging. However, we estimated that the potential profit of 

harvesting such trees and selling round wood under the current logging 

regime is much higher than the benefit of sparing (some of) them and 

selling the CO2 equivalent of their standing mass as carbon as carbon 

credits under the mechanism of a REDD
 
programme. Below we will 

elaborate on our findings. 

1. Estimating tropical forest biomass 

 Accurate estimates of forest biomass are important both in 

ecological studies (e.g. to elucidate mechanisms that drive forest carbon 
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dynamics) and in the light of recent climate agreements and associated 

mechanisms such as REDD. Ground based biomass estimates are 

important in this respect either to provide direct measurements or to 

calibrate or validate indirect methods based on modelling or remote 

sensing (Gibbs et al. 2007). As direct large-scale destructive 

measurements of biomass are evidently not feasible, the ground based 

measurements are generally based on so-called allometric models. These 

models use regression equations that relate oven-dried tree mass to one or 

more tree dimensions, such as diameter (DBH), height (H) and wood 

density (WD) (Brown 1997, Lima et al. 2012). However, the 

parameterization and use of allometric models is both time-consuming 

and expensive because a large number of trees need to be harvested to 

develop equations (Gibbs et al. 2007), making it urgent to consider not 

only their accuracy but also their efficiency. In this context, we discuss 

advantages and disadvantages of using locally developed models versus 

foreign (i.e. not locally developed) models based on regional or even 

pan-tropical data sets (Brown 1997, Chave et al. 2005, 2015). For local 

models, we also discuss the level of complexity that might be needed to 

accurately estimate biomass. 

1.1 Aggregated or functional group species models 

 It is not feasible to develop a model for every species to estimate 

biomass in tropical forest due to the enormous species richness that 

characterizes tropical forests (e.g. we recorded 105 species in six hectare 

of the forest which was logged about 30 years ago). Therefore, a number 

of models for multiple species (or aggregated models) have been 

developed and widely used for biomass estimations of tropical forests 

(van Breugel et al. 2011). An alternative option for single aggregated 

models is to develop single models for different groups of species based 

on their functional traits (e.g. wood density). However, the question is to 

what extent this increase in model detail would contribute to the accuracy 

of biomass estimations? We developed a model that had separate 

allometric equations for species of four different wood density (WD) 

classes, i.e. assuming that WD is a suitable proxy trait for tree functional 
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types (King et al. 2006), and compared its predictions with those 

obtained by using an aggregated model (one with a single allometric 

equation for all species). The result showed that both models were 

similarly accurate in predicting biomass at both the individual tree and 

plot level suggesting that aggregated models with three predictors of 

DBH, H and WD can be sufficiently accurate (Chapter 2). 

1.2 Parameters choice 

 Because of the costs associated with measurements, the number 

of parameters used in a model becomes an issue of concern. For example, 

some models use only DBH as a single predictor of biomass (e.g. 

Ketterings et al. 2001, Basuki et al. 2009, Lima et al. 2012), partly 

because it is relatively easy to measure. Other models combine either 

DBH and H (e.g. Kenzo et al. 2009a, 2009b) or DBH and WD (e.g. van 

Breugel et al. 2011, Fayolle et al. 2013) while the more elaborate models 

combine DBH, H and WD (e.g. Chave et al. 2005, Djomo et al. 2010). 

Obviously, the accuracy of a model depends on how many parameters it 

contains. But, in model development, model accuracy needs to be 

weighed against the cost of model development and model 

implementation. In several studies, authors provided a list of local 

models with different numbers of parameters and recommended their use 

based on the purpose of the estimate. Our analysis showed that model 

accuracy increased with the addition of WD and H as variables together 

with DBH. Hence, we selected a model with a combination of three 

predictors (DBH, H and WD) as the best fit of the estimate. 

1.3 Foreign versus local models 

 An important issue in the use of allometric models is the choice 

of local models versus foreign models (i.e. those that are not locally 

calibrated). Local models have the advantage that they are locally 

calibrated and thus more representative for the site where they are used. 

Conversely, foreign models, and particularly global models (e.g. Brown 

1997, Chave et al. 2005) tend to be based on large data sets and are 
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evidently more efficient to use as they do not require destructive local 

calibration procedures.  

 In our study, we found that foreign models generally did not 

predict biomass at our site very well, predictions ranging from 

approximately 30% overestimation (the Brown 1997 model) to 

approximately 40% underestimation of AGB (the Kenzo et al. 2009b 

model). The best fit pan-tropical model was the model of Chave et al. 

(2005) with three predictors, which showed a relative low error (nearly 

14% overestimation) at the stand level compared to our local model. 

 One of the main issues with foreign models is that, when they are 

not locally checked, one does not know the size and direction of the 

estimate error in advance. For example, even predictions made with the 

model of Chave et al. (2005), widely accepted as being one of most 

accurate models (Fayolle et al. 2013), range from up to two-fold 

overestimations (Basuki et al. 2009, Lima et al. 2012) to 30-40% 

underestimations (e.g. Henry et al. 2010) of AGB. A more recent global 

model (Chave et al. 2015)  has been found to be more accurate but was 

not considered in this thesis. 

 The accuracy of a local model strongly depends on the number of 

plants that were used to develop the model and how much their sizes 

covers the range in trees sizes in the forest under investigation. As such, 

measurements are both labour intensive and damaging to the forest which 

is often a limiting step in developing local models. Previous studies differ 

in the number of trees for model calibration, ranging from 29-346 trees  

(Ketterings et al. 2001, Basuki et al. 2009, Kenzo et al. 2009a, Kenzo et 

al. 2009b, van Breugel et al. 2011, Vieilledent et al. 2012).  Chave et al. 

(2004), (2005) suggested that the number of destructive trees should be 

more than 100 in order to guarantee a minimum level of accuracy of the 

estimate. The data set used to calibrate our AGB model, contained 300 

trees with diameters from 1.9 to 115.0 cm, which well represented the 

range found at our site, and could thus be regarded as sufficiently large 

and representative. Our study showed that the standard errors in the AGB 

estimate by the FG aggregated model were not sensitive over the range 
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from 50 to 300 destructive individuals (Chapter 2). When we used the 

same destructive samples (300 trees) for calibration and validation of our 

local models, the standard errors of the AGB estimate did not differ from 

splitting the dataset randomly, i.e. in 150 individuals for calibrating and 

150 individuals for validating the model. We suggest that splitting data 

may not be necessary when the destructive tree samples cover all tree 

sizes found in the forest. Furthermore, the number of destructive trees 

that are needed for constructing biomass models depend on type of 

forests. For instance in secondary forests, in which species composition 

is relatively equal in term of tree size and their wood density values, less 

trees may be needed. Indeed, fewer destructive trees and predictors were 

needed in model development for a mature forest (Kenzo et al. 2009b). 

 Together we argue that model choice critically depends on the 

intended use. For detailed studies where high accuracy is desired, e.g. of 

plot level biomass dynamics such as presented in Chapters 3-5, local 

models should be considered as they would likely give the most accurate 

biomass estimates. Conversely for larger scale studies at regional or 

national level e.g. in relation to estimates of carbon credits, foreign 

models would be more useful, first because proper parameterization of 

local models on such a scale is simply not feasible and second, because 

local errors may cancel each other out at larger scales (van Breugel et al. 

2011), though more work is needed to test this assertion.  

1.4 Root biomass estimates  

 Compared with the abundance of models for aboveground 

biomass estimates; there are much fewer models available for root 

biomass (RB) in tropical forests (Kenzo et al. 2009b, Niiyama et al. 

2010, Lima et al. 2012). This paucity of models for RB is understandable 

given the fact that roots of adult trees are difficult and costly to excavate 

(Niiyama et al. 2010). As a consequence, many studies used foreign 

models. For example the IPCC (2006) recommendation for moist forests 

is to assume the root/shoot ratio of trees to be 0.24 (Monkany et al. 

2006). Using our locally calibrated model we found a considerably lower 
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root/shoot ratio of about 0.19, indicating that the IPCC (2006) 

recommended approach would lead to about 20% overestimation of RB. 

 However, proper parameterization of an RB allometric model is 

difficult. Owing to difficulties associated with excavating large root 

systems, sample trees for RB allometric are normally small, and given 

the plant size dependence of root/shoot ratios (Poorter, Lourens et al. 

2012), such small-tree based models may be inaccurate in estimating root 

mass of larger trees. In our study, root biomass was destructively 

measured for 40 trees (diameter from 10.7 to 46.8 cm), belonging to 25 

species to develop the RB model. This number is low compared to the 

typical recommendation of using > 100 trees for parameterization of a 

model (Chave et al. 2005) and much less than the 300 trees (belonging to 

45 species) that we sampled to develop the AGB model. Unlike the more 

recent models for AGB estimate, RB models normally only use DBH as 

an independent parameter (Kenzo et al. 2009b, Niiyama et al. 2010, Lima 

et al. 2012). The underlying assumption is that a large tree with a wide 

stem requires large amounts of water and nutrients and therefore a large 

root system. While this focus on DBH makes models easier to use, it may 

be less accurate. Particularly WD could improve accuracy as WD of 

stems is likely to be correlated with WD of roots. In our study, addition 

of stem WD to DBH as a second descriptor indeed significantly 

improved the accuracy of the model to estimate both AGB and RB. As 

with the AGB model, the effort associated with parameterization 

increases with the number of descriptive parameters. It should be noted, 

however, that unless only RB is estimated, which is relatively rare, the 

same measurements of DBH, WD and/or height that are used to 

determine AGB can also be used to determine RB. Thus, in this respect 

the level of detail would be similarly constrained for both models. 

 Another issue involved in measuring RB is the extent to which 

excavation can be fully done. Usually finer root elements break off and 

remain in the soil during excavation. Using an ingenious allometric 

approach, Niiyama et al. (2010) estimated that this could be as much as 

23%. Our RB model may therefore have underestimated RB, and if this 
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margin would apply to our sampling, our root shoot ratio would be close to 

0.24 consistent with the value recommended by IPCC (2006). Finally it is 

also worth noting that roots are a relatively small fraction (~ 20%) of total 

biomass, implying that even a 20% error in estimating RB translates in only 

a 4% error in estimating total tree mass. We thus suggest that for RB 

estimates, the use of a constant ratio (IPCC 2006) is a reasonable option for 

predicting RB, unless the research interest is primarily in root mass itself. 

2. Forest biomass dynamics in different recovery stages after logging 

 Even though the time that forests take to recover from selective 

logging is in order of decades (Putz et al. 2012) very few studies (see 

Gourlet-Fleury et al. 2013) exist that have analysed this long-term post 

logging biomass dynamics. Most of the studies have focussed on the 

early stages of recovery (mostly<10 years after logging) (Figueira et al. 

2008, Mazzei et al. 2010, Sist et al. 2014). Here, we compared forest 

biomass and biomass dynamics at an early recovery stage (3-5 years 

post-logging) of twice-logged forest and a late recovery stage (~30 years 

post-logging) of a once-logged forest. 

 Trees in the early stage of recovery (i.e. 3 or 5 years after 

logging), exhibited higher DBH growth rates than those in the late stage 

of recovery (i.e. 30 years after logging). This was most probably due to 

increases in light availability (Figueira et al. 2008). In our forest, logging 

entailed the removal of 40-45% of the standing volume (including both 

logged trees and trees that are directly killed by the logging process) 

which causes a considerable opening up of the canopy and this increases 

growth especially that of light demanding species (Sist &Nguyen-The´ 

2002, Gourlet-Fleury et al. 2013). However, this increment of DBH 

growth did not compensate for the lower tree density and smaller size in 

the twice-logged plots, such that biomass growth (Mg ha
-1

 year
-1

) was 

higher in once-logged forest (Chapter 4). This result is somewhat 

contrary to Mazzei et al. (2010)  who found that AGB growth rates (Mg 

ha 
-1 

year
-1

) in an early recovery forest (3-5 years post logging) were 

nearly twice as high as in un-disturbed forest (note that comparisons are 

somewhat different; late vs early recovery here and undisturbed vs early 
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recovery in their study). Evidently the effects of logging may vary and 

likely depend on environmental factors such as soil fertility and species 

composition (i.e. the presence of light demanding species). 

 In the twice-logged forest, tree mortality rates (both in terms of 

numbers of trees and AGB losses) were 2.5-3.0 times higher than in the 

once-logged forest and are likely an aftereffect of logging. Such strongly 

elevated mortality rates after logging have been reported in other studies 

(Mazzei et al. 2010, Sist et al. 2014) and may persist for up to 10 years 

(Putz et al. 2012). They are probably associated with the fact that felling 

and transport of harvested trees damages other trees as well (Putz et al. 

2012). In addition, the use of heavy machinery may cause soil 

compaction, which could also have a damaging effect on trees (Dykstra 

&Heinrich 1996, Johns et al. 1996, Sist. P 2000). Biomass losses through 

these enhanced mortality rates come on top of the direct losses caused by 

harvesting itself. In this study, we were not able to assess biomass 

dynamics in undisturbed forests, and thus post-logging mortality rates 

cannot be compared to values for undisturbed forest. 

 The difference between biomass increases through growth and 

losses through mortality are roughly equal to the net increment of biomass 

in the forest (recruitment needs to be accounted for as well but is usually 

negligible in terms of biomass). In the late stage of recovery (i.e. 30 years 

after the first logging), we reported high AGB growth rates (8.3 Mg ha
-

1
year

-1
), which is within the range of values reported for mature tropical 

forests (0.6 and 12.0 Mg ha
-1

 year
-1

) (Malhi et al. 2011). But, AGB losses 

through mortality were very low (2.67 Mg ha
-1

 year
-1

) compared to values 

obtained for undisturbed tropical forests (e.g. from 3.57 to 8.41 Mg ha
-1

 

year
-1

 in the study of Chave et al. (2008a)) and this resulted in net AGB 

increment (total AGB growth and AGB of recruited trees minus AGB 

through tree mortality) that were outside of the range reported for un-

disturbed mature forests (Chapter 3). However, it was comparable to the 

mean increment rates of 8.03 Mg ha 
-1 

year
-1

 during the first 24 year 

recovery in an African forest (Gourlet-Fleury et al. 2013). This suggests 
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that high AGB increment rates may persist during the fairly long time 

following a selective logging event. 

 In the twice-logged forests, net AGB increment rates were 

between -2.2 and 3.1 Mg ha
-1

 year
-1

, respectively, i.e. close to zero. These 

results clearly indicate that it may take up to five years after logging for 

forests at our site to gain positive biomass increment rates. That is, 

biomass recovery is strongly delayed after logging as a result of 

persistent high mortality in the early stages. Furthermore, the high AGB 

growth and net AGB increment rate in the late recovery stage of once-

logged forest suggest that 30 years after logging, the forest is still in a 

recovery phase. Gourlet-Fleury et al. (2013) found that while African 

forests could recover their biomass, they did not recover the harvestable 

logging volume in 24 years after logging. Currently the Vietnamese 

harvesting protocol stipulates a logging cycle of 30 years, indicating that 

the once-logged forest plots would be eligible for logging (in fact the 

forests at our site were being logged again). We suggest that harvesting 

intensity and harvesting cycles need to be reconsidered thereby avoiding 

harvesting trees from forest plots that are still in a phase of rapid biomass 

recovery. More data on multi-decadal patterns of post-logging biomass 

dynamics are urgently needed in this regard. 

3. The role of species WD in AGB dynamics in different recovery 

stages after logging 

 Forest biomass dynamics and the effects of logging thereupon is 

partly determined by the species composition of the forest as species may 

differ in growth and biomass related traits. We analysed the extent to 

which species demographic rates and biomass dynamics were correlated 

with their wood density (WD). WD is positively correlated with the level 

of shade tolerance and negatively correlated with growth at high light 

(King et al. 2006, Anten &Schieving 2010) and is often used as an 

indicative trait of shade tolerance (Muller-Landau 2004). In addition, as 

noted above variation in WD is important in determining forest biomass. 

Thus, while we realised WD does certainly not give a complete picture of 

plant functionality (Wright et al. 2010), we used it here as a first proxy 
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that does combine important aspects of plant eco-physiology, carbon 

sequestration and timber value. 

 In the once-logged forest, both mortality rates and low relative 

DBH growth rate were negatively correlated with species WD, a finding 

that is consistent with other studies (Muller-Landau 2004, King et al. 

2006, Kraft et al. 2010, Wright et al. 2010, Iida et al. 2012). Low WD 

species tend to be more light demanding and this tends to be associated 

with faster growth; hence the general assumption is that low WD species 

should also produce more biomass than high WD species. However, very 

few studies measured this (Keeling et al. 2008). Contrary to this notion, 

we found a higher wood production in high WD species than in low WD 

species, both when growth was expressed for a mean individual tree of a 

given species and when growth of all individuals (DBH > 10 cm) of the 

species found in our plots was cumulated (i.e. population-level growth, 

Chapter 3). The same was observed for net AGB increment rate (i.e. the 

sum of AGB growth rate and new AGB of recruited trees rate minus 

AGB losses from mortality, kg ha
-1

year
-1

); we found a higher net AGB 

increment rate in higher WD species than in lower WD species (Chapter 

3). The population level values of a given species in turn can be viewed 

as the contribution that a species makes to the biomass dynamics of the 

forest community as a whole indicating their contribution to ecosystem 

functioning. Our results therefore show that at our site high WD species 

contributed on average more to forest net growth (also denoted net 

primary productivity, NPP) than do low WD species. 

 This pattern however was markedly different in the early recovery 

plots that were logged for a second time. Here, we did not find significant 

correlations between the species demographics that associate with 

biomass (at both individual and community level) and WD, except for 

the absolute DBH growth rates that were higher for lower WD species 

(Chapter 4). Two factors probably contributed to the absence of the 

patterns that we had observed in the once-logged forest. First, low WD 

species being light-demanding, benefitted more in terms of growth from 

the increased light availability. Second, as noted in the twice-logged 
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forest mortality was strongly determined by logging damage, which 

probably affected species more or less randomly independent of their 

functional traits. In other words, the negative correlation between WD 

and mortality that was found in the once-logged plots was no longer 

apparent in the twice-logged plots where mortality was now more 

randomly determined. 

4. The role of commercial species in carbon dynamics  

 In tropical countries, timber is extracted from the forest through 

selective logging, which entails that only trees of certain species and of 

certain size are harvested (Edwards &Laurance 2013). Typically this 

entails that a relatively small number of species and of those species only 

individuals above a given diameter are harvested as these are the trees 

with the highest commercial value (Arets 2005, Edwards &Laurance 

2013). However, the very traits that one would associate with 

commercial value species, e.g. high wood density, large size and rapid 

growth are also traits that tend to be associated with ecological functions, 

particularly carbon uptake, as already partly discussed above. This 

therefore raises the question to what extent commercial species are 

ecologically different from species that are non-commercial?. While 

comparing the full ecology of all these species categories evidently goes 

beyond the scope of a single PhD thesis, we addressed the question (i) 

How do commercial species differ from non-commercial species in terms 

of demography and biomass dynamics? (ii) To what extent are 

demographic rates and associated biomass increment of commercial 

species dependent on tree size? (iii) When reducing logging intensity, to 

what extent can benefits of selling the CO2 equivalent of the thus spared 

trees as C credits compensate for the opportunity costs in terms lost 

revenue from selling timber? 

 To answer these questions, we determined size, wood density and 

several demographic rates for 17 commercial species and 25 non-

commercial species of in the late recovery stage (30 years) of once-

logged forest and the same number of commercial species and 19 of the 

25 non-commercial species in the early recovery stage (3-5 years) of 
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twice-logged  forest (Chapter 5). For the once-logged forest, we found 

that on average, commercial species differed from non-commercial 

species. Trees of commercial species tended to be larger than those of 

non-commercial species but the difference was only significant in twice-

logged forest. In the once-logged forest commercial species had higher 

rates of net biomass increment rates (AGB-Ipop, the difference between 

biomass increases through growth and recruitment and biomass losses 

through mortality) than non-commercial species. In other words, on 

average populations of commercial species contributed more to biomass 

increment of the forest, than those of non-commercial species. This 

indicated that commercial species tended to be more important in terms 

of net carbon uptake than non-commercial species. This suggests two 

things: first, at least in terms of carbon uptake selective logging might be 

focussing on ecologically the most valuable species; second, 

economically valuable species are not representative for the forest 

community as is implicitly assumed in some studies (Schulze et al. 2008, 

Amissah 2014). 

 Our results also indicate that these differences between 

commercial and non-commercial species may change during post-

logging recovery. There was a trend that commercial species exhibited 

stronger increases in mortality and as a result exhibited lower net 

biomass increment than non-commercial species in the first years after 

logging. This suggests that by current selective logging regimes, not only 

a large number of stems of commercial species was directly removed 

from the forest, but a relative larger number of remaining individuals 

were also negatively affected by logging than in the non-commercial 

species. Such secondary effects should be taken into account when 

considering which species to harvest. 

 As noted above, in addition to species choice selective logging 

regimes are characterized by regulations about the size of trees to be 

logged. Typically this entails that only trees above a certain size can be 

logged. From a commercial perspective, this is logical as large trees tend 

to produce the largest and most valuable logs. However, the ecological 
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implications of such regulations have not been considered in detail 

particularly as little data are available about the post-logging biomass 

recovery of individual trees and its relation to size (Mazzei et al. 2010, 

Sist et al. 2014). In this study, we found that in the twice-logged plots 

small and medium sized trees (all trees with DBH 10-60 cm) exhibited 

negative net biomass increment rates. Conversely, trees larger than 60 cm 

DBH had positive increment rates. Even though these results are based 

on only one year of data, they do point to the potential importance of 

leaving (at least some) very large trees standing. Large trees have been 

noted to play important ecological roles in the forest, e.g. providing food 

and habitat for many organisms (Lindenmayer et al. 2012). Here we 

show in line with suggestions made elsewhere (Sist et al. 2014, 

Stephenson et al. 2014), that they can play a disproportionately large role 

in post-logging biomass recovery as well. We do however also 

emphasize the need for more long-term data to verify whether this is a 

more general phenomenon. 

5. Enhancing forest recovery after logging 

 As discussed, we found that total forest biomass as well as 

biomass dynamics after logging differed between species and between 

trees of different size. The results of the study would be useful for forest 

management in Vietnam, especially in the context of the REDD+
 

programme in which Vietnam currently participates. In this section, we 

propose some recommendations in order to enhance forest biomass 

recovery in Vietnamese tropical forest after logging. These suggestions 

also point to the main weaknesses of the current logging protocol in term 

of carbon sequestration and recommend for mitigating the negative effect 

of selective logging on forest biomass accumulation.  

5.1 Recommendations for the current logging protocol 

 The maximum current harvesting intensity is about 35% of the 

initial standing volume. With an additional volume of about 11% being 

directly destroyed during logging processes (Con et al. 2007) this sums 

up to a total reduction of about 46% after logging (for our forest we 
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calculated this to be equivalent to about 42% of the initial above ground 

biomass). These loss rates are higher than those reported for other 

continents (e.g. ~25% reported for Amazonian forest (Mazzei et al. 

2010), but comparable to the rates reported for other parts of South-East 

Asia (Putz 1997, Berry et al. 2010, Saner et al. 2012). The difference 

between South-East Asia and other parts of the tropics in this regard, is 

probably associated with the greater uniformity of timber quality across 

species, particularly in Dipterocarp forests (Sist et al. 2003, Griscom et 

al. 2014) and thus a larger fraction of species are being harvested. This 

large volume is combined with a focus on the largest individuals of 

species that tend to contribute most to biomass increment. In order to 

mitigate the negative effect of harvesting on forest biomass, several 

actions can be taken: 

 - Reduce the current maximum harvesting intensity of 35% and pay 

attention to logging techniques (e.g. tree felling direction) aim to mitigate tree 

damage during and after logging (i.e. Reduced Impact Logging). 

 - Leave some very large trees (i.e. 5-7 trees ha
-1

) standing. These 

are the ones with important ecological functions (Mazzei et al. 2010, Sist 

et al. 2014) and as we showed maintained positive biomass increment 

also in very early recovery forest. We also however note that more long-

term data are needed to more accurately assess the role of large trees in 

biomass recovery. 

 - Reconsider the length of logging cycles. The current 

Vietnamese logging protocol stipulates that forests can be harvested 

every 30 years. But the high net biomass increment rates that we found 

for such forests suggests that they are in a steep part of the recovery 

phase (though a full chronosequence would be needed to elucidate the 

exact shape of the recovery). If this is indeed the case longer recovery 

times might be required, at least at the current logging intensities. 

5.2 Recommendations for assessing carbon credits  

 Regarding the financial feasibility, an alternative solution of 

generating income from forests is selling carbon credits for example via 
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REDD+ projects.  This could be a feasible solution if the income that is 

generated from selling carbon credits is comparable to that generated 

through logging. Our study however showed that this may not be the case 

at least in our forest (Chapter 5). We analysed the scenario that the CO2 

equivalent of the trees that are spared by reducing the maximum level of 

logging from the current 35% to 20, 25 or 30% could be sold as carbon 

credits. We however showed that in our forest this choice would entail an 

economic loss. That is, only about 30% of the lost revenue caused by not 

selling timber could be compensated by selling carbon credits (Chapter 

5). For the financial benefits of selling carbon credits to be equal to those 

of selling timber in our forest, the carbon price would need to be 

increased more than three-fold. However, the carbon prices are unlikely 

to reach such high values in the near future (Peters-Stanley &Yin 2013, 

Fisher et al. 2014). 

6. Recommendations for future forest biomass research in Vietnam 

 Several of the methods used in this study were based on 

assumption or may have produced errors that likely influenced the 

outcomes of this study. Here we list the major ones.  

 Firstly, in root biomass model (Chapter 2), we were not able to 

collect all small roots of the excavated sample trees, therefore part of the 

roots were left in the forest. This may have resulted in underestimations 

of root biomass. The only study that we know of that estimated the 

amount of roots left behind after excavation (Niiyama et al. 2010) came 

to a value of roughly one quarter (23%). However this amount is likely to 

depend on rooting depth as well as soil type, i.e. shallow rooting systems 

on sandy soil would be easier to excavate completely than deep ones on 

clay soil. It is therefore necessary that more studies like the one of 

Niiyama et al. (2010)  are conducted to determine the level of variation in 

fraction of roots left behind. 

 Secondly, we had only one year data for the biomass dynamics in 

the twice-logged forests, which is rather short for a study on forest 

dynamics. Furthermore, these data were not collected in the same year as 
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those from the once-logged forest, for which we had eight years of data. 

We therefore refrained from making direct statistical comparisons 

between forest types. Generally the use of chronosequences (i.e. 

comparisons of different forest plots of different ages) has been criticised 

as local conditions can differ (e.g. Breugel et al. 2007, Chazdon et al. 

2007). The most accurate assessments of long-term logging effects on 

forest dynamics would therefore be to measure the same plots before and 

after logging and then to follow these for several decades. 

 Studies that have measured forest biomass dynamics that used long-

term permanent multi-decadal plots are rare and almost absent for post-

logging recovery periods. An example for using permanent plots is the study 

of  Gourlet-Fleury et al. (2013) in  a 24 years selectively tropical forest in 

Africa. In Vietnam, one hundred permanent plots, which represent different 

forest types, have been established in the whole country during the period of 

2000-2015 under the National forest inventory project 

(http://www.FIPI.vn/forest inventory outputs) in which measurements are 

conducted every five-years. However, those plots are only used to determine 

stand volume, forest structure and forest growth with simple calculations and 

outputs. Moreover, due to the weakness of the data sharing mechanism among 

responsible agencies in Vietnam, these data, therefore are hard to access for 

conducting comprehensive studies on forest dynamics. 

 As noted above, in other to increase our understanding about 

forest biomass as well as the role of species on forest biomass dynamics 

in Vietnam, more permanent plots are needed where detailed and reliable 

biomass estimates are collected. We suggest that, those permanent plots 

under the National forest inventory project need to be used for forest 

dynamics research and other related studies. Besides that, short-term 

plots, which have been commonly developed under different forest 

research projects in Vietnam, e.g. the six plots in the early-recovery 

forest in our, need to be maintained. 
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Summary 
 

 About 31 percent of the total land area in the world, just over 4 

billion hectare, is covered by forest. Of this, 35% is tropical forest. 

Tropical forests play a key role in the global carbon cycle by storing 

about 45% of the carbon stored in all forest ecosystems worldwide. 

Changes in their carbon stocks and dynamics will have major 

implications for the global climate. A substantial fraction of the tropical 

forest is currently designated for permanent timber production, often 

under some kind of selective logging regime that imposes restrictions on 

the size, species and/or number of trees that are harvested. Currently, 

poorly planned selective logging however constitutes one of the major 

causes of forest degradation and associated carbon emissions in the 

tropics. Yet knowledge of the drivers of forest biomass dynamics and 

how it is impacted by logging is still poorly understood. 

 The amount of carbon stored as biomass in tropical forests may 

differ considerably both between and within regions. In forest 

ecosystems, carbon is mainly stored in living biomass in standing trees 

(both above and belowground) and soil organic matter, while a relatively 

small amount is stored in woody debris (dead trees and tree parts). One 

of the major challenges in research on carbon dynamics in tropical forests 

involves the quantification of biomass and carbon stocks. Tree biomass is 

typically estimated using allometric models that use tree stem diameter 

(DBH) and often also tree height (H) and/or wood density (WD) as 

independent variables. The accuracy of these models is debated, 

particularly with respect to the use of models specific to local forests, 

versus regional or global models for which model parameters were not 

locally determined. An additional problem is that most models are only 

applicable for aboveground biomass (AGB) and do not quantify root 

biomass (RB), and most studies thus focus on AGB only, even though 

RB can constitute up to 30-40% of total tree mass.  

 Biomass dynamics in forests are driven by the amount of standing 

biomass on the one hand and per individual rates (species specific) of 

growth, recruitment and mortality on the other. These demographics vary 
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greatly among forests, between and within regions. This is largely 

because of the large diversity that exists in environmental conditions and 

species composition both within and among tropical forest stands. 

Interspecific differences in growth and mortality rates for instance are 

strongly driven by differences in their functional traits but these trends 

and how they are affected by logging are poorly understood. 

 Species commercial value and minimum harvestable tree size are 

important determinants in selective logging designs in tropical forests. 

However, the role of species and their size in biomass dynamics, and thus 

their contribution to post-logging forest recovery is still largely unknown. 

 In this thesis I developed local allometric equations for estimating 

AGB and RB based on destructive sample trees in an evergreen forest in 

Vietnam. I combined this model with detailed forest inventories to 

determine demographic rates and biomass dynamics of commonly 

occurring species (42 species) in two types of evergreen tropical forest 

plots:  one set has been logged once around 1980 (once-logged plots) and 

the others were logged a second time around 2010 (twice-logged plots). 

At the species level I investigated correlations between demographic 

rates and wood density (WD, amount of wood dry mass per green 

volume). WD is considered a reasonable proxy for the functional type of 

a species (e.g. it being shade tolerant or light demanding) and it is a 

quality characteristic for logged wood. I also compared demographic 

rates and biomass dynamics of commercial and non-commercial species. 

Finally I compared the potential economic benefit between logging and 

selling carbon credits (e.g. under a REDD+ initiative). 

 The thesis consists of six chapters, including the introduction 

(Chapter 1) and a general discussion (Chapter 6). Details of the other 

chapters are presented below: 

 In chapter 2, allometric equations for aboveground biomass 

(AGB) and root biomass (RB) based on 300 (of 45 species) and 40 (of 25 

species) sample trees respectively, in an evergreen forest in Vietnam 

were developed. The biomass that was estimated by using these local 

models was compared to that estimated with regional and pan-tropical 

models. For AGB, I also compared local models that distinguish 
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functional types to an aggregated model, to assess the degree of 

specificity needed in local models. Besides diameter at breast height 

(DBH) and tree height (H), wood density (WD) was found to be an 

important parameter in AGB models. Existing pan-tropical models 

resulted in up to 27% higher estimates of AGB, and overestimated RB by 

nearly 150%, indicating the greater accuracy of local models at the plot 

level. The functional group aggregated local model which combined data 

for all species, was as accurate in estimating AGB as functional type 

specific models, indicating that a local aggregated model is the best 

choice for predicting plot level AGB in tropical forests.  

 In chapter 3, I determined changes in biomass and carbon stock 

in the six ha permanent plots in the once-logged evergreen forest from 

2004 to 2012, a period representing the last eight years of a 30 year 

logging cycle (the once-logged forest plots). At the forest level, I 

addressed AGB dynamics rates, such as average AGB growth, AGB 

recruitment and AGB losses through tree mortality. Across the species, 

we found a negative relationship between WD and mortality rate, WD 

and DBH growth rate, and a positive relationship between WD and tree 

standing biomass. Standing biomass in turn was positively related to 

AGB growth, net AGB increment at both the individual and population-

level (the difference between AGB increases through tree growth and 

recruitment, and losses through mortality).  

My findings support the view that high wood density species contribute 

more to total biomass than low wood density species in tropical forests. 

Maintaining high WD species increases biomass recovery and carbon 

sequestration after logging. Therefore, selective logging regimes should 

consider variation in WD between species. 

 In chapter 4, I determined biomass and carbon stocks and 

dynamics in different forest components in the early recovery stages (2-

3 years and 4-5 years)  after the second cycle of selective logging 

(twice-logged forest) and assessed the extent to which, at the species 

level, demographic rates were correlated with WD. Overall, total carbon 

stocks in living trees (AGB+RB) accounted for about 40% of the total 

carbon stocks; soil carbon content (SOC) constituted the largest fraction 

(between 50-60%) of the total carbon stock. There was a general trend 
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for the living carbon fraction being larger and dead fraction being 

smaller in the 4-5 year recovery plots than in the 2-3 year recovery 

plots. Demographic rates did not differ significantly between these 

plots, except for mortality rate (% year
-1

) which was higher in the 2-3 

years recovery plots than the 4-5 year recovery plots. Overall biomass 

increment at the forest level was not significantly different from zero, 

suggesting that post-logging biomass recovery at our site was delayed 

by 3-5 years. At the species level, individuals with high WD had on 

average higher biomass and slower DBH growth than those of low WD 

species. But AGB growth and mortality were not significantly 

correlated with WD. Also population level AGB increment was not 

correlated with WD. These results contrast with those for once-logged 

30 year post-logging forest where AGB growth and increment rates 

were positively correlated with WD (Chapter 3). My findings indicate 

that selective logging can significantly impact not only biomass 

increment of forests but also the relationship between demographic 

rates and WD. I argue that such effects need to be further investigated 

and considered in designing logging schemes. 

 In chapter 5, I analysed size dependency of key demographic rates 

and associated biomass dynamics of commercial and non-commercial 

species in forest plots in once- and twice-logged forests. I found that 

commercial species exhibited higher net biomass increment than non-

commercial species at the population level in the once-logged forests, but 

not in the twice-logged forest. This indicates that in our plots commercial 

and non-commercial species are different in terms of growth dynamics. 

Among commercial species in the once-logged forest, net biomass 

increment rates were positive and this increased with tree size. In the 

twice-logged forest only trees in the largest size category (DBH > 60 cm) 

exhibited positive increment rates while smaller trees had negative rates 

(more mass lost through mortality than gained through growth). Thus, 

preserving more large trees may be an efficient means towards biomass 

recovery. But the economic analysis shows that economic benefits of 

logging such trees is considerably larger than sparing them and selling 

carbon credits. Together my results point to the need to reconsider species 

choice and size restriction in selective logging designs. 
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Tóm tắt kết quả nghiên cứu 

  

Khoảng 31 phần trăm diện tích trên trái đất, tương đương khoảng 

hơn 4 tỷ ha, được che phủ bởi rừng. Trong số đó, khoảng 35% là rừng 

nhiệt đới. Rừng nhiệt đới có vai trò quan trọng trong chu trình car-bon 

bởi vì chứa đựng khoảng 45% lượng car-bon được chứa đựng trong hệ 

sinh thái rừng trên toàn thế giới. Sự thay đổi về trữ lượng và động thái 

car-bon sẽ tác động đến biến đổi khí hậu toàn cầu. Một diện tích lớn rừng 

nhiệt đới hiện tại được thiết lập cho mục đích sản xuất gỗ, thường được 

khai thác bởi phương thức khai thác chọn theo đó được giới hạn bởi kích 

thước, loài cây, số lượng cây được khai thác. Hiện tại, sự nghèo nàn 

trong việc lập kế hoạch tron khai thác chọn, đã dẫn đến nguyên nhận 

chính của suy thoái rừng, từ đó liên quan trực tiếp đến phát thải car-bon ở 

các nước nhiệt đới. Tuy nhiên, những hiểu biết về động thái sinh khối 

trong rừng và những tác động do khai thác vẫn còn nghèo nàn về thông 

tin. 

 Car-bon được lưu trữ dưới dạng sinh khối trong rừng nhiệt đới và 

rất khác nhau trong một khu vực và giữa các khu vực trên Trái đất, trong 

hệ sinh thái rừng, car-bon được lưu trũ chủ yếu trong sinh khối cây đứng 

(cả trên mặt đất và dưới mặt đất), ở trong đất, và lượng nhỏ được lưu trữ 

ở các thân cây, cành cây và các bộ phận của cây đã chết trên mặt đất 

rừng. Thách thức, khó khăn nhất khi nghiên cứu động thái sinh khối và 

trữ lượng car-bon trong rừng nhiệt đới là lượng hóa được sinh khối và trữ 

lượng car-bon. Sinh khối của cây rừng thường được xác định bằng sử 

dụng mô hình (hay còn gọi là phương trình) sinh khối qua các biến số là 

đường kính ngang ngực (DBH), chiều cao cây (H) hoặc khối lượng thể 

tích gỗ (WD) như là biến độc lập. Độ chính xác của các mô hình sinh 

trưởng vẫn đang được thảo luận, cụ thể là sử dụng mô hình lập cho khu 

rừng cụ thể (phạm vi không gian hẹp) hay là mô hình cho vùng (không 

gian lớn hơn) hoặc mô hình chung (cho tất cả khu vực trên Thế giới) do 

các biến số không được xác định cho khu rừng đó. Một vấn đề khó khăn 

nữa đó là hầu như các mô hình đều được xác lập để xác định sinh khối 
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trên mặt đất (AGB) và rất ít cho sinh khối dưới mặt đất (RB) của cây 

rừng, và hầu hết các nghiên cứu đều tập trung vào sinh khối trên mặt đất, 

mặc dù sinh khối dưới mặt đất (RB) chiếm lớn nhất lên đến 30-40% tổng 

sinh khối của cây rừng.  

 Động thái sinh khối trong rừng được dẫn dắt bởi số lượng sinh 

khối cây đứng, hay nói cách khác là của các cá thể cây rừng về các nhân 

tố như sinh trưởng, tái sinh, cây chết và các nhân tố khác. Các nhân tố 

sinh trưởng rất khác nhau trong và giữa các vùng/khu vực. Sự khác nhau 

đó là sự đa dạng lớn về các điều kiện môi trường và thành phần loài trong 

và giữa các lâm phần rừng nhiệt đới. Sự khác nhau về tỷ lệ sinh trưởng 

và tỷ lệ chết được dẫn dắt bởi biến động quần thể và xu hướng đó bị ảnh 

hưởng thế nào do khai thác vẫn còn thiếu thông tin, nghiên cứu. 

Giá trị thương mại của loài cây và cỡ đường kính khai thác tối 

thiểu là tiêu chí quan trọng để lựa chọn thiết khai thác trong khai thác 

rừng nhiệt đới. Tuy nhiên, vai trò của loài cây và kích thước của chúng 

về động thái quần thể và sự đóng góp của chúng đối với quá trình phục 

hồi rừng sau khai thác vẫn còn khoảng trống lớn. 

 Trong khuôn khổ của Luận văn này, chúng tôi xây dựng phương 

trình sinh khối cho khu vực cụ thể để xác định sinh khối được dựa trên 

các cây mẫu được chặt hạ trong một rừng tự nhiên thường xanh ở Việt 

Nam. Chúng tôi đã kết hợp dùng phương trình sinh khối đã được xây 

dựng, trên cơ sở điều tra chi tiết khu rừng để xác định các chỉ tiêu về 

quần thể và động thái sinh khối của 42 loài cây phổ biến tại hai lâm phần 

thường xanh nhiệt đới: một là khu rừng được khai thác lần đầu tiên 

khoảng năm 1980, hiện nay đã phục hồi khoảng 30  năm (gọi là phục hồi 

sau khai thác lần 1) và khu rừng khai thác lần thứ hai xung quanh năm 

2010, phục hồi được 2-4 năm (gọi là rừng khai thác lần 2). Ở mức độ 

loài, chúng tôi khảo sát mối quan hệ giữa các chỉ tiêu đặc trưng cho quần 

thể (như sinh trưởng, tăng trưởng về sinh khối, kích thước cây, tỷ lệ sinh, 

tỷ lệ chết...) với khối lượng thể tích gỗ (WD, khối lượng gỗ trên đơn vị 

thể tích, g cm
-3

). Khối lượng thể tích gỗ được xem như là một chỉ tiêu 

phù hợp để phân chia nhóm loài cây (ví dụ loài cây chịu bóng hoặc ưu 

sáng) và nó còn là đặc tính đánh giá chất lượng gỗ. Chúng tôi còn so 
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sánh các chỉ tiêu đặc trưng quần thể và động thái quần thể của loài cây 

thương mại (cây hay khai thác) và không thương mại (cây ít được khai 

thác). Cuối cùng, chúng tôi so sánh khả năng về lợi nhuận kinh tế giữa 

việc khai thác cây rừng (lợi nhuận tu được từ bán gỗ) với giữ các cây đó 

lại và bán tín chỉ car-bon (ví dụ dưới sáng kiến REDD+). 

 Luận văn bao gồm 6 Chương, bao gồm cả Chương giới thiệu 

chung (Chương 1) và Chương Thảo luận chung (Chương 6). Chi tiết các 

Chương được trình bày cụ thể sau đây: 

 Chương 2: Phương trình sinh khối cho rừng tự nhiên thường 

xanh ở Việt Nam để xác định sinh khối cây rừng (trên mặt đất, và dưới 

mặt đất) được xây dựng dựa trên số liệu đo đếm của 300 cây ngả (thuộc 

45 loài), trong đó 40 cây ngả (25 loài) cho xây dựng phương trình ước 

lượng sinh khối cây bộ phận dưới mặt đất. Tiếp theo đó Chúng tôi dùng 

phương trình sinh khối đã xác lập để ước lượng sinh khối của cây rừng 

tại khu vực nghiên cứu và so sánh với sinh khối được ước lượng trên cơ 

sở các phương trình sinh khối hiện có (phương trình cho khu vực và  

phương trình cho vùng nhiệt đới, do các tác giả đã nghiên cứu). Đối với 

xác định sinh khối cây rừng (bộ phận trên mặt đất), chúng tôi còn so sánh 

giữa phường trình chung (cho tất cả các loài) với phương tình cho nhóm 

loài mà chúng tôi xây dựng được và đánh giá tính chính xác của các 

phương trình. Bên cạnh đường kính ngang ngực (DBH) và chiều cao vút 

ngọn (H), khối lượng thể tích (WD) được xác định và cho là một thông 

số/biến số quan trọng trong phương trình. Kết quả cho thấy, phương trình 

sinh khối chung cho rừng nhiệt đới khi ước lượng sinh khối sẽ cao hơn 

tối đã khoảng 27% đối với sinh khối trên mặt đất và khoảng 150% đối 

với sinh khối dưới mặt đất, từ đó thấy rằng độ chính xác cao khi sử dụng 

phương trình sinh khối cho khu rừng cụ thể (ở mức độ ô đo đếm). Đối 

với phương trình sinh khối chung được lập cho tất cả loài cây ở khu vực 

nghiên cứu được đánh giá là chính xác so với phương trình được lập cho 

từng nhóm loài cây (theo khối lượng thể tích gỗ), từ đó kết luận rằng 

phương trình sinh khối chung cho nhóm laoì cây là sự sự chọn tốt để ước 

lượng sinh khối rừng nhiệt đới khu vực nghiên cứu ở mức độ ô tiêu 

chuẩn.  
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 Chương 3, Chúng tôi xác định sự biến động về sinh khối và trữ 

lượng car-bon tại 6 ô tiêu chuẩn định vị ở đối tượng rừng phục hồi sau 

khai thác lần thứ nhất (năm 1980), từ năm 2004 đến 2012, đại diện cho 8 

năm cuối cùng của cả giai đoạn 30 phục hồi của chu kỳ khai thác (sau 

đây gọi là rừng khai thác lần 1). Tại mức độ lâm phần, Chúng tôi xác 

định chỉ tiêu phản ánh động thái sinh khối trên mặt đất của cây rừng, cụ 

thể như: sinh trưởng, tái sinh và mất do cây chết. Ở mức độ loài cây, 

chúng tôi tìm thấy quan hệ nghịch biến giữa khối lượng thể tích gỗ (WD) 

với tỷ lệ chết, sinh trưởng đường kính, và đồng biến giữa khối lượng thể 

tích gỗ với sinh khối cây đứng. Sinh khối cây đứng quan hệ đồng biến 

với sinh trưởng, tăng trưởng sinh khối ở cả mức độ cá thể và quẩn thể 

(tăng trưởng sinh khối quần thể là kết quả của sinh trưởng sinh khối, sinh 

khối cây tái sinh và sinh khối mất đi do cây chết).  

 Kết quả nghiên cứu đã củng cố cho quan điểm là loài cây có khối 

lượng thể tích gỗ cao đóng góp nhiều hơn về sinh khố so với loài cây có 

khối lượng thể tích gỗ thấp trong rừng nhiệt đới. Việc duy trì loài cây có 

khối lượng thể tích gỗ cao sẽ làm tăng tốc độ phục hồi về sinh khối và tíc 

lũy car-bon sau khi khai thác. Vì thế, phương thức khai thác chọn cần 

phải được cân nhắc giữa các loài cây về khía cạnh khối lượng thể tích gỗ. 

 Chương 4, Chúng tôi xác định sinh khối, trữ lượng car-bon và 

động thái car-bon ở thành phần khác nhau trong hệ sinh thái rừng ở giai 

đoạn rừng mới phục hồi sau khai thác (2-3 năm và 4-5 năm) ở chu kỳ 2 

của rừng khai thác chọn và đánh giá ở mức độ loài các chỉ tiêu đặc trưng 

về động thái quần thể có quan hệ như thế nào với khối lượng thể tích gỗ. 

Nhìn chung, tổng trữ lượng car-bon (bộ phần trên và dưới mặt đất) của 

cây đứng chiếm khoảng 40% tổng trữ lượng car-bon của hệ sinh thái 

rừng; car-bon chứa trong đất rừng chiếm tỷ lệ lớn nhất (từ 50-60%) tổng 

trữ lượng car-bon. Về xu hướng chung, car-bon trong cây đứng ở rừng 

phục hồi (sau 4-5 năm) lớn hơn ở rừng phục hồi (2-3 năm) và cây chết thì 

thấp hơn. Các  chỉ tiêu về quần thể không khác nhau giữa  rừng phục hồi 

(4-5 năm) và rừng (2-3 năm) sau khai thác, trừ tỷ lệ cây chết lớn hơn ở 

rừng phục hồi (2-3 năm) sau khai thác. Nhìn chung, tăng trưởng sinh 

khối ở mức độ lâm phần (tấn sinh khối/ha/năm) gần như bằng không 
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(sinh khối tạo mới và sinh khối mất đi do cây chết là tương đương), từ đó 

kết luận là sau khai thác 3-5 năm, sinh khối của rừng không tăng thêm. Ở 

mức độ loài, cá thể có khối lượng thể tích gỗ lớn thì có sinh khối lớn hơn, 

tuy nhiên tăng trưởng thấp hơn cây có khối lượng thể tích gỗ nhỏ về 

đường kính. Tuy nhiên, sinh trưởng về sinh khối và tỷ lệ chết không có 

quan hệ khối lượng thể tích gỗ. Tương tự ở mức độ quần thể, tăng trưởng 

về sinh khối (tấn/ha/năm) cũng không có quan hệ với khối lượng thể tích 

gỗ.  Các kết quả này đối lập với ccác kết quả khi nghiên cứu đối với khu 

rừng phục hồi 30 năm sau khai thác ở chu kỳ 1 mà ở đó sinh trưởng và 

tăng trưởng về sinh khối có quan hệ đồng biến với khối lượng thể tích gỗ 

(Chương 3). Kết quả nghiên cứu đề cập rằng phương thức khai thác chọn 

trong rừng nhiệt đới có ảnh hưởng không những tới tăng trưởng sinh 

khối, mà còn có ảnh hưởng đến quan hệ giữa chỉ tiêu quần thể với khối 

lượng thể tích gỗ. Chúng tôi khuyến nghị rằng những ảnh hưởng như vậy 

của khai thác chọn cần được tiếp nghiên cứu, đánh giá cân nhắc trong khi 

thiết kế khai thác chọn rừng tự nhiên. 

 Chương 5, Chúng tôi phân tích sự phụ thuộc của một số chỉ tiêu 

đặc trưng về động thái quần thể chính và sự liên hệ với động thái sinh 

khối của loài cây gỗ thương mại (có giá trị thương mại lớn trên thị 

trường, hay được lựa chọn khi khai thác) với loài cây gỗ không thương 

mại trong rừng nhiệt đới phục hồi khoảng 30 năm sau khi khai thác ở chu 

kỳ thứ nhất. Chúng tôi thấy rằng loài cây gỗ thương mại thể hiện tăng 

trưởng sinh khối cao hơn loài cây không thương mại ở mức độ quần thể ở 

rừng phục hồi sau khai thác chọn ở luân kỳ thứ 1, tuy nhiên khổng thể 

hiện ở rừng phục hồi sau hiện khai thác ở luân kỳ 2. Điều đó cho thấy, ở 

khu rừng nghiên cứu, loài thương mại và loài không thương mại khác 

nhau về động thái sinh trưởng. Trong các loài thương mại ở rừng phục 

hồi sau khai thác ở luân kỳ thứ nhất, tăng trưởng sinh khối tăng đồng 

biến với kích thước về sinh khối của cây (kg/cây). Tuy nhiên, ở rừng 

phục hồi sau khai thác ở luân kỳ thứ 2, chỉ có cây kích thước lớn (đường 

kinh > 60 cm) thể hiện tương quan này, trong khi đó cây kích thước nhỏ 

lại thể hiện quan hệ nghịch biến (sinh khối mất đi do cây chết nhiều hơn 

sinh khối tạo được qua sinh trưởng). Do vậy, việc để lại càng nhiều cây 

có kích thước lớn có thể rất hiệu quả cho sự phục hồi sinh khối của rừng. 
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Tuy nhiên, phân tích về kinh tế cho thấy lợi nhuận từ việc khai thác gỗ 

lớn hơn đáng kể so với để lại cây đó thông qua việc bán tín chỉ car-bon. 

Cùng với kết quả đó cho thấy sự cần thiết phải cân nhắc giới hạn/yêu cầu 

trong việc lựa chọn loài cây và kích thước của chúng trong thiết kế khai 

thác chọn. 
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Samenvatting 

Ongeveer 31% van het mondiale landoppervlak, iets meer dan 4 

miljard hectare, bestaat uit bos. Hiervan is 35% tropisch regenwoud. 

Deze bossen spelen een belangrijke rol in de koolstofkringloop omdat 

ongeveer 45% van alle koolstof die opgeslagen is in bosecosystemen, 

vastgelegd is in tropische bossen. Veranderingen in deze opslag en 

bosdynamiek hebben grote gevolgen voor het mondiale klimaat. Een 

substantieel deel van het tropische bos is momenteel bestemd voor 

houtproductie en bevindt zich onder een bepaald selectief kapregime. 

Vaak worden er regels gesteld aan het kappen van bomen van een 

bepaalde grootte en soort, en aan het aantal bomen dat wordt gekapt. 

Helaas wordt deze vorm van houtkap vaak slecht uitgevoerd, met 

bosdegradatie en verhoogde koolstofuitstoot als gevolg. De kennis over 

bosdynamiek en hoe dit wordt beïnvloedt door houtkap is nog beperkt. 

 De hoeveelheid koolstof die opgeslagen is als biomassa in het 

tropisch bos verschilt tussen en binnen gebieden. In bosecosystemen is de 

meeste koolstof opgeslagen in levende bomen (zowel boven- als 

ondergronds) en bodemorganisch materiaal, terwijl een relatief klein 

gedeelte opgeslagen is in dood hout (o.a. dode bomen). Een van de grote 

uitdagingen in het onderzoek naar de dynamiek van het bos en dus de 

koolstofopslag, is het kwantificeren ervan. De biomassa van bomen wordt 

meestal berekend met behulp van allometrische vergelijkingen waarin de 

diameter van de boom (DBH) en vaak ook boomhoogte (H) en 

houtdichtheid (WD) zijn opgenomen als onafhankelijke variabelen. De 

nauwkeurigheid van deze formules wordt betwist, vooral wanneer 

generieke formules worden toegepast op lokale schaal. Een bijkomend 

probleem is dat de meeste formules alleen bovengrondse biomassa (AGB) 

berekenen en niet de wortelmassa (RB) waardoor de meeste studies zich 

alleen richten op de bovengrondse massa, terwijl de wortelmassa wel 30-

40% van de totale massa van een boom kan omvatten. 

Biomassadynamiek in bossen wordt gedreven door de 

hoeveelheid staande biomassa enerzijds, en de individuele 

soortspecifieke snelheden van groei, regeneratie en mortaliteit 

(demografie) anderzijds. Deze demografie kan sterk variëren, zowel 

tussen als binnen bossen. Dit komt vooral door de grote diversiteit in 
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leefomstandigheden en soortensamenstelling. Interspecifieke verschillen 

in groei en mortaliteit worden bijvoorbeeld sterk beïnvloedt door 

verschillen in functionele eigenschappen, maar over deze trends en hoe 

deze worden beïnvloedt door houtkap is nog niet veel bekend. 

De commerciële waarde van soorten en de minimale grootte 

waarbij bomen gekapt mogen worden zijn belangrijke factoren bij 

selectieve houtkap in tropische bossen. Echter, de rol van de boomsoort 

en de grootte in de demografie van het bos, en dus de bijdrage hiervan 

aan het bosherstel na de kap, is nog grotendeels onbekend. 

Tijdens dit promotieonderzoek heb ik lokale allometrische 

vergelijkingen ontwikkeld die de AGB en RB van bomen berekenen. 

Deze zijn gebaseerd op destructieve monsters die genomen zijn in een 

bos in Vietnam. Ik heb deze modellen gecombineerd met 

bosinventarisaties om de demografie en de biomassadynamiek van de 42 

meest voorkomende soorten te bepalen in 2 soorten plots: sommige plots 

waren eenmaal gekapt omstreeks 1980 en sommige waren voor een 

tweede keer gekapt omstreeks 2010. Op soortsniveau heb ik onderzocht 

of er relaties waren tussen de demografie en houtdichtheid (WD, 

hoeveelheid droge houtmassa per volume). WD wordt gezien als een 

geschikte proxy voor de functionele eigenschappen van een soort 

(bijvoorbeeld of het schaduwsoorten of lichtminnende soorten zijn) en 

het is een kwaliteitskenmerk voor gekapt hout. Ik heb ook de demografie 

en biomassadynamiek van commerciële en niet-commerciële soorten 

bekeken. Tenslotte heb ik het potentiele economische voordeel van 

kappen afgezet tegen de mogelijke verdiensten wanneer koolstofcredits 

verkocht wordt (onder een fictief REDD+ initiatief).  

Dit proefschrift bestaat uit 6 hoofdstukken, inclusief een 

introductie (hoofdstuk 1) en een algemene discussie (hoofdstuk 6). De 

overige hoofdstukken worden hieronder beschreven: 

In hoofdstuk 2 wordt beschreven hoe de allometrische vergelijkingen 

voor bovengrondse biomassa (AGB) en wortelmassa (RB) zijn ontwikkeld op 

basis van 300 gekapte bomen (van 45 soorten) voor AGB, en 40 gekapte 

bomen (van 25 soorten) voor RB. De biomassa die berekend werd door deze 

formules is vergeleken met de biomassa die werd berekend door generieke 

modellen. Voor AGB heb ik ook lokaal ontwikkelde modellen die 
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onderscheid maken tussen functionele types vergeleken met een geaggregeerd 

model, om te bepalen hoeveel mate van detail er nodig is voor een lokaal 

model. Naast DBH en boomhoogte, was ook houtdichtheid een belangrijke 

factor in deze AGB modellen. Bestaande generieke modellen gaven 

schattingen die tot 27% hoger waren dan de werkelijke AGB en ze 

overschatten de wortelmassa zelfs met 150%, wat aangeeft dat lokaal 

ontwikkelde modellen nauwkeuriger zijn op plotniveau. Het geaggregeerde 

model waarin data voor alle soorten gecombineerd waren, was net zo 

nauwkeurig in het berekenen van AGB als een model waarin functionele 

types werden onderscheiden, wat aangeeft dat een geaggregeerd lokaal 

ontwikkeld model het meest geschikt is om op plotniveau AGB te berekenen. 

In hoofdstuk 3 heb ik veranderingen in biomassa en 

koolstofopslag in 6 permanente plots van elk 1 ha in het eenmalig 

gekapte bos bepaald in de periode 2004-2012. Dit waren de laatste 8 

jaren van een kapcyclus van 30 jaar. Op bosniveau heb ik de AGB 

dynamiek, zoals gemiddelde AGB groei, AGB aanwas en AGB verlies 

door mortaliteit, bepaald. Op soortsniveau vonden we een negatieve 

relatie tussen WD en mortaliteit, en tussen WD en DBH groeisnelheid. 

We vonden een positieve relatie tussen WD en staande biomassa. 

Staande biomassa was positief gerelateerd aan AGB groei en netto AGB 

toename (het verschil tussen groei, regeneratie en mortaliteit), zowel op 

individueel als populatieniveau. Mijn bevindingen laten zien dat soorten 

met hoge houtdichtheid meer bijdragen aan de totale biomassa van het 

bos dan soorten met lage houtdichtheid. Het behouden van soorten met 

hoge WD leidt tot een sneller herstel van biomassa en koolstofopslag na 

houtkap. Bij selectieve kap zou er daarom rekening gehouden moeten 

worden met variatie in WD tussen soorten.  

In hoofdstuk 4 heb ik de biomassa, koolstofopslag en de dynamiek 

hiervan bepaald voor verschillende componenten in een bos dat een tweede 

kapronde had ondergaan (2-3 en 4-5 jaar na de tweede kap). Tevens heb ik 

op soortsniveau bepaald in hoeverre de demografie gerelateerd was aan de 

WD. De totale hoeveelheid koolstof in levende bomen (AGB+RB) bevatte 

ongeveer 40% van de totale hoeveelheid koolstof; de koolstof in de bodem 

(SOC) bevatte het grootste deel (tussen 50 en 60%) van de totale 

hoeveelheid. Zowel in de 2-3 jaar oude plots als in de 4-5 jaar oude plots 

was de fractie koolstof in levende massa iets lager dan in dode massa. 
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Demografie verschilde niet tussen de plots, behalve voor mortaliteit (% per 

jaar). Deze was hoger in de 2-3 jaar oude plots dan in de 4-5 jaar oude plots. 

Biomassatoename op bosniveau was ongeveer nul, wat betekent dat het 

herstel in ons bos vertraagd was met minimaal 5 jaar. Op soortsniveau 

hadden individuen met hoge WD gemiddeld een hogere biomassa en lagere 

DBH groei dan die van soorten met lage WD, maar AGB groei en 

mortaliteit waren niet gerelateerd aan WD. Ook op populatieniveau was 

AGB toename niet gerelateerd aan WD. Deze resultaten staan in contrast 

met wat we vonden voor het eenmalig gekapte bos 30 jaar na de kap, waar 

AGB groei en toename positief gerelateerd waren aan WD (hoofdstuk 3). 

Mijn bevindingen suggereren dat selectieve kap niet alleen een significante 

impact kan hebben op toename van biomassa in een bos, maar ook op de 

relaties tussen demografische factoren en WD. Ik pleit ervoor dat zulke 

effecten verder onderzocht worden en dat ze een rol moeten spelen wanneer 

er plannen voor houtkap worden gemaakt. 

In hoofdstuk 5 heb ik voor demografische factoren en de 

daarmee samenhangende biomassadynamiek van commerciële en niet-

commerciële soorten bepaald in hoeverre deze afhankelijk zijn van 

boomgrootte. Dit heb ik gedaan in een eenmalig gekapt bos en in een bos 

waarin tweemaal was gekapt. Het bleek dat op populatieniveau de 

commerciële soorten een hogere netto biomassatoename lieten zien dan 

de niet-commerciële soorten in het eenmalig gekapte bos, maar niet in 

het tweemalig gekapte bos. Dit betekent dat in ons bos commerciële en 

niet-commerciële soorten verschillen in termen van groeidynamiek. Van 

commerciële soorten in het eenmalig gekapte bos was de netto 

biomassatoename positief en dit nam toe met boomgrootte. In het 

tweemalig gekapte bos lieten alleen de grootste bomen (DBH>60cm) 

positieve toenames zien terwijl kleinere bomen negatieve waardes 

hadden (dus meer massa verloren door mortaliteit dan gewonnen door 

groei). Dus, het behouden van meer grote bomen kan een effectieve 

maatregel zijn om biomassaherstel te bevorderen. Echter, de 

economische analyse laat zien dat de financiële voordelen van het kappen 

van deze grote bomen aanzienlijk groter zijn dan ze te laten staan en de 

koolstofcredits ervan te verkopen. Bij elkaar genomen laten mijn 

resultaten zien dan de keuze van soorten en de minimale grootte waarop 

gekapt kan worden, een rol moeten spelen bij het plannen van houtkap.  
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