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ABSTRACT 

 

Biomass conversion to biofuel is a renewable energy option being considered as 

an alternative to fossil fuel combustion because of its potential to offset greenhouse gas 

emissions through carbon (C) sequestration into soil.  This study examined the C stocks 

and dynamics of a Eucalyptus grandis plantation located in Hawaii. The study had two 

objectives: 1) To assess the C resources in the plantation, including live biomass C and 

soil C stock, and 2) To determine the potential for soil C sequestration, by measuring 

changes in both total soil C stock and C pool sizes. Overall soil C stock in the E. grandis 

plantation was significantly higher than that of the pasture, however, the distribution of C 

with depth and among C pools with different rates of turnover varied.  These results 

demonstrate that soil has the capacity to provide a long-term carbon offset within a 

renewable biofuel production system. 
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CHAPTER 1.  BACKGROUND AND INTRODUCTION 

 
Biofuel and Carbon Accounting 
 As global climate change progresses, the search for ways to offset greenhouse gas 

enrichment of the atmosphere is intensifying. Alternative energy sources are being 

examined and considered as replacements for fossil fuel for this reason.  The conversion 

of biomass to biofuel is one of these alternatives, as its use may help to mitigate climate 

change (Mitikka, 2004).  The advantages of biofuel production are that it is renewable 

and its production may emit less net CO2 and other greenhouse gases than fossil fuel 

does.  However, in order to determine if the latter is indeed the case, investigation into 

the entire biofuel system must occur.  Carbon (C) accounting is a useful tool that can be 

used to assess the potential of biofuel as an alternative energy source.  All C inputs and 

outputs are quantified and recorded, and this account can then be compared with other 

energy sources, or within types (feedstocks, management regimes) of biofuel systems.   

 The C balance forms an integral part of a life-cycle analysis (LCA), an analysis 

performed in order to understand the entire system and its inputs and outputs.  The U.S. 

Environmental Protection Agency (EPA, 2011) defines a LCA as “a technique to assess 

the environmental aspects and potential impacts associated with a product, process, or 

service, by: compiling an inventory of relevant energy and material inputs and 

environmental releases; evaluating the potential environmental impacts associated with 

identified inputs and releases; [and] interpreting the results to help you make a more 

informed decision”. Decisions about what type of feedstock to grow, how and when to 

harvest, and what type of conversion process should be used can all be informed by a 

LCA.   

 Since the growth of a biofuel feedstock removes CO2 from the atmosphere, its use 

can reduce greenhouse gas emissions when compared to fossil fuels (Searchinger et al., 

2008; Cherubini et al., 2009).  For this reason, biofuel production is often considered a C 

neutral process, as the release of CO2 during the conversion to energy by combustion is 

offset by the initial growth process (Cherubini et al., 2009).   However, land use change is 

often associated with biofuel growth, and can be responsible for a very large part of the C 

debt in the system (Sheehan 2009; Searchinger et al., 2008; Fargione et al., 2008).  A 

large portion of this C debt can occur due to disturbance to the soil C pool, through tilling 

and/or harvest.   

Globally, soil contains more C than above ground vegetation and the atmosphere 

combined (Lal, 2008, Schlesinger, 1997.) Thus, any disturbance to this C pool can have 

proportionally large effects on the C balance of the entire system (Cherubini et al, 2009).  

For example, disturbance from tilling can disrupt protection mechanisms such as 

aggregation and cause increased loss of soil C from the system (Post and Kwon, 2000).  

Therefore, management practices, including tilling and harvesting methods, must be 

examined when assessing the advantages and disadvantages of a biofuel system.  Some 

studies have found that afforestation with Eucalyptus increased soil C sequestration, 

especially when combined with minimum tillage (Lima, et al., 2006). Martens, et al. 

(2003) observed a mean gain of 29% in soil carbon with afforestation of pasture land, 

likely due to improved aggregation in soil not disturbed by tillage, because aggregation 

protects soil C from decomposition by making it physically unavailable to microbial 
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decomposers. Thus, land use change can lead to positive or negative changes to the soil C 

pool, dependent upon management practices. 

 

The Need for Biofuel Research in Hawai‘i 
The State of Hawai‘i and the Hawaiian Electric Company (HECO) are both very 

interested in biofuel research and use.  The Hawai‘i Clean Energy Initiative (HCEI) states 

a goal of 40% of the state’s energy to come from renewables by 2030 (Hawaii Clean 

Energy Initiative, 2012).  This doubles the amount of renewables currently required by 

the Renewable Portfolio Standard Law (HECO Future Energy Agreement, 2008).  

Biofuels will most likely be a large part of the renewable energy mix.  In 2009, HECO 

completed construction of the 110 MW Campbell Industrial Park Generating Station, 

which will be fueled entirely by biodiesel.  Furthermore, HECO plans to convert 

“existing fossil fuel generators to renewable biofuels, ultimately using crops grown 

locally and in a sustainable manner (HECO Future Energy Agreement, 2008). HECO is 

currently “seeking long-term contracts for biofuels from feedstocks grown in Hawai‘i” 

(HECO, Biofuel Activities as of May 2012). 

 

Eucalyptus grandis as a Biofuel Feedstock 
 There are many choices available for biofuel feedstock, ranging from algae to 

grasses to hardwoods.  This study focuses on the use of Eucalyptus grandis as the biofuel 

feedstock.  E. grandis is being considered for use as a biofuel feedstock due to its high 

yield, good stem form, high wood density, and its resistance to pests and disease 

(Rockwood et al., 2008; Simmons et al., 2008).  E. grandis is also attractive for use as a 

biofuel as it can be grown and harvested in short rotation, has low lignin content, and is 

adapted to growth in the tropics (Hinchee et al., 2009). On the island of Hawai‘i, there are 

approximately 230,000 acres suitable for growing E. grandis as a biofuel feedstock 

(Whitesell, et al, 1992).   Of these, ranch land and abandoned land are considered suitable 

sites for E. grandis plantations (Whitesell et al., 1992; Poteet, 2006).  The site for this 

study is a monoculture of E. grandis located on the Island of Hawai‘i.  The land was 

previously used for pasture, and is currently surrounded by same.  As such, this site 

allows for investigation of the effects of afforestation on the C balance with a land use 

change from pasture to E. grandis. 

 This study is primarily concerned with examining the effects of afforestation on 

the soil C stock and dynamics, however, above and below ground biomass is also 

quantified to provide an inventory of C stock in the E. grandis plantation and 

demonstrate the magnitude of the soil C resource particularly at these sites.  To quantify 

above and below ground biomass, allometric equations were used.  Studies on E. grandis 

have been conducted in Hawai‘i (Kaye et al., 2000; Dudley & Fownes, 1991; Schubert et 

al., 1988), and as these studies are often site and species specific, the equations built by 

Schubert et al. were determined to be the best choice for the estimation of above ground 

biomass in this study.  Below ground biomass is estimated as a percentage of above 

ground biomass (Saint-Andre et al., 2005, Misra et al., 1998, Greenhouse Challenge 

Vegetation Sinks Workbook in the Commonwealth of Australia, 1999). 
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Soil Carbon 
The effect of land use change on the soil C stock can be large and may tip the 

balance of sustainability for the entire biofuel system.  Thus, including quantification of 

this stock in the potential C sequestration of the plantation is imperative. The soils 

present at this study site inherently contain a large amount of C, due to their mineralogy.  

They are ash-derived Andisols containing amorphous minerals and hydrated oxides such 

as allophane, imogilite and ferrihydrite which have large surface area and variable charge 

leading to a high capacity of these soils to bond with organic matter (Torn et al., 1997).  

The overall C stock of the soil is determined by the balance between C entering the soil 

from above and below ground biomass contributions and C exiting the soil due to 

decomposition and C mineralization (Kögel-Knabner et al., 2008).  

The mechanisms that lead to soil C sequestration are those that protect the C from 

exiting the soil through decomposition and/or mineralization, such as protection within 

soil aggregates, chemical bonding between organic C and minerals, and inherent 

chemical resistance due to molecular composition of certain substances (Sollins et al., 

1996).  Aggregation protects soil C by making it inaccessible to microbial decomposers 

(Sollins et al., 1996), and if these aggregates are not physically disturbed, their presence 

leads to lasting stabilization of soil C (Six et al., 2000b).  Organo-mineral bonding occurs 

when soil organic matter sorbs strongly to mineral surfaces (Kleber et al., 2007), which 

leads to a decrease in biodegradability of this soil C pool and thus a longer turnover time. 

Iron oxide surfaces and amorphous minerals, such as those present in the soils 

investigated here, are important sorbents for organic matter (Kogel-Knabner, 2008, 

Kramer et al., 2012).  The third mechanism for soil C protection, that of inherent 

chemical resistance, refers to the molecular structure of substances such as aliphatic 

compounds and lignin-derived aromatic carbons that are resistant to decay by their very 

nature (Mikutta et al., 2006). Recently, the role of recalcitrance in soil organic matter 

stabilization has been minimized in favor of the more physical protection mechanisms of 

aggregate stability and organo-mineral interactions (Kleber, 2010, Schmidt et al., 2011). 

 

Soil Fractionation 
In order to elucidate these protection mechanisms, a comparison of three common 

soil fractionation methods was conducted with the goal of creating a fractionation method 

optimal for the type of soils present at this study site. The resulting fractions from these 

three methods were analyzed for C content, and isotope analysis was performed and used 

to calculated mean residence time, an indication of the average time a C molecule has 

resided in the soil.  In this way, the soil fractions were related to turn-over time and C 

sequestration potential.   
The Sollins method is a density cut method in which soil is sequentially separated 

into fractions with a high density solution (Sollins et al., 2006).  The more labile, newly 

introduced C is found in the lightest fraction, while the more stable, older and longer-

lasting C is found in the denser organo-mineral fractions (Sollins et al., 2006).  This 

method was found to be useful in separating between the lightest, short-term material and 

the denser, minerally-driven and more recalcitrant fractions, but it did not directly explore 

the role of aggregation in soil C stabilization.  The Golchin method was therefore 

performed on these soils (Golchin et al., 1994).  This method uses ultra-sonication to 
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break up soil aggregates, after separating out the lightest fraction. The ultra-sonication 

frees the C that is physically protected by the aggregation process, the occluded fraction. 

The separation between the light fraction and the occluded fraction was found to be 

informative, as the light fraction contained much newer C than the occluded fraction (<1 

year vs. hundreds of years).  The Six method of soil fractionation, which separates the 

soil into macro and micro aggregates, was also tested for incorporation into the new 

optimized method (Six et al., 2002a).  This method resulted in large losses of C during 

the fractionation procedure but did indicate that there may be more C present in macro 

aggregates in the E. grandis plantation soil than in the pasture soil.   

The comparison of these three methods led to the creation of an optimized 

fractionation method (Crow and Reeves in preparation).  This method separates the soil 

into five fractions:  the light fraction (<1.8 g/mL), the occluded light fraction (< 1.8 g/mL 

after ultrasonic disruption with ≈150 J/mL), and three sequential density fractions (1.8 – 

2.0 g/mL, 2.0 – 2.4 g/mL, and >2.4 g/mL).  The light fraction represents newly 

incorporated organic matter with turnover times on the annual to decadal scale, while the 

occluded light fraction is that fraction that is protected within aggregates, and has a 

turnover time on the centennial scale.  The sequential density fractions have turnover 

times that increase along with density from the centennial to millennial scale.  These 

turnover times were validated by 
14

C based mean residence time (MRT) using a one-pool 

steady-state model.  MRT in the light fraction was 3-5 years, while that of the occluded 

was 200-300 years.  The 1.8-2.0 g/mL fraction MRT was 100-200 years, increased to 

400-700 years in the 2.0-2.4 g/mL fraction, and was 800-1500 years in the >2.4 g/mL 

fraction. An initial comparison of land uses: native forest, pasture and E. grandis, showed 

that the optimized method successfully isolated C pools with different C sequestration 

potential and was sensitive to changes in soil C pools due to land use change. 

Soil C content does not only differ in which functional pools it occurs in, but is 

known to differ with depth in the soil profile. Different types of vegetation have 

dissimilar rooting depths, leading to changes in the distribution of root exudate soil C 

along with depth (Joggaby and Jackson, 2000; Powlson et al. 2011).  There may also be 

different mechanisms leading to the stabilization and longevity of soil C between surface 

and subsoil (Salome et al., 2010).  Soil C in the subsoil is known to have a longer 

turnover time, due to protection within soil aggregates and/or chemical recalcitrance as 

well as decreased microbial activity (Lorenz and Lal, 2005).  For these reasons, soil 

fractionation was performed on surface soil, mid-depth (50 cm), and deeper soil (1m).   

 

Objectives:  

The project had two objectives: 1) to quantify current C resources present in the 

E. grandis plots:  above ground biomass C in the trees, below ground root C, and soil C; 

and 2) address the question of how soil C dynamics are affected by afforestation with E. 

grandis, by comparing C content and transfers between C pools in samples taken from 

the E. grandis plantation as well as from adjacent pastureland.    
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Hypotheses: 
Hypothesis 1:  Soil C stock from 0 – 1 m will be greater than above-ground 

biomass C in the E. grandis trees 

Hypothesis 2a:  Soil C stock in the top 1m of soil under E. grandis will be greater 

than in the adjacent pasture land.  However, the pasture will have more soil C (due to root 

biomass) within the 0-30 cm depth, due to differences in rooting depth and root density. 

Hypothesis 2b:  The accumulation of C in the surface soil of the pasture will be 

found in the labile soil C pool; and a majority of the soil C in the E. grandis cores will be 

found in the physically protected and organo-mineral C pools. 
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CHAPTER 2.  THE POTENTIAL CARBON SEQUESTRATION 

OF EUCALYPTUS GRANDIS IN CONJUNCTION WITH ITS 

USE AS A BIOFUEL FEEDSTOCK 

Abstract 
Woody biomass conversion to biofuel is a renewable energy option being 

considered as an alternative to fossil fuel combustion because its use decreases 

dependence on oil imports and improves energy security, it has a high efficiency of 

conversion, and it has the potential to offset greenhouse gas emissions through carbon (C) 

sequestration into soil through land use conversion into sustainably managed plantations.  

This study examined the C stocks and dynamics of a Eucalyptus grandis plantation 

established on land previously under pasture for nearly a century located on the Island of 

Hawaii. The study had two objectives: 1) To assess the C resources in the plantation, 

including live biomass C (both above and below ground) and soil C stock, and 2) To 

determine the potential for soil C sequestration, and therefore greenhouse gas offsets, by 

measuring changes in both total soil C stock and C pool sizes with conversion of pasture 

to managed plantation. Mean soil C stock to 1 m depth in the E. grandis plantation was 

593 ± 16.3 ton/ha, which was much greater than the amount of C found in the above and 

below ground biomass (57.22 ± 4.22 ton/ha and 10.07 ± 0.74 ton/ha, respectively). 

Overall soil C stock in the E. grandis plantation was significantly higher than that of the 

pasture, (516.8 ± 21.1), however, the distribution of C with depth and among C pools 

with different rates of turnover varied.  The total C stock was not different between 

pasture and E. grandis in the surface soil (0-18cm), however there was significantly 

greater C within the most actively cycled (i.e., with the least C sequestration potential) 

pool in the pasture.  In the mid-depth soil (18-72 cm), there was significantly greater total 

C stock and C within mineral-associated and stable aggregate protected pools with mean 

residence time of 500+ years (i.e., with high potential for C sequestration) in the E. 

grandis. These results demonstrate that these soils have the capacity to provide a long-

term carbon offset within a renewable biofuel production system. 

Introduction 
As global climate change progresses and we search for ways to offset greenhouse 

gas enrichment of the atmosphere, alternative energy sources are being examined and 

considered as replacements for fossil fuel.  The conversion of biomass to biofuel is one of 

these alternatives, as its use may help to mitigate climate change (Mitikka, 2004).  The 

advantages of biofuel production are that it is renewable, and its production may emit less 

net CO2 and other greenhouse gases than fossil fuel does.  However, in order to determine 

if the latter is indeed the case, investigation into the entire biofuel system must occur.  

Carbon (C) accounting is a useful tool that can be used to assess the potential of biofuel 

as an alternative energy source.  All C inputs and outputs are quantified and recorded, 
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and this account can then be compared with other energy sources, or within types 

(feedstocks, management regimes) of biofuel systems.   

Since the growth of a biofuel feedstock removes CO2 from the atmosphere, its use 

can reduce greenhouse gas emissions when compared to fossil fuels (Searchinger et al., 

2008; Cherubini et al., 2009).  For this reason, biofuel production is often considered a C 

neutral process, as the release of CO2 during the conversion to energy by combustion is 

offset by the initial growth process (Cherubini et al., 2009).   However, the growth of 

biomass for biofuel production is often associated with land use change. Land use change 

can be difficult to quantify and can be responsible for causing an overall C debt in the 

system (Sheehan 2009; Searchinger et al., 2008; Fargione et al., 2008, Plevin et al., 

2010). A large portion of this C debt can occur due to disturbance to the soil C pool, 

through tilling and site preparation.  

Globally, soil contains more C than above ground vegetation and the atmosphere 

combined (Lal, 2008, Schlesinger, 1997.) Thus, any change to this C pool can have 

proportionally large effects on the C balance of the entire system (Cherubini et al, 2009).  

For example, disturbance from tilling can disrupt protection mechanisms such as 

aggregation and cause increased loss of soil C from the system (Post and Kwon, 2000).  

On the other hand, low-till and no-till practices can cause an increase in soil C (West and 

Post, 2002, Six et al., 2002b). Therefore, management practices, including tilling methods 

must be examined when assessing the advantages and disadvantages of a biofuel system.   

The choice of feedstock is also an important consideration.  This study focused on 

the use of Eucalyptus grandis as the biofuel feedstock.  E. grandis is being considered for 

use as a biofuel feedstock due to its high yield, good stem form, high wood density, and 

its resistance to pests and disease (Rockwood et al., 2008; Simmons et al., 2008).  E. 

grandis is also attractive for use as a biofuel as it can be grown and harvested in short 

rotation, has low lignin content, and is adapted to growth in the tropics (Hinchee et al., 

2009). The site for this study was a monoculture of E. grandis located on the Island of 

Hawai‘i.  The land was previously used for pasture, and currently is surrounded by the 

same.  As such, this site allowed for investigation of the effects of afforestation on the C 

balance with a land use change from pasture to E. grandis. 

 The soil C pool was expected to be sensitive to land use change, due to the fact 

that rooting depth and density differs greatly between E. grandis and pasture grasses. In 

general, trees have deeper roots than grasses, which changes the distribution of root C 

inputs along the soil profile.  Eucalpytus species have been found to have roots at least as 

deep as 10 m (Westman and Rogers, 1977, Robinson et al., 2006), whereas Kikuyu grass 

(Cenchrus clandestinus) which dominates the pasture land has a much shallower rooting 

depth of 2 m (Nie et al., 2007).  Although both E. grandis and Kikuyu grass roots are 

generally denser in the surface soil vs. the subsurface, grass roots tend to be much denser 

in the top 10 cm than tree roots (Jackson et al., 1996). This density difference can also be 

inferred from the root to shoot ratio of E. grandis (0.20) vs. C. clandestinus (0.85), 

demonstrating that C. clandestinus has a much denser rooting pattern than E. grandis, at 

least at the surface (Schooler et al., 2010, Misra et al., 1998, Saint-Andre et al., 2005). 

Therefore, direct soil C inputs from root exudates as well as root mortality and eventual 

incorporation into the soil likely differ in quantity and by depth between the E. grandis 

and pasture.  
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The soils present at this site inherently contain a large amount of C, due to their 

mineralogy.  They are ash-derived Andisols containing amorphous minerals and hydrated 

oxides such as allophane, imogilite and ferrihydrite; which have large surface area and 

variable charge leading to a high capacity of these soils to bond with organic matter 

(Torn et al., 1997).  The overall C stock of the soil is determined by the balance between 

C entering the soil from above and below ground biomass contributions and C exiting the 

soil due to decomposition and C mineralization (Kögel-Knabner et al., 2008).  

The mechanisms that lead to soil C sequestration are those that protect C from 

exiting the soil through decomposition and/or mineralization, such as protection within 

soil aggregates, chemical bonding between organic C and minerals, and inherent 

chemical resistance due to molecular composition of certain substances (Sollins et al., 

1996).  Aggregation protects soil C by making it inaccessible to microbial decomposers 

(Sollins et al., 1996), and if these aggregates are not physically disturbed, their presence 

leads to lasting stabilization of soil C (Six et al., 2000b).  Organo-mineral bonding occurs 

when soil organic matter sorbs strongly to mineral surfaces (Kleber et al., 2007), which 

leads to a decrease in biodegradability of this soil C pool, and thus a longer turnover time. 

Iron oxide surfaces and amorphous minerals, such as those present in the soils 

investigated here, are important sorbents for organic matter (Kogel-Knabner, 2008, 

Kramer et al., 2012).  The third mechanism for soil C protection, that of inherent 

chemical resistance, refers to the molecular structure of substances such as aliphatic 

compounds and lignin-derived aromatic carbons that are resistant to decay by their very 

nature (Mikutta et al., 2006). Recently, the role of recalcitrance in soil organic matter 

stabilization has been minimized in favor of the more physical protection mechanisms of 

aggregate stability and organo-mineral interactions (Kleber, 2010, Schmidt et al., 2011). 

Soil C content is known to differ with depth in the soil profile. As mentioned, 

different types of vegetation have dissimilar rooting depths, leading to changes in the 

distribution of root exudate soil C along with depth (Joggaby and Jackson, 2000; Powlson 

et al. 2011).  There may also be different mechanisms leading to the stabilization and 

longevity of soil C between surface and subsoil (Salome et al., 2010).  Soil C in the 

subsoil is known to have a longer turnover time, due to protection within soil aggregates 

and/or chemical recalcitrance as well as decreased microbial activity (Lorenz and Lal, 

2005).  For these reasons, soil fractionation was performed on surface soil, mid-depth (50 

cm), and deeper soil (1m).   

In addition to differences in rooting depth and density, there exists a difference in 

quantity and quality of both above ground and root litter inputs between the E. grandis 

and the pasture. The E. grandis has a higher quantity of litter inputs into the soil C pool 

than does the pasture, as the E. grandis forest floor is undisturbed, thus all above ground 

litter is eventually incorporated into the soil, whereas in the pasture there is very little 

litter input, due to grazing. There is also a difference in the quality of above ground and 

root litter.  Kikuyu grass has a lignin content of approximately 6% (Marais, 2001, 

Vasquez et al., 2011), significantly less than the lignin content of E. grandis, which is 

approximately 30% (Chaves Arantes et al., 2011, Rodrigues et al., 1998, Morais et al., 

1991).  The lignin content affects the organo mineral binding process, as dissolved 

organic matter derived from litter leachate high in lignin chemically binds to short range 

ordered minerals (Kramer et al., 2012). The andic soils at this site have a high content of 

amorphous, short range ordered minerals, thus it is expected that this specific organo-
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mineral binding process will be particularly important in these soils. As E. grandis roots 

and litter contain a much higher percentage of lignin than do the roots and litter of 

Kikuyu grass, and litterfall rates are greater in E. grandis, it is expected that there will be 

an increase in overall soil C, as well as an increase in the more stable fractions of the E. 

grandis compared to the pasture.  

This study had two objectives: 1) to quantify current C resources present in the E. 

grandis plots:  above ground biomass C in the trees, below ground root C, and soil C; and 

2) address the question of how soil C dynamics are affected by afforestation with E. 

grandis, by comparing C content and transfers between C pools in samples taken from 

the E. grandis plantation as well as from adjacent pastureland.  It was hypothesized that 

the soil C stock in the first meter of soil E. grandis plantation would be greater than that 

of above ground biomass present in the trees themselves.  Furthermore, this C stock will 

be greater than that in the adjacent pasture land soil.  However, the pasture will have 

more soil C (due to root biomass) within the 0-30 cm depth, due to differences in rooting 

depth and root density. Finally, it was hypothesized that the majority of C in the surface 

soil of the pasture will be found in the labile soil C pool; while that of the E. grandis soil 

will be found in the physically protected and organo-mineral C pools. 

 

Methods 
Soil and Site Description 

The study area is located on the Hamakua coast in the northern part of the Island 

of Hawaii, along an elevational gradient of approximately 600 m to 1300 m (Fig. 1).  The 

study area receives a mean annual rainfall amount of 1400 mm to 3175 mm, and the 

mean annual temperature ranges from approximately 14 ˚C to 20 ˚C (Soil Survey Staff, 

2011).  As elevation increases, precipitation and temperature decrease throughout the site. 

Soils are volcanic ash derived from lava flows that occurred 64,000 to 300,000 years ago, 

and are either Hydrudands or Hapludands (Table 1).  Six of the twelve study sites are 

located in an Eucalyptus grandis plantation of approximately 3000 hectares, (19˚58’ N 

155˚30’ W to 20˚02’ 155˚ 27’ W), which was converted from pasture land and planted 

with E. grandis from 2001 to 2004.  The plantation was ripped and ridged with a disk 

plow to 18-24” depth, and planted with seedlings obtained from seeds from South Africa 

(Nicholas Koch, personal communication, January 2010). The six plots in the E. grandis 

plantation have been continuously monitored since establishment and measurements such 

as diameter at breast height (DBH), and tree height have been taken annually for every 

tree in each of the 400 m
2
 plots.   

Six pasture plots of equal size were established in adjacent pasture land in 2011, at 

approximately equal elevation and in the same soil series as the E. grandis plots (Table 

1). Local topography was also taken into account during the establishment of the pasture 

plots, so that the pasture plots were selected in areas that were relatively flat or gently 

sloping, to most closely match the E. grandis plots.  The pastureland is dominated by 

Cenchrus clandestinus, a common perennial C4 grass that is naturalized in Hawaii 

(Motooka et al., 2003). Grasses from the genus Digitaria are also present at the sites. The 

pasture land is currently being grazed. Above ground biomass of grazed Kikuyu grass is 

likely approximately 2 ton/ha (Blackmore and Vitousek, 2000). 

 In order to make a valid comparison of soil C stock and dynamics between the 

soil under E. grandis and pasture, the paired sites were constrained by the following: 
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o Past land use was the same before the establishment of E. grandis. Both 

the pasture and the E. grandis plantation are located on land that was 

converted from native forest dominated by Metrosideros polymorpha and 

Acacia Koa 100+ years ago. 

o The soil series is the same for each of the pairs, thus parent material, 

mineralogy, regional topography and weathering are the also the same. 

o The elevation is similar in each of the pairs, as is the precipitation and 

temperature. 

o Local topography is very similar, as all plots are located on flat to gentle 

slopes. 

o E. grandis was planted in the particular area due to the availability of 

property for lease from the landowner, and not for reasons such as a 

difference in soil fertility or climate. 

Above and Below Ground Biomass and Carbon 

Above ground (ABG) biomass and C were computed from the year 2011 

measurements of tree height and DBH.  The following equation was used to calculate 

ABG biomass: Ytotal = 0.069413* DBH
2.1472

*H
0.3129

, where Y is total dry weight biomass 

in kg, DBH is diameter at breast height (1.3 m) in cm, and H is height in meters 

(Schubert et al., 1988).  This equation was developed in Hawaii from destructive harvest 

of E. grandis on the islands of Hawaii and Kauai. To convert to C, the above ground 

biomass is then multiplied by the C density of the stem of the tree, which was measured 

by elemental analysis and found to be 51.12% (Turn et al., 2005).  Below ground C, or 

root biomass C, was calculated as 20% of ABG biomass C, which is a value that has been 

found for E. grandis in other studies (Saint-Andre et al., 2005; Misra et al., 1998;  

Giardina and Ryan, 2002).  

Soil C Stock 

Soil cores were taken from five points in each of the plots, the four corners and 

the center.  This sampling design was informed by intensive sampling of one of the plots, 

from which it was determined that the samples were behaving independently at a distance 

of 10m (Appendix 1). Thus, 5 cores per plot were taken to ≈ 1m in 15-18 cm increments 

with a slide hammer corer of diameter 4.39 cm. The soil samples were split in half 

vertically and stored frozen.  One half of the core was used for computing C stock, while 

the other half was used for soil fractionation.  Bulk density was calculated from the mass 

of the entire core.  Soils were oven-dried to 105˚C, sub-sampled, homogenized, ground to 

pass through a 250 µm sieve, and analyzed for C content in by elemental analysis 

(Costech Inc., CHN Analyzer). Soil C stock was computed in the following manner: 

Bulk density (g/cm
3
) * Depth of core (cm) * %C (g C/g soil) 

Soil Fractionation 

An optimized fractionation method was created specifically for the soils present 

in this study (Fig. 2).  This method separates the soil into five fractions:  the light fraction 

(<1.8 g/mL), the occluded light fraction (< 1.8 g/mL after ultrasonic disruption with ≈150 

J/mL), and three sequential density fractions (1.8 – 2.0 g/mL, 2.0 – 2.4 g/mL, and >2.4 

g/mL).  The light fraction represents newly incorporated organic matter with turnover 

times on the annual to decadal scale, while the occluded light fraction is that fraction that 

is protected within aggregates, and has a turnover time on the centennial scale.  The 
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sequential density fractions have turnover times that increase along with density from the 

centennial to millennial scale.   

Three of the depth increments were chosen for soil fractionation: the surface (top 

15-18 cm), mid-depth (capturing the 50cm depth) and the deepest core (capturing the 1m 

depth).  From each plot, cores 1-5 of the corresponding depths were composited and then 

subsampled for fractionation. Moisture content was determined for each of the samples.   

30 g of field moist soil (<2mm) was placed in a 250 mL centrifuge bottle, and 100 

mL of 1.8 g/cm
3
 sodium polytungstate (SPT) was added.  Samples were then gently 

inverted five times by hand and centrifuged at 2800 rpm for 10 minutes.  Floating 

material was then aspirated, rinsed with deionized water by vacuum filtration, and dried 

to 65˚C.  The density of the remaining supernatant was measured to insure that the 

density of the solution was within 0.02 g/cm
3
 of the target density.  After the light 

fraction was removed by aspiration, the soil was transferred to a beaker and 75-100 mL 

of 1.8 g/cm
3
 SPT was added to bring the soil and solution to a 100 mL volume.  The 

solution was then subjected to ultrasonication with a Fisher Scientific FB-505 Sonic 

Dismembrator with a power output of 500 Watts and frequency of 20 kHz at a target 

energy of 15,000 J/mL in order to break up aggregates. After sonication, the soil solution 

was transferred back into centrifuge bottles and centrifuged at 2800 rpm for ten minutes.  

The occluded fraction was then aspirated, rinsed and dried.  The density was then raised 

to 2.0 g/cm
3
, and then to 2.4 g/cm

3
, with the floating material removed, rinsed, and dried 

at each step.  The recovered material from each fraction was then homogenized, ground 

to pass through a 250 µm sieve, and analyzed for C content by elemental analysis 

(Costech Inc., CHN Analyzer). 

Fractionation results were calculated as follows: 

Multiplying the dry weight of each fraction as well as the entire sample (g) 

by % C (g C/g soil), divided by 100, resulting in g C in each fraction and 

in the bulk soil sample.  The light fraction (< 1.8 g/mL) and the occluded 

fraction (< 1.8 g/mL after sonication) are then reported as a proportion of 

C expected by dividing the amount recovered in each fraction by the 

amount of C expected in the bulk sample. The mineral fractions (1.8 – 2.0 

g/mL, 2.0 – 2.4 g/mL, and > 2.4 g/mL) are reported as a proportion of C 

recovered by the following: 

1) The sum of the mineral fractions (g C recovered) was determined. 

2) Relative distributions of each mineral fraction were computed by 

dividing the g C recovered in each fraction by the sum of the mineral 

fractions. 

3) The g of C expected in the mineral fractions was determined by taking 

the difference of the expected total g C minus the g C recovered in the 

light and occluded fractions. 

4) The relative distributions of each of the mineral fractions were then 

multiplied by the g of C expected in the mineral fractions from step 

(3). 

5) The proportion of C recovered in the mineral fractions is computed by 

dividing the results of step (4) by the g C expected in the sample. 

The calculations for the mineral fractions were performed in this manner due to 

the assumption that the mineral fractions had absorbed SPT during the fractionation 
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procedure, and despite multiple rinses, added to the mass (g soil) recovered in each of the 

fractions, resulting in a C loss/gain ranging from 42% loss to 31% gain. The SPT itself 

was tested for C, and was found to contain a negligible 0.005% C.  The light and 

occluded fractions were reported on a basis of C expected, because it was assumed that 

they did not gain mass from SPT absorption, as this would have been observable.  To 

correct for the mass gain in the mineral fractions, the relative distributions were used, 

assuming that SPT absorption was equally distributed among the three mineral fractions. 

Statistical Analysis 

Geographic Information Systems software (Esri, 2012) was used to interpolate 

soil C stock values across and between the plots by kriging. Paired Student’s t-tests were 

performed in Minitab (Minitab, Inc., 2012), to determine significant differences (α = 

0.10) between C stock by land use, C stock present at different depths by land use, and C 

stock in fractions by land use. P values < 0.10 are reported as significant, given the 

known heterogeneity of these systems. 

 

Results 
E. grandis Above and Below Ground Biomass Carbon, Total Soil C 

Mean above ground (ABG) biomass of the E. grandis was 111.94 ± 8.27 ton/ha 

(mean ± 1standard error).  Maximum ABG biomass of 134 ton/ha occurred in Plot 3 at a 

mid-elevation of 888 m, while minimum ABG biomass of 80 ton/ha was found at the 

highest elevation site (1319 m) in Plot 6.  Mean BLG biomass was 22.39 ± 1.65 ton/ha, 

and as BLG was calculated as a proportion of ABG, it followed the same elevational 

patterns.  Mean ABG biomass C was 57.22 ± 4.22 ton/ha, while mean BLG biomass C 

was 10.07 ± 0.74 ton/ha (Fig. 3). Mean E. grandis soil C to 1 m was 593 ± 16.3 ton/ha, 

almost ten times higher than that of ABG and BLG biomass C combined, as was 

hypothesized (Fig.3).  This highlights both the large capacity of these soils to store C, as 

well as the importance the soil C pool plays in the overall C balance of the entire system.   

Plots planted with E. grandis contained more soil C overall than plots in pasture, 

as was hypothesized (Fig.4a). In four of the six plots, E. grandis contained more soil C 

than did pasture (Fig. 4a). The mean pasture soil C stock to 1 m depth was 516.8 ± 21.1, 

significantly less than the mean E. grandis soil C stock of 593 ± 16.3, (Student’s paired 

T-test, T-value = -3.13, p-value = 0.004; Fig. 4b).   

Pasture vs. E. grandis Soil C by Depth 

 Soil C decreased with depth in both the pasture and the E. grandis, with the 

steepest decline seen in the pasture from 18-36 cm depth (Fig. 5).  This steep decline is 

most likely due to the majority of grass roots being present at the 0-18 cm depth. By 

depth increment, E. grandis plots contained more soil C on average than pasture plots, 

except in the surface core (Fig. 5).  Again, this is most likely due to the root density of 

grasses being high at the surface. Soil C was significantly higher in the E. grandis mid-

depth cores: 18-36 cm, 36-54 cm, and 54-72 cm (Table 2). Soil C density to 1m in the E. 

grandis plantation and the adjacent pasture plots was interpolated by kriging, displaying 

estimations of soil C at unsampled locations, based on measured values from the sampled 

plots (Fig. 6a-6f). The significant differences in soil C density become more and more 

evident as depth increases with E. grandis containing more soil C than the pasture in a 

majority of the pairs (Fig. 6a-6f).  
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Soil C was more evenly distributed by depth in the E. grandis than the pasture.  In 

the E. grandis, 22% of the total C to 1m depth was found in the surface core, 20% in the 

18-36 cm core, 18% in the 36-54 cm core, 16% in the 54-72 cm core, 13% in the 72-90 

cm core, and 12% in the 90-100 cm core.  In contrast, for the pasture, 27% of the total 

soil C to 1 m depth was found in the 18-36 cm core, decreasing to 16% in the 18-36 cm 

and 36-54 cm cores, 15% in the 54-72 cm core, 14% in the 72-90 cm core, and 13% in 

the 90-100 cm core.   

Relative Distribution of Soil C Among Pools 
 In the top 18 cm, the light fraction of the pasture contained significantly more C 

by proportion than that of the E. grandis (23.9 ± 10.6% vs. 13.3 ± 5.9%; Paired Student’s 

T-test, T-value = 2.23, P-value = 0.076; Fig.7a, 7b).  The occluded fraction contained 

similar amounts of C by proportion, with the pasture containing 8.24 ± 1.96%, and E. 

grandis 9.47 ± 5.16%.  In the 1.8-2.0 g/mL fraction, E. grandis soil C by proportion was 

28.23 ± 6.21%, significantly higher than the pasture at 16.31 ± 3.2% (Paired Student’s T-

test, T-value = -2.08, P-value = 0.092). The 2.0-2.4 g/mL fraction contained similar 

proportions of soil C in the pasture (46.4 ± 1.2%) and the E. grandis (45.5 ±1.25%). The 

proportion of the heaviest fraction soil C was also similar for the pasture (5.13 ± 2.61%) 

and the E. grandis plantation (3.47 ± 1.02%). 

 At mid-depth, the mean proportion of soil C in the light fraction was higher for 

the E. grandis plantation (15.7 ± 7.11%) compared with the pasture (9.97 ± 6.64; Fig. 7c, 

7d).  The proportion of the occluded fraction of the E. grandis was significantly higher 

(4.53 ± 0.81%)than in the pasture (2.90 ± 1.21%; Paired Student’s T-test, T-value = -2.65, 

P-value = 0.045).  There was proportionally more soil C in the 1.8-2.0 g/mL fraction of 

the pasture (20.4 ± 11.9%) than in the E. grandis (13.5 ± 3.90%), though not significantly 

so. The heavier fractions contained similar proportions of soil C in the pasture (2.0-2.4 

g/mL: 64.3 ± 14.8%, >2.4 g/mL: 2.42 ± 1.07%) and E. grandis (2.0-2.4 g/mL: 64.1 ± 

10.5%, >2.4 g/mL: 2.21 ± 0.36%). 

In the deepest core, no significant differences were found in the proportion of C 

by fraction between pasture and E. grandis (Fig. 7e, 7f).  The light fraction of the pasture 

contained 3.97 ± 1.18% of the total C by proportion, while the light fraction of the E. 

grandis contained 4.02 ± 1.10%.  The total C by proportion found in the occluded 

fraction of the pasture was 2.02 ± 0.79%, similar to the 2.84 ± 1.18% found in E. grandis.  

The pasture contained 8.67 ± 4.27% of total C by proportion in the 1.8-2.0 g/mL fraction, 

79.46 ± 4.02% in the 2.0-2.4 g/mL fraction, and 5.89 ± 2.14% in the >2.4 g/mL fraction.  

In E. grandis, 10.32 ± 2.99% was found in the 1.8-2.0 g/mL fraction, 76.27 ± 3.5% in the 

2.0-2.4 g/mL fraction, and 6.55 ± 3.22% in the >2.4 g/mL fraction.  Thus, the distribution 

of soil C by proportion of total changed by depth, with more soil C found in the organic 

fractions in the surface and mid-depth cores of both the pasture and E. grandis, while at 

1m depth, the majority of soil C was found in the mineral fractions.   

Soil C Stock by Fraction 
In the 0-18 cm depth, there was slightly more soil C overall found in the pasture 

than in the E. grandis (139.07 ± 6.08 ton/ha vs. 133.26 ± 4.70 ton/ha). While overall soil 

C was approximately equal, the distribution of soil C was significantly different in the 

light fraction, as well as in the 1.8-2.0 g/mL fraction (Fig. 8a, 8b).  In the light fraction, 

the pasture contained significantly more soil C (34.2 ± 14.9 ton/ha) than did the E. 
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grandis (16.8 ± 7.0 ton/ha), as was hypothesized (T-value = 2.18, P-value = 0.081).  Soil 

C present in the occluded fraction was quite similar between the two land uses, with the 

pasture containing 11.31 ± 2.52 ton/ha and the E. grandis containing 10.98 ± 5.26 ton/ha.  

In the 1.8-2.0 g/mL fraction, there was significantly more soil C present in the E. grandis 

(36.80 ± 8.42 ton/ha) than in the pasture (24.09 ± 7.06 ton/ha), (T-value = -2.18, P-value 

= 0.087). In the heavier two fractions, the pasture contained 63.1 ±15.6 ton/ha in the 2.0-

2.4 g/mL fraction, and 6.35 ± 3.11 ton/ha in the >2.4 g/mL fraction.  In E. grandis, 60.3 ± 

16.3 ton/ha was found in the 2.0-2.4 g/mL fraction, and in the >2.4 g/mL fraction there 

was 4.35 ± 1.23 ton/ha. Both the pasture and the E. grandis contained a majority of the 

soil C in the 2.0-2.4 g/mL fraction at this depth. 

 In the mid-depth cores, Student’s paired T-test shows that E. grandis contained 

significantly more soil C overall than pasture (106.04 ± 4.86 ton/ha vs. 83.98 ± 5.05 

ton/ha; T-value = 2.88, P-value = 0.007; Fig.8c, 8d).  In the pasture, 10.53 ± 7.71 ton/ha 

was found in the light fraction, and 2.83 ± 1.48 ton/ha was found in the occluded fraction.  

The E. grandis contained slightly more soil C in the light fraction at 15.36 ± 6.0 ton/ha, 

as well as in the occluded fraction, 4.64 ± 0.63 ton/ha.  The 1.8-2.0 g/mL fraction of the 

pasture had 20.0 ± 12.6 ton/ha of soil C, while the same fraction contained 14.7 ± 4.6 

ton/ha of soil C in the E. grandis. There was significantly more soil C stock in the 2.0-2.4 

g/mL of the E. grandis (69.0 ± 11.9 ton/ha) than in the pasture (48.4 ± 9.6 ton/ha; T-value 

= -2.98, P-value = 0.031).  The >2.4 g/mL fraction contained similar amounts of soil C, 

with E. grandis containing 2.38 ± 0.47 ton/ha and pasture containing 2.26 ± 1.28 ton/ha.  

Thus, there were differences found in both the overall C stock as well as the distribution 

of this stock between fractions at this depth. 

 In the deepest cores, both the C stock and the distribution among fractions were 

similar between pasture and E. grandis (Fig. 8e, 8f).  Overall C stock was 59.83 ± 4.04 

ton/ha in the pasture, and 63.87 ± 6.08 in E. grandis.  In the light fraction of the pasture, 

there was 2.24 ± 0.73 ton/ha of soil C present, and 2.37 ± 0.72 ton/ha in the E. grandis. 

The occluded fraction contained 1.25 ± 0.59 ton/ha in the pasture, and 1.72 ± 0.78 in the 

E. grandis.  The 1.8-2.0 g/mL fraction in the pasture had 5.17 ± 2.60 ton/ha of soil C, 

while E. grandis contained 5.94 ± 1.70 ton/ha.  The soil C in these three fractions 

decreased considerably with depth, resulting in the majority of soil C being found in the 

2.0-2.4 g/mL fraction in both pasture (43.29 ± 2.97 ton/ha) and E. grandis (42.43 ± 1.64 

ton/ha).  The heaviest fraction contained 2.95 ± 0.99 ton/ha in the pasture, and 3.57 ± 1.79 

ton/ha in E. grandis. 

Percent Change 
 Overall, the land use change from pasture to E. grandis at this site resulted in a 

14.7% gain in soil C (ton/ha) to 1m depth.  In the top 18 cm, pasture contained 50.9% 

more soil C in the light, most easily decomposed labile fraction, while the E. grandis 

contained 52.8% more soil C in the 1.8-2.0 g/mL fraction.  In terms of C sequestration, 

the light fraction is expected to turnover in < 5 years, while the 1.8-2.0 g/mL fraction will 

likely reside in the soil for over 100 years, suggesting that E. grandis not only contains 

more soil C in general, but that the soil C present in the E. grandis is preferentially stored 

in a longer term C pool.  Further evidence of this is seen at mid-depth (36-54 cm), 
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wherein E. grandis contained 42.6% more soil C in the 2.0-2.4 g/mL fraction, which is 

expected to reside in the soil for 500+ years. 

 

Discussion 
Current C Resource within the Plantation 

In the studied plantation, soil C stock in the top 1m in the E. grandis plantation 

was almost ten times greater than that present in the above and below ground biomass 

combined.  Many studies consider only the C fixed into biomass through photosynthesis 

in the assessment of a renewable fuel production system, potentially ignoring a large C 

pool that could provide an overall C offset for the system (Perez-Garcia, 2005, 

Ragauskas, 2006).  The large amount of soil C found in this study relative to the amount 

of biomass C highlights the importance of including soil C stock in any biofuel study, as 

even small changes to this large pool will affect the C budget of the entire system.   

Total Carbon Accumulation Following Land Use Change 

As hypothesized, this study found that afforestation with E. grandis increased 

total soil C.  Mean soil C to 1 m increased by approximately 15%, or by 76 ton/ha in 10 

years. In contrast, Bashkin and Binkley, 1998, found that afforestation with E. saligna 

after sugar cane cultivation at a site also located on the northwestern part of the Island of 

Hawaii did not increase total soil C to 55cm depth after 10-15 years.  They did find an 

increase of 11.5 ton/ha in soil C in the surface layer due to afforestation with E. saligna, 

however, it was offset by losses of sugar cane soil C in the subsurface soil. The different 

findings between the current study and that of Bashkin and Binkley, 1998, are likely 

explained by different effects of sugar cane cultivation vs. pasture as past land use, as the 

afforestation was by a very similar species of Eucalyptus for a similar time period.  It 

may be that the 60+ years of sugar cane cultivation resulted in a loss of soil structure, 

limiting the soil’s ability to retain C when afforestation did occur. Sugar cane cultivation 

and fertilization could potentially have adversely affected both physical properties of the 

soil, due to tillage and physical disturbance, as well as chemical properties of the soil due 

to frequent fertilization, resulting in a decrease in the potential C storage by the 

mechanisms of aggregation and organo-mineral bonding. In accordance with this study, a 

review of 30+ studies by Don, Schumacher and Freibauer reports an average gain in soil 

C of 12.4 ton/ha (to an average depth of 35 cm, average of 28 years), translating to an 

18% increase with land use change from grassland to secondary forest in 28 years, or just 

under a 2% increase per year. As land use change often exerts a negative effect on the C 

balance of a biofuel production system, finding an increase in soil C with afforestation in 

this study was promising.  

By depth, pasture contained slightly more soil C in the top 18 cm than did E. 

grandis, as was hypothesized.  From 18-72 cm, there was significantly more soil C 

present in E. grandis. This may be explained by the differences in rooting depth and 

density of Kikuyu grass vs. E. grandis.  Kikuyu grass has shallower roots and a higher 

root density at the surface, explaining the increase in soil C in the top 18 cm.  In contrast, 

E. grandis roots are deeper, and their density does not decline as sharply with depth as do 

Kikuyu roots, so root exudate and dead root biomass C is potentially input more evenly 

along the soil profile from 18–72 cm. Alternatively, the increase in total soil C with depth 

could be due to transport of dissolved organic matter from surface layers to deeper 
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mineral horizons and sorption to mineral surfaces. There exists a difference in the 

chemistry of the dissolved organic matter between the two vegetation types, due to the 

difference in lignin content, as discussed below. 

The lack of difference in total C stock at the lowest depth suggests that the 

differences detected at the more shallow depths captured the entire snapshot of change 

facilitated by the conversion of pasture to E. grandis. 

Often, the effects of afforestation on soil C dynamics are investigated only in the 

surface soil (Paul et al., 2002, Binkley and Resh, 1999, Lima et al., 2006).  This study 

found that 78% of the total soil C to 1m in the E. grandis was found below 18 cm, and 

58% was found below 36 cm.  These results suggest that attention should be paid not just 

to surface soil C dynamics, but also to changes that are occurring deeper in the soil 

profile, particularly if mean residence time increases with depth, as has been observed in 

other studies (Lal, 2004, Paul et al., 1995). 

Quantifying Changes in Distribution of C among Soil Pools 

Soil under E. grandis accumulated C in fractions associated with longer turnover 

times, i.e., the physically protected and organo-mineral fractions.  Gains in these fractions 

have more value for long-term C storage and greenhouse gas offsets, than do gains in the 

easily decomposed light fraction. In the surface core, there was more C found in the light 

fraction of the pasture soil than the E. grandis, and similar amounts found in the occluded 

fractions. In contrast, Lima et al., (2006) found a linear increase in soil C in the light and 

occluded fractions of the top 20cm of soil with land use change from pasture to 

Eucalyptus. In the present study, it was also found that there was more soil C present in 

the surface soil of E. grandis in the 1.8-2.0 g/mL fraction than that same fraction in the 

pasture, suggesting that soil C is being preferentially sequestered into a fraction 

associated with a longer turnover time in the E. grandis soil. Additionally, at mid-depth, 

E. grandis contained significantly more soil C in the 2.0-2.4 g/mL fraction than did the 

pasture, a fraction associated with a turnover time of 500+ years, again indicating that the 

soil C present in E. grandis is sequestered for a longer time period. Although the soil 

fractionation process is not directly comparable, Del Galdo et al. (2003) also found that 

afforestation caused a higher proportion of soil C in the surface 30 cm to be sequestered 

into the more stable microaggregate  silt and clay fractions, in accordance with this study.  

The differences between root depth and density do not fully explain the increase 

in overall soil C in the E. grandis vs. the pasture, nor the increase in soil C found in 

fractions associated with longer turnover times in the E. grandis.  As these sites were 

constrained by climate and soil series, the large difference is the change in vegetation for 

the past decade.  This change undoubtedly affects root biomass as well as litter quantity 

and quality. The E. grandis has considerably more soil C inputs from litter than the 

pasture, as the E. grandis forest floor is undisturbed, allowing all litter to eventually be 

incorporated into the soil, whereas the pasture is grazed grassland with very few litter 

inputs into the soil. It has been found that root litter contributes a larger portion of total 

soil C inputs in grasslands than in forests (Kogel-Knabner, 2002).  

There is a difference in the chemistry of the dissolved organic C in the pasture 

and the E. grandis that could explain differences in SOC storage and quality. Kikuyu 

grass has a lignin content of approximately 6% (Marais, 2001, Vasquez et al., 2011), 

whereas E. grandis has a much higher lignin content of approximately 30% (Chaves 

Arantes et al., 2011, Rodrigues et al., 1998, Morais et al., 1991).  Kramer et al., 2012, 
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found that in andic soils, such as the soils present in this study, dissolved organic matter 

composed of aromatic acids chemically binds to short range ordered minerals, and it is 

this specific organo-mineral binding process that is primarily responsible for long-lasting 

C storage.  The origin of this dissolved organic matter are compounds high in lignin from 

litter leachate (Kramer et al., 2012). As E. grandis contains a much higher percentage of 

lignin than does Kikuyu grass, and litterfall rates are greater in E. grandis, it follows that 

the overall increase in soil C, and particularly the increase in the more stable fractions, is 

very likely driven by this process.  

The results of the fractionation may help to explain which portion of the gains in 

soil C in the E. grandis are due to differences in rooting depth and density or differences 

in litter quantity and quality.  In the top 18 cm, more light fraction C was found in the 

pasture than in the E. grandis.  As the light fraction is comprised mainly of slightly 

decomposed roots, this gain is likely due to root biomass being higher at the surface in 

the pasture than in the E. grandis.  However, the gain of soil C the 1.8-2.0 g/mL fraction 

of the surface soil in the E. grandis is possibly due to litter leachate high in lignin content 

being preferentially sorbed to the mineral portions of the soil.  It is very likely that the 

significant gain in soil C present in the 2.0-2.4 g/mL fraction of the E. grandis at mid-

depth is due to that sorption process, and not explained directly by differences in root 

density or depth. However, the slight increase in the light and occluded fraction of the E. 

grandis at mid-depth is likely due to the greater rooting depth of E. grandis, as 

accumulations in these fractions are from newly incorporated organic matter, such as root 

exudates and mortality. 

The E. grandis may have gained more soil C than was measured by this study. 

Tillage is suspected to cause a loss in soil C, due to disturbance to physical structure of 

aggregates and loss of organic matter (Six et al., 2002b, Rhoton et al., 2002) Since the E. 

grandis plantation was ripped and ridged before planting, it is probable that soil C was 

lost during this process, and was subsequently regained in the past decade of undisturbed 

growth.  Since E. grandis can regrow by coppicing after harvest, tillage would not be 

necessary in the second rotation. Future studies of the amount of total soil C and the 

amount present in fractions after harvest and after a second rotation would certainly add 

to the body of knowledge concerning the effect on soil C of growing E. grandis as a 

biofuel feedstock. 

Rockwood et al. (2008) suggested that the use of Eucalyptus as a biofuel is 

probable in the tropics, particularly when Eucalyptus is already growing on land not 

being used for agriculture and where its use would not cause “environmental impact.” To 

assess environmental impact of a biofuel system, the effects on the soil C pool need to be 

taken into account.  Some studies have attempted to do so; however, they are often 

limited by a lack of data, which was the case in a study by Langholtz et al., (2009). Other 

studies simply acknowledge that land use change and associated loss of soil C are 

important aspects to consider in the production of biofuel, but do not attempt to quantify 

this step in the production system (Simmons et al., 2008). The results from this study 

agree with the conclusions of Fargione et al., (2008): for biofuel production to reach the 

goal of emissions reduction when compared to that of fossil fuels, the biofuel production 

system with the least effect on the soil C pool should be chosen.  
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Conclusion 
The results from this study suggest that the C offset from soil sequestration could 

be quite significant and could tip the balance in the overall assessment of the entire 

biofuel production system.  Future management decisions should consider this potential 

offset.  The method of harvesting chosen should be one that preserves the soil structure, 

and does not induce loss of soil C.  For example, leaving residue on the soil surface 

during harvest has been found to increase soil C, while residue removal resulted in a 

decrease in soil C (Johnson and Curtis, 2001, Chen and Xu, 2005).  Another potential 

benefit of growing E. grandis for biofuel is that the next rotation can be grown by 

coppicing, as opposed to tilling and re-planting, resulting in the preservation of the 

present soil C stock and possibly additional accumulation into the soil C pool. 

 This study demonstrated that a land use change from pasture to E. grandis 

resulted in a large overall gain of soil C, with much of this gain occurring in the longest 

lived soil C fractions. At the surface depth, there was an accumulation of 12 ton/ha in the 

1.8-2.0 g/mL fraction of the E. grandis soil compared to the same fraction in the pasture 

soil.  This gain is more than the mean BLG (root) biomass of 10 ton/ha found in the 

plantation. Fine root turnover time likely ranges from 3-18 years (Gaudinski, et al., 

2001), while the 1.8-2.0 g/mL fraction has a turnover time of 100-200 years, 

demonstrating that soil C dynamics are at least as, and possibly more important than, 

BLG biomass in terms of C sequestration, and should be quantified in any C accounting 

model or life cycle analysis. At mid-depth, E. grandis contained 21 ton/ha more soil C in 

the 2.0-2.4 g/mL fraction than did pasture. In a plantation of 3000 ha, this gain is equal to 

63,000 tons of C, or an additional 568 ha of ABG biomass, and unlike the ABG, which 

will be harvested, it will remain as a C offset to the system for hundreds of years. 

Alternatively, the gain in the 2.0-2.4 g/mL fraction in the E. grandis could be thought of 

as a gain approximately equal to the C emissions produced by the burning of 7,800 

gallons of gasoline (U.S. EPA, 2012).  It is apparent that the inclusion of the soil C stock 

in the overall C balance will provide a C offset to the entire biofuel production system. 
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APPENDIX 1. TABLES 

Table 1. Plot pair labels, elevation (m), mean annual temperature (MAT), (˚C), mean 

annual precipitation (MAP), (mm), soil series, and taxonomic description of soil series. 
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Table 2.  Mean soil C by depth in E. grandis and pasture.  Significant differences (P < 

0.05) were found in the 18-36 cm, 36-54 cm, and 54-72 cm cores (shown in bold). 
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APPENDIX 2. FIGURES 

Fig. 1. Site map of study area located on the Island of Hawaii, displaying paired plots: 

Euc denotes E. grandis plots, and Pas denotes pasture plots.  Green boundary encloses 

the E. grandis plantation. Soil series are displayed in colors described in legend.  
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Fig. 2. Optimized soil fractionation method, specific for the soils present in this study. 

This method separates the soil into five fractions:  the light fraction (<1.8 g/mL), the 

occluded light fraction (< 1.8 g/mL after ultrasonic disruption with ≈150 J/mL), and three 

sequential density fractions (1.8–2.0 g/mL, 2.0–2.4 g/mL, and >2.4 g/mL). 
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Fig. 3. Above ground C (ton/ha), below ground C (ton/ha), and soil C (ton/ha) in the E. 

grandis plantation. Each bar represents one of the E. grandis plots.  
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Fig. 4. Soil C (ton/ha) to 1m depth. (a) Soil C (ton/ha) to 1m depth in the E. grandis and 

pasture pairs. (b)  Mean soil C (ton/ha) to 1m depth in pasture and E. grandis, different 

letters represent significant differences (P < 0.05).  Error bars display one standard error. 
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Fig. 5. Mean soil C (ton/ha) by depth (cm) to 1m in E. grandis and pasture. **denote 

significant differences (P < 0.05). 
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(a) 
(d) 

(e) (f) 

(g) 

Fig. 6. Soil C (ton/ha) density by kriging in the E. 

grandis and adjacent pasture plots , displaying 

estimations of soil C at unsampled locations within 

and between the sampled locations. Soil C density 

is displayed by increasing depth in the series of 

figures: (a) 18 cm (b) 36 cm (c) 54 cm (d) 72 cm 

(e) 90 cm (f) 1m.  (g) Map showing area for 

kriging (a-f), dark line denotes E. grandis 

plantation boundary. 

(c) (b) 

(d) 
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APPENDIX 3. SAMPLING DESIGN AND SEMIVARIOGRAM 

To inform sampling design, a large number of surface (0-30 cm) soil cores were 

taken in the lowest elevation E. grandis plot, Euc 1.  This was done to discover in-plot 

variability and spatial dependence of soil C stock in the surface soil, where the greatest 

variability was expected.  Forty-nine of a total of 54 samples were taken on a grid design, 

every three meters.  The other five samples were taken at random points within the plot 

(Russell Yost, 2011, personal communication).  These samples were dried at 105 ˚C, 

ground and homogenized, sub-sampled, and analyzed for C content.  In order to assess 

spatial dependence, and sampling distance for the one meter cores, a semivariogram was 

constructed from this data (Fig. A-1) (R, 2011).  The semivariogram indicated that at 

distances over 10 m, the samples are behaving independently.  Thus, it was determined 

that five-one meter deep soil cores (one at each corner and one in the middle of the plot) 

would capture a majority of the spatial variability.    
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APPENDIX  4.  MASS BALANCE, SOIL FRACTIONATION 

Mass balance was computed from the 65˚C dry weights in each fraction.  The sum 

of these was recorded as total recovered for each sample.  Moist soil weight of the entire 

sample was multiplied by a moisture factor (dry/moist) to compute 65˚ C dry weight 

equivalent.  Percent recovery is the result of the total recovered divided by the dry weight 

equivalent of the beginning sample mass. 

Mass balance percent recovery ranged from 94-234% for the pasture, and from 

102–272% for E. grandis. These high mass recoveries were likely due to SPT binding to 

mineral surfaces of the mineral fractions (1.8-2.0 g/mL, 2.0-2.4 g/mL, and >2.4 g/mL) 

after sonication, despite multiple rinses with deionized water. For this reason, mass 

balance is presented as a proportion of mass recovered in each fraction.   

Figures A-2a and A-2b show a comparison of mass recovered in each fraction in 

the 0-18 cm depth.  It was found that the pasture contained 17.7 ± 11 % of total mass in 

the light fraction, while E. grandis contained less at 9.6 ± 5.3%. In the pasture, 5.41 ± 
1.99 % of the mass was found in the occluded fraction vs.7.42 ± 5.05% in the occluded 

fraction of the E. grandis, indicating that E. grandis contained slightly more organic 

matter by mass in the aggregate protected fraction than did the pasture.  In the mineral 

fractions, the pasture soil was composed of 14.8 ± 3.73% in the 1.8-2.0 g/mL fraction, 

54.1 ± 12.2% in the 2.0-2.4 g/mL fraction, and 7.97 ± 3.11% in the >2.4 g/mL fraction.  

The mineral fractions of E. grandis soil were distributed as follows: 24.59 ± 6.59% in the 

1.8-2.0 g/mL fraction, 52.3 ± 6.59% in the 2.0-2.4 g/mL fraction, and 6.12 ± 1.64% in the 

>2.4 g/mL fraction.  Both soils contained a majority of the mass in the 2.0-2.4 g/mL 

fraction. The increase observed in the 1.8-2.0 g/mL fraction of E. grandis (9.79%) is 

likely due to a transfer from the light fraction pool to a more minerally protected pool, as 

the mass present in the 2.0-2.4 g/mL and the >2.4 g/mL pool is approximately equal in 

pasture and E. grandis. 

In the mid-depth cores, both the pasture and E. grandis contained less light and 

occluded fraction by mass compared to the surface depth (Fig.A-2c, A-2d).  This would 

be expected because there are less direct inputs to soil from fresh plant material available 

for incorporation into the soil at mid-depth vs. the surface.  Interestingly, the E. grandis 

contained more mass in the light fraction, 6.91 ± 3.40% than did the pasture, 4.50 ± 

3.50%.  It is probable that this is due to a difference in rooting density between the two 

vegetation types, although that was not measured in this study.  The mass recovered in 

the occluded fraction was similar in E. grandis (1.48 ± 0.42%) and pasture (1.11 ± 

0.60%).  In the 1.8-2.0 fraction, the pasture contained more mass by proportion (17.8 ± 

12.0%) than did the E. grandis (10.1 ± 3.7%).  The majority of the mass for both pasture 

(73.1 ± 13.6%) and E. grandis (75.8 ± 9.2%) was found in the 2.0-2.4 g/mL fraction, as it 

was in the surface cores.  The >2.4 g/mL fraction of the pasture contained 3.56 ±1.05% of 

the mass recovered, while in the E. grandis, this fraction comprised 5.66 ± 2.52%.   

For the deepest core, that capturing the 1m depth, the mass recovered in the light, 

occluded and 1.8-2.0 fractions decreased compared to the mid-depth and surface cores 

(Fig.A-2e,A-2f).  In the pasture, 1.72 ± 0.97% was contained in the light fraction, 0.48 ± 

0.25% in the occluded and 5.34 ± 2.69% in the 1.8-2.0 g/mL fraction.  For E. grandis, 

1.30 ± 0.44% was found in the light fraction, 0.97 ± 0.41% in the occluded and 7.69 ± 
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3.06% in the 1.8-2.0 g/mL fraction.  A majority of the mass was again found in the 2.0-

2.4 g/mL fraction for both the pasture (84.1 ± 3.47%) and the E. grandis (81.51 ± 3.54%), 

as with the other depths.  The proportion of the mass found in the >2.4 g/mL fraction was 

highest at this depth for both pasture (8.36 ± 2.65%) and E. grandis (8.53 ± 3.13).  The 

decrease in the mass recovered in the organic fractions coupled with the increase in the 

heavier, more passive mineral fractions in both the pasture and the E. grandis suggests 

that the 1m depth core captured sub-surface soil dynamics, where root exudates and fresh 

inputs were not having a significant influence. 
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Fig. A-1.  Semivariogram constructed from 54 surface samples in plot Euc 1.  The range 

at which the semivariance reaches the sill (10m) portrays sample independence. 
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