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Abstract 

 Global production of soybeans continues to increase, reflecting the value of soybeans in 

food products, soil amendments, and petroleum replacements. While the N2O aspect of the 

legume greenhouse gas (GHG) budget has been given substantial, and mostly negative, attention, 

the CO2 side needs to be explored. During nitrogen fixation, hydrogen is produced. As a result of 

hydrogen-coupled CO2 fixation, legume soils have the ability to increase the amount of 

atmospheric carbon fixed into the soil. However, the amount and fate of this fixed carbon has yet 

to be determined. Therefore, two experiments were conducted. The first experiment explored the 

methods of 
13

C labeling of four soil treatments over a period of 28 days. Results showed that most 

of this carbon uptake was through biotic processes, and that the pattern of carbon uptake was 

similar for all four soil treatments. The ideal labeling time for both „root‟ and „nodule‟ soil was 

determined to be between 7 and 14 days. The second experiment incubated four 
13

C labeled soil 

treatments in a continuous soybean field for 11 months. Throughout this time, bags of soil were 

removed and separated into three soil organic matter (SOM) fractions; the microbial biomass 

fraction (MBF), the light fraction (LF), and the acid stable fraction (ASF). These fractions were 

then measured for δ
13

C, providing a time series showing carbon movement through the soil which 

enabled an estimation of the MRT of fixed carbon in the soil. Results showed that the MBF was 

responsible for the initial flux of carbon uptake in all soil treatments, and that the „nodule + H2‟ 

MBF continued to fix carbon at the end of the 11 months. While the LF was not ideal at 

representing the intermediate SOM pool, the ASF did increase in enrichment at the end of the 

experiment, showing the movement of newly fixed carbon into long-term carbon storage. 

Therefore, hydrogen-coupled CO2 fixation does contribute to long-term carbon storage in legume 

soils, however, longer study times with focus on different legume plants and soil types are 

required to determine the mean residence time (MRT) of fixed carbon in the ASF. 
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Chapter 1 

Introduction 

 Anthropogenic climate change has become one of today‟s most pressing environmental 

concerns because of its profound potential impact on every aspect of our global society (IPCC, 

2007). Through climate change and extreme weather events, ecosystems around the world will be 

irreversibly altered. In many cases, these changes will bring about an increased risk to human 

habitation in certain areas, such as those near sea-level. Furthermore, the subsequent local and 

global socio-economic impacts of climate change on food production, including increased 

drought in water-stressed areas, may occur too quickly for populations to adapt to changing local 

conditions (Hengeveld, 2007). With a problem of this magnitude and complexity, there is no 

single solution, and therefore scientific research is moving in many different directions in order to 

further understand the sources, sinks, and cycling processes of greenhouse gases (GHG) at a 

global scale. However, it quickly becomes difficult to determine what actions would yield the 

best results for mitigating climate change impacts. One such area of research that can contribute 

to climate mitigation through adopting relatively simple changes to common practices is in the 

agricultural sector. The dependence of agricultural production on local climate conditions offers 

further incentive to explore climate mitigation measures in this area. 

 Globally, croplands cover about 12% of the earth‟s land-surface, and in 2004, crop 

production was responsible for 10-12% of total global anthropogenic GHG emissions (IPCC, 

2007). Agricultural GHG emissions are expected to rise in response to increased agricultural 

production caused by a growing demand for food from an ever-increasing global population. 

Although CO2 is a GHG of concern because of its substantial rate of increase in atmospheric 
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concentration, other GHG‟s must also be taken into consideration. For instance, N2O has a 

radiative forcing of 0.16 +/- 0.02 W/m
2
, compared to CO2, which has a radiative forcing of only 

1.66 +/- 0.17 W/m
2
 (Hengeveld, 2007; IPCC, 2007). Agricultural production of legumes is 

largely associated with N2O emissions, both because of the high nitrogen content of legume 

biomass and the ability of legumes to fix atmospheric nitrogen into a more plant available form 

through biological nitrogen fixation (BNF) (Vance, 2008; Welbaum, 2004). One example of a 

popular legume crop grown across the globe is soybeans.    

 The production of food, energy, and other valuable products from soybeans has led to a 

substantial increase in the area of soybeans planted globally (FAO, 2009). Soybean production 

increased by 18.5 million metric tons in Brazil, 17.4 million metric tons in the United States, 14 

million metric tons in Argentina, and 4.2 million metric tons in India between 2003 and 2011 

(Association, 2012). Production of soybeans is expected to further increase not only because of 

the variety of its uses, but also because it enhances soil nitrogen levels, can be sold on many 

different markets, is easily harvested, and is a source of protein, fat, carbohydrates, and fiber, 

making it an excellent crop for production in developing nations (FAO, 2009). As much of the 

research surrounding GHG emissions from legume systems has been focused on N2O, little 

research has addressed the impact of increased soybean production on fluxes of other GHG‟s 

such as CO2, and the carbon storage aspects of legume production.  

During hydrogen-coupled CO2 fixation, the H2 gas released as a byproduct of BNF is 

oxidized by chemoautotrophic bacteria in the soil. The energy derived from oxidizing the H2 

increases the amount of atmospheric CO2 being incorporated into the soil microbial biomass 

(Dong and Layzell, 2001; Welbaum, 2004). This enhanced carbon fixed into the soil could lead to 

increased long-term soil carbon storage, depending on the rate of uptake and the residence time of 
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this carbon in the soil. By looking at the fate and turnover time of this fixed carbon, we gain a 

more comprehensive view of the GHG consequences of growing legume crops by determining if 

this carbon storage offsets any N2O release caused by legume production, and if growing legumes 

can be beneficial to a country‟s GH budget. 

 Guidelines for calculating a country‟s GHG budget, which is required by the Kyoto 

Protocol, are set out by the Intergovernmental Panel on Climate Change (IPCC). In 1996, the 

IPCC Guidelines for National Greenhouse Gas Inventories included an emission factor for BNF 

of 3.5 kg N2O per hectare per year for soybean production. However, after reviews of the BNF 

process by Rochette and Janzen (2005) and Helgason et al (2005), it was found that N2O 

emissions were highly variable between regions and greatly depend on local conditions. It was 

also determined that no substantial direct N2O release originates from the process of BNF. Rather, 

observations of N2O released from legumes was shown to be dominated by the decomposition of 

nitrogen-rich legume biomass, left on the fields after harvest (Helgason et al., 2005; Rochette and 

Janzen, 2005). Therefore, in the 2006 IPCC guidelines, this direct emission factor was removed. 

Such other sources of soil N2O produced through nitrification and denitrification include: 

fertilizer application (synthetic and organic through compost or manure), grazing animal 

deposition of nitrogen through urine or dung, decomposition of nitrogen in below and above-

ground crop residues, mineralization of nitrogen in soils low in organic matter caused by land use 

or land management changes of mineral soils, and management or drainage of organic soils. 

Nowhere in the IPCC methodology is the relative importance of hydrogen-coupled CO2 fixation 

mentioned as a possible offset of N2O emissions (IPCC, 2006).  

 To determine the fate and turnover time of carbon fixed by hydrogen-coupled CO2 

fixation, and therefore whether or not this fixed carbon increases overall long-term carbon storage 
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in soil systems, a stable isotope tracer study with 
13

C-CO2 was used to trace fixed carbon over 

time. Fixed carbon was tracked in bulk soil and in three soil organic matter (SOM) fractions; the 

microbial biomass, the light fraction (LF), and the acid stable fraction (ASF). Since each of these 

fractions has a different turnover time, with the microbial biomass being the most rapid and the 

ASF being the slowest, by following the δ
13

C through these fractions, the turnover time of the 

carbon within each fraction can be determined, providing insights on how stable the fixed carbon 

is in the soil matrix. The more carbon that ends up in the ASF, the more likely it is that hydrogen-

coupled CO2 fixation contributes to long-term soil carbon storage.  

 Two incubation experiments were conducted to examine the process of carbon uptake 

and storage. The first incubation experiment (described in Chapter 3) was a short-term laboratory 

incubation, designed to observe the uptake rate of 
13

C rich CO2 over the period of one month. The 

purpose of this study was to determine the ideal labeling time period required for four treatments 

of soybean soil and to explore biotic and abiotic processes that influence CO2 uptake. 

 The second experiment was a long-term field incubation (described in Chapter 4), in 

which soil was gathered from a long-term soybean field in two ways: either removed directly 

from around soybean root nodules (termed „nodule soil‟), or from roots more than 4 cm from a 

root nodule (termed „root soil‟). While all soil was exposed to 
13

C-CO2, half of each soil was also 

exposed to H2 gas, simulating the H2 exposure that the soil within 1-4 cm of root nodules would 

experience under natural conditions. This soil was then buried in mesh bags at the mean rooting 

depth of soybeans (15 cm) in the same field from which the soil was taken at the Central 

Experimental Farm in Ottawa, Ontario. Bags containing each soil treatment were buried in four 1 

m
2
 plots within the field, 10-15 cm apart. One bag of each soil treatment was removed from each 
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plot at 5 sampling dates over the period of one year to examine the redistribution of carbon that 

was initially fixed during H2-coupled CO2 fixation.   

Research Objectives: 

The objectives of this research are: 

1. To determine the ideal time required to label both „root‟ and „nodule‟ soil with δ
13

C to ensure 

adequate traceability for a period of at least one year, and whether or not exposure to additional 

H2 influences the ideal length of the labeling period.   

2. To determine the fate and turnover time of fixed carbon in „nodule‟ compared to „root‟ soil by 

measuring the change in δ
13

C over time in the bulk soil and 3 SOM fractions. This will determine 

whether only soil regularly exposed to H2 through BNF increases carbon uptake, or if any soil 

exposed to H2 from any source has this potential. 

3. To determine the extent to which additional H2 exposure enhances carbon uptake and increases 

the amount of carbon that ends up residing in soil carbon pools with longer turnover times. 

4. To quantify the mean residence time (MRT) of the newly-fixed carbon in the bulk soil and 

each of the SOM fractions to assess the extent to which leguminous soil can act as a carbon sink.  

 Creating a more complete picture of the carbon storage potential of soybeans can 

improve our understanding of the GHG consequences of a global increase in soybean production. 

With this information, it will be possible to develop a more realistic assessment of the net GHG 

consequences of increased soybean production, and lead to more representative country-scale 

GHG inventories that are based more on the agricultural practices of a given country. 
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Chapter 2 

Literature Review 

2.1 Introduction 

 As a result of climate change becoming a prominent global concern, there has been an 

increased focus on the study of CO2 emissions, carbon sequestration, and carbon cycling in 

terrestrial ecosystems. However, as changes in land use continue to occur rapidly to supply 

increasing requirements for food production, holistic attention should be given to the greenhouse 

gas (GHG) budgets of agricultural operations. This approach will be particularly valuable as the 

land area dedicated to producing legume crops is increasing substantially for the purpose of 

deriving food, energy, and soil amendments from legume plants (Welbaum, 2004).  

 Soil amendments provided by legumes result from the ability of legumes to fix 

atmospheric nitrogen and convert it into a more plant available form through biological nitrogen 

fixation (BNF). BNF not only influences the nitrogen cycle, but the carbon cycle as well. In 

addition to fueling BNF, carbon fixation is increased in legume soils indirectly from the process 

of BNF, which produces H2 as a byproduct. When this H2 is released into the soil, it acts as an 

energy source for chemoautotrophic bacteria which, in the process of oxidizing this H2, fix 

atmospheric carbon dioxide (or CO2) into the microbial biomass. Therefore, BNF also influences 

the carbon cycle through this process, termed hydrogen-coupled CO2 fixation (Peoples et al., 

2008).  

 BNF alone requires between 13 % and 28 % of carbon derived from photosynthesis as 

fuel. This means that approximately 6 to 7 grams of carbon as carbohydrate is required to produce 

one gram of reduced nitrogen (Vance, 2008). This consumption of carbon is a key contribution of 
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legumes to the carbon cycle and GHG emissions because the more carbon taken up by legume 

crops and transferred into the soil system, the more legumes contribute to the terrestrial carbon 

sink (Gan and Liang, 2010). Therefore, although GHG emissions associated with agricultural 

production are inevitable, a number of simple agricultural practices, such as no or minimal tillage 

and crop rotation, are commonly implemented to optimize carbon cycling and increase carbon 

storage within agricultural soils, which in turn increases soil quality and plant growth (West and 

Post, 2002). 

 This review describes soybean production globally and in Canada over time, followed by 

the influence of legumes on the carbon cycle through BNF and hydrogen-coupled CO2 fixation. 

The status of soybean soil in local carbon cycling will then be discussed through soil organic 

carbon (SOC) and soil organic matter (SOM) fractions. The review will conclude by discussing 

use of stable isotope tracers to study carbon input into soil systems from legumes.  

2.2 Soybeans, Legumes, and BNF   

2.2.1 Soybeans  

 The low cost of production and high average yield of soybeans have made it one of the 

most prominent oilseed crops produced worldwide (Dorff, 2007; FAO, 2009). The popularity of 

soybeans stems in part from the soil amendments provided by the process of BNF in addition to 

its value as a source of food and energy, and as a replacement for some petroleum products 

(Growers, 2009). Soybeans are produced in both Canada and the United States on a large scale 

for food and energy. In 2004, soybeans comprised 35 % of global total harvested area of both 

annual and perennial oil crops, 1.3 % of which was produced in Canada. The majority (about 90 



 

9 

 

%) of this production was dominated by Brazil, China, Argentina, and the United States (Dorff, 

2007; FAO, 2009).  

 When crushed, the soybean protein (80 %) and oil (20 %) can be separated to create high 

protein soy meal, which can be consumed by humans and animals, and soy oil, which is used as a 

replacement for petroleum. For example, petroleum used to make clothes or plastic grocery bags 

can be replaced with soy oil. Uses for soy are expected to expand to ink, building materials, auto 

parts, and bathroom fixtures. Potentially the most useful product derived from soy oil is biodiesel, 

which is a source of a renewable liquid fuel (Growers, 2009). At a global scale, 20 % of vegetable 

oil production comes from soy oil, 60 % of vegetable and animal meal production is derived from 

soy meal, and soybeans comprise 44 % of oilseed production. Other soybean uses are shown 

below in Figure 2-1 (Dorff, 2007; FAO, 2009).  

 

Figure 2-1. Soybean products (Dorff, 2007). 
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 Soybean production has expanded rapidly from the temperate climate of Northern Asia, 

to Latin and North America, the steppes of Siberia, Northeastern Eurasia, Northwestern Europe, 

and the Great Plains of North America. Soybean production is expected to move further into the 

sub-tropical and tropical regions of developing countries in the hopes of aiding poverty and 

hunger (FAO, 2009).  

 Soybeans have been grown in Canada since the 1800s, mainly in Ontario and Quebec due 

to the favorable climate in these provinces. However, breeding programs have overcome some 

climatic limitations to soybean production and as a result soybean production has spread across 

Canada. Soybeans transitioned from growing trials and small operations for local production and 

consumption to a commercially produced oil seed crop in the 1920s, after Southern Ontario 

acquired a crushing plant. Soybean production increased during the Second World War to provide 

glycerin used in explosives and ammunition, as well as other industrial products (Dorff, 2007). 

There are currently 10 soybean handing companies in Ontario that support soybean growers, 

including Great Lakes Grain Inc., ADM Agri-Industries Ltd., and London Agricultural 

Commodities Ltd. There are also five large soybean processing companies in Canada, three of 

which use chemical-based extraction techniques and two use mechanical-based extraction 

(Soy20/20, 2008). Figure 2-2 shows the production of soybeans as a percentage of agricultural 

land in 2006.   
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Figure 2-2. Soybean land area as a percentage of total agricultural land in 2006 (Dorff, 

2007). 

2.2.2 Soybeans and Climate Change 

 Global atmospheric N2O concentrations have increased 17 % since 1750. With a high 

radiative forcing of 0.16 +/- 0.02 W /m
2
, N2O is the fourth most influential GHG (IPCC, 2007). 

Canada contributes 108 Gg N to global N2O emissions, 55 % of which comes from agricultural 

practices (Helgason et al., 2005). Agriculture is a large contributor of N2O emissions through 

processes such as nitrification and denitrification, which increase with the input of nitrogen 

fertilizers or crop residues with high nitrogen content, such as legume crops (Helgason et al., 

2005). As with many environmental issues, BNF is multifaceted with both advantages and 

disadvantages, however, in the case of BNF, the natural improvement of soil nutrient quality may 

outweigh the drawback of N2O emissions from legume production (Yang et al., 2010). 
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 As stipulated by the Kyoto Protocol of the United Nations Framework Convention on 

Climate Change, countries are required to provide periodic GHG inventories. To provide a 

methodology for countries to complete this task, the IPCC published the Revised 1996 IPCC 

Guidelines for National Greenhouse Gas Inventories (IPCC, 2006; Rochette and Janzen, 2005). 

The calculation provided by the IPCC includes emission factors for both the decomposition of 

crop residues and BNF, which at the time was thought to release N2O. When plant biomass with a 

low C:N ratio is left on agricultural fields to decompose, excess nitrogen becomes available for 

nitrification and denitrification, which release N2O as a by-product. As this process is well 

documented, the IPCC emission factor for N2O released from crop decomposition is valid. 

However, as was argued by Rochette and Janzen (2005) and Helgason et al. (2005), the 

complexity of nitrogen-fixing processes means that it is difficult to quantify the mechanism 

responsible for direct N2O released during BNF (Rochette and Janzen, 2005).   

 In the 1996 IPCC report, the emission factor for biologically fixed nitrogen from soybean 

production was 3.5 kg N2O per hectare per year. However, because of a lack of information, this 

emission factor was meant to be used globally and did not vary in conjunction with variation in 

the source of nitrogen, soil type, soil characteristics such as moisture content, texture, pH, and 

organic carbon content, or the type of cropping system or agricultural management practice 

(Helgason et al., 2005; Rochette and Janzen, 2005). Experimental results showed that BNF is a 

complex process that does not have consistent or predictably quantifiable by-products. 

Furthermore, any contribution of N2O production from BNF compared to other sources, such as 

the decomposition and mineralization of leguminous biomass, or from denitrification processes 

from other soil organisms, is thought to be minimal (Helgason et al., 2005; Rochette and Janzen, 

2005). As a result, Rochette and Janzen (2005) and Helgason et al. (2005) concluded that it was 
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inappropriate for countries to use one set value as a BNF emission factor in the GHG inventory 

calculations. In response to the lack of published evidence of BNF as a continuous and substantial 

contributor to N2O emissions, the 2006 IPCC Guidelines for National Greenhouse Gas 

Inventories publication removed BNF as a direct source of N2O emissions and altered the 

emission factor from 3.5 kg N2O per hectare per year to 0.7 kg N2O per hectare per year based 

primarily on residue production (Helgason et al., 2005; IPCC, 2006; Rochette and Janzen, 2005).   

2.3 Legumes and Biological Nitrogen Fixation   

 BNF is the process of converting atmospheric nitrogen into a plant available form. As 

nitrogen is often a limiting nutrient to plant production, BNF generally results in an increase in 

plant productivity and subsequently an increase in carbon input into the soil system through plant 

biomass and root exudation. This causes growth and diversification of soil microbial populations 

and an overall increase in soil quality.  

 BNF is accomplished by nitrogen-fixing bacteria, termed rhizobia, which reside in root 

nodules found on the roots of legumes. In addition to being symbiotic, nitrogen-fixing bacteria 

can also be free-living, existing in the rhizosphere or intercellular spaces of the root or shoot 

interior. Rates of nitrogen fixation are often lower for free-living nitrogen fixers, but are still 

associated with increased plant growth. Nitrogen fixers exchange fixed nitrogen for organic 

carbon with the plants. Since nitrogen is often a limiting nutrient, the ability of legumes to create 

plant-available nitrogen not only benefits plant growth but also soil fertility (Welbaum, 2004).  

 The process of BNF (N2 + 16ATP + 8e
- 
+ 10H

+
2NH4

+
 + H2 + 16ADP + 16Pi) can fix 

more than 100 kg of N per ha per year, resulting in 60 to 90 Tg of N fixed annually worldwide 

(Vance, 2008). Since nitrogen produced by BNF is partially consumed by the plant, nitrogen 

losses through denitrification, volatilization, and leaching are minimized. BNF also eliminates or 
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minimizes the need for chemical fertilizer application, and thereby prevents other forms of 

nitrogen loss commonly associated with excess application of nitrogen fertilizer (Zahran, 2010). 

Rates of nitrogen fixation vary with climate, temperature, precipitation, soil type, and crop type. 

On average, global variations of soybean nitrogen fixation range from 0 to 450 kg N/ha/year. In 

Canada, rates of nitrogen fixation vary between the East and West, with 150 kg N/ha produced by 

soybeans in the West and 120 kg N/ha in the East. The highest nitrogen fixation rates in Canada 

occur in Ontario and Quebec, however, the greatest increase in nitrogen fixation between 1981 

and 2006 occurred in Saskatchewan as a result of an increased use of legumes in crop rotation 

(see Table 2-1 below) (Bergersen, 1971).  

Table 2-1. Provincial agricultural total and average nitrogen fixed in Canadian farmland 

between 1981 and 2006 (Yang et al., 2010). 

 

2.4 Legume Cops and Soil Carbon Dynamics 

 The amount of SOC not only enhances soil quality and increases crop yield, but is also 

linked to terrestrial carbon storage which could influence climate change mitigation. The global 

soil carbon pool is 4.5 times larger than the terrestrial biotic pool and 3.3 times larger than the 
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atmospheric carbon pool (Fornara and Tilman, 2008). As such, many methods to increase SOC 

content have been developed. One of these techniques, which has been used for thousands of 

years, is using legume crops in rotation with other crops (Dong et al., 2003). Gregorich et al. 

(2001) found that crop rotations containing legumes not only increased SOC content in the soil, 

but the SOM found under legume rotation compared to monoculture production was more 

recalcitrant. Previous work has shown a soil carbon enhancement of 20 Mg of C per ha between 

monoculture and rotations incorporating legumes, and only an enhancement of 6 Mg of C per ha 

when using fertilizer to provide nitrogen (Gregorich et al., 2001). Fornara and Tilman (2008) also 

found that in grasslands growing on degraded soil, a diversity of plant species that included 

legumes increased net soil carbon and nitrogen to a depth of 1 m by 500 % and 600 %, 

respectively, compared to monoculture plots of the same plant species. However, in this study the 

plant species used included C4 plants, which are more efficient at taking up and using nitrogen 

compared to C3 plants (Fornara and Tilman, 2008). 

 Legumes contribute carbon to agricultural soil systems mainly through rhizodeposition 

and the decomposition of nodules, which are discarded from the roots at the end of a growing 

season (Shenglei and Ferris, 2006). However, since nodule biomass is difficult and time 

consuming to measure, this portion of legume biomass is not often included in calculations of 

carbon input into the soil system by legumes (Gan and Liang, 2010). The mass of legume roots is 

also greater in mass per unit length than non-legume crops, and in some cases, is greater in total 

root mass than cereals. Therefore, legumes may be able to contribute a greater amount of carbon 

to the soil system from the root system alone, compared to non-legume crops (Gregory et al., 

1997). 
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 While there is sufficient doubt surrounding N2O production directly from BNF, one by-

product of BNF that is quantifiable is H2, produced by the enzyme nitrogenase. Certain species of 

rhizobia, termed HUP
+
 rhizobia, support an uptake hydrogenase enzyme that uses the released H2 

as an energy source for metabolic processes within the nodule. If this H2 is not used, it represents 

energy lost through N-fixation. In contrast, HUP
-
 rhizobia are those that do not have this enzyme. 

When HUP
-
 rhizobia are present, the H2 is not consumed within the nodule, but is released from 

the nodule into the soil where it is available for oxidation by chemoautotrophic soil 

microorganisms (Peoples et al., 2008; Stein et al., 2005; Welbaum, 2004).  

 In addition to using this released H2, soil chemoautotrophic bacteria also take up CO2 to 

provide carbon for new microbial biomass growth (Dong and Layzell, 2001; Welbaum, 2004). 

This technique of chemoautotrophic carbon sequestration, termed hydrogen-coupled CO2 

fixation, may potentially offset N2O emissions associated with legume crops, making them near 

neutral in GHG emissions. This uptake of carbon has also been shown to outweigh the CO2 being 

respired by the soil microbes (Miltner et al., 2004, 2005). Furthermore, since H2 promotes soil 

microbial growth, and microbes interact with plants to sustain plant growth, an increase and 

change in the composition of soil microbial communities resulting from H2 enrichment often 

increases plant growth (Welbaum, 2004).   

 Previous work has shown that the soil system takes up H2 at a slow rate initially, but the 

rate increases after a 7 to 10 day exposure period. If a constant supply of H2 is provided, after a 

period of 3 weeks the soil will consume all available H2 (Dong et al., 2003). Results also showed 

that when the uptake hydrogenase enzyme is not present, H2 is taken up by the soil system within 

1-4 cm of the nodule at a rate of approximately 3 to 459 nmol H2/cm
2
/hr. Once carbon becomes 

incorporated into the microbial biomass, it is transferred into other SOM fractions through 
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microbial turnover. The rate at which carbon is transferred into SOM fractions depends on the 

level of recalcitrance of the fraction. For example, it requires a longer period of time for carbon to 

become part of the ASF compared to the LF (Dong and Layzell, 2001).  

 Another benefit to agricultural systems from H2 releases is an increase in soil fertility and 

crop yield. This increase in yield as a result of H2 fertilization may help to answer the question of 

why the uptake hydrogenase enzyme is less common in legumes even though the release of H2 

into the soil results in a loss of energy generated from photosynthesis (Dong et al., 2003). The 

lack of uptake hydrogenase may also be common because when H2 is present, the soil system 

switches from a CO2 source to a CO2 sink (Dong and Layzell, 2001). Stein et al. (2005) found 

that when H2 was available, after 8 days CO2 production from the soil system decreased and CO2 

was taken up at a rate of approximately 8 nmol CO2/g soil/hour. The 8 day period is also around 

the same time that an increase in H2 uptake was observed. It was also observed that after the 16
th
 

day of H2 exposure, the microbial biomass changed in community structure and activity (Stein et 

al., 2005)..   

2.4.1 Soil Carbon and SOM Fractions  

 Various components of SOM (often called „pools‟) are defined by their turnover rate and 

are often divided into active, intermediate, and passive pools for the purposes of  modeling soil C 

dynamics (Kelly et al., 1997). The active pool has turnover rates of less than one year, while 

carbon in the passive pool has a residence time of hundreds to thousands of years (Lützow et al., 

2007). Decomposition processes represent the main control on the turnover of organic carbon, 

and therefore the more labile the form of organic carbon, the faster the turnover time. However, 

the type of organic material is not the only contributing factor to the recalcitrance of the carbon. 
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The formation of organomineral complexes may also result in the stabilization of labile carbon, 

thereby preventing rapid turnover in addition to creating recalcitrant carbon (Christensen, 2001).  

 SOM can be stabilized through several mechanisms. One mechanism is through 

biochemical stabilization, where biological substrates such as lignins and polyphenols form 

complexes with soil particles. Another mechanism is chemical stabilization, which occurs when 

soil minerals, such as clay and silt particles, complex with SOM. Physical stabilization can also 

occur when aggregates form barriers between the carbon substrate and soil microbes and 

enzymes. In general, carbon protected by microaggregates is more recalcitrant than SOM found 

in macroaggregates (Jones and Donnelly, 2004). However, small pore sizes found in the spaces 

between aggregates can cause macroaggregate complexes to become anaerobic, thereby slowing 

decomposition and increasing carbon turnover time. Small pore sizes can also inhibit 

decomposition by preventing larger bacteria or fungi from entering the pore space. Physically 

protected SOM is often considered to be part of the intermediate pool, with a turnover time of 

about 10-15 years, although turnover time becomes more rapid when soil structure is disturbed 

(Jones and Donnelly, 2004). Though there are many types of SOM pools, each able to capture 

different sources of organic matter in the soil through the methods of extraction used, three 

common SOM pools measured are the microbial biomass fraction (MBF), the light fraction (LF), 

and the acid stable fraction (ASF). 

 The soil system contributes to the cycling of carbon and other nutrients because of the 

actions of the microbial populations, which consists mainly of fungi and bacteria but also algae 

and soil microfauna (Wardle, 1992). The microbial biomass fraction (MBF), which is part of the 

active SOM pool, is the main facilitator of carbon transfer into and through SOM fractions, is the 

largest carbon source in the active SOM pool. Since the main mechanism through which the MBF 
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accomplishes these tasks is decomposition, this fraction is highly responsive to both seasonal 

temperature and moisture changes, as well as to the quality of litter input.  

 The MBF is useful not only when studying carbon transport within SOM fractions, but 

also as a biological indicator of changes in SOC content, such as through changes in tillage 

practices (Alvarez et al., 1997; Lützow et al., 2007). Microbial biomass carbon (MBC) comprises 

between approximately 0.3 % and 7 % of SOC, although this is higher in forest ecosystems and 

organic horizons (Lützow et al., 2007). To extract this fraction, a common technique used is the 

chloroform fumigation-extraction method. This technique is based on using chloroform 

fumigation to kill microbial cells, then extracting the material from the lysed microbial cells using 

a salt extract. The extract from the fumigated soil sample is then compared with the extract from a 

non-fumigated sample to determine carbon content (Brookes et al., 1985; Voroney et al., 2007). 

  One SOM fraction that is often considered part of the intermediate pool is the light 

fraction (LF), which is classified as a type of physically uncomplexed organic matter. Physically 

uncomplexed organic matter is comprised of small (<2 mm) particulate matter such as spores, 

fungal hyphae, decomposed animal and plant residues, seeds, roots, and charcoal. This type of 

organic matter includes particulate organic matter (POM) and the light fraction (LF). As a labile 

fraction, the LF has a turnover time that is not as fast as that of new litter, but more rapid than 

SOM found in association with clay and silt particles. The LF is considered to be part of the 

intermediate pool and carbon within this fraction does not turnover as rapidly as carbon found 

within the MBF (Christensen, 2001; Lützow et al., 2007).  

 Similar to the MBF, the LF is sensitive to changes in litter input, such as alterations in 

agricultural management practices (Boone, 1994; Hassink, 1995). To extract this fraction one 

uses a density fractionation method where soil is typically mixed with a high density solution 



 

20 

 

(often either sodium iodide or sodium polytungstate), which has a specific gravity of 1.7 g/cm
3
, 

and the material that remains floating is classified as the LF (Gregorich and Beare, 2007). Density 

fractionation is effective because it separates the organic LF from the heavier mineral-associated 

organic material found in soil (Boone, 1994). 

 The average turnover time of SOC is between several hundred and several thousand 

years. SOC that turns over in 20-60 years is considered to be fast-cycling carbon and the turnover 

time is dependent on climatic factors controlling processes such as decomposition. SOC that has 

longer turnover times is considered to be stable carbon and is part of the passive pool. The 

turnover rate of this carbon is influenced more by soil mineralogy and age, which reflect long-

term climatic and environmental conditions (Trumbore, 1997). An example of a SOM fraction 

belonging to the passive pool is the acid stable fraction (ASF). The ASF is comprised of both 

physically and chemically recalcitrant carbon, including humus, humic acid and fulvic acid (Olk 

and Gregorich, 2006).   

 Extraction of the ASF, which is more intrusive as a result of the recalcitrance of this 

fraction is done through acid hydrolysis. This process refluxes soil with 6 M HCl to break 

hydrolytic bonding, thereby leaving behind only the most stable carbon sources (Gregorich et al., 

2000; Lützow et al., 2007). As a result of the recalcitrant nature of the carbon found within the 

passive pool, this carbon has a greater impact on the long-term balance of carbon between the 

atmosphere and the biosphere, and therefore it is carbon being transferred into this pool that will 

ultimately have an impact on climate change mitigation (Trumbore, 1997).  

2.4.2 Stable Isotope Tracers 

 While the effects of H2 fertilization on soil microbial communities have been shown, the 

extent to which this increased fixed carbon can contribute to climate change mitigation through 
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long-term carbon storage in legume soils depends in part on the turnover time of the fixed carbon. 

In turn, the whole-soil carbon turnover time is dependent on the SOM pool into which the carbon 

is incorporated. Since the processes of carbon fixation and transfer occur at a molecular scale, 

stable isotope tracers can be used to follow this fixed carbon through a soil system and assess the 

MRTs of the fixed carbon.  

 Of the many isotopes known to be cycling throughout the Earth, carbon has three; two 

stable isotopes (
13

C and 
12

C) and one radioactive isotope (
14

C). The isotopic composition of a 

sample is measured as the ratio of heavy to light isotopes (Fry, 2006b; Kendall, 2004). If the 

sample has a greater proportion of the heavy isotope, the sample is termed relatively enriched. If 

the light isotope is dominant, the sample is viewed as depleted relative to the ratio in a standard 

(Fry, 2006b). The standard for carbon stable isotope ratios is termed the Pee Dee Belemnite 

(PDB) or the Vienna PDB (VPDB). The PDB standard for 
13

C/
12

C is 0.011180 (Fry, 2006b; 

Kendall, 2004). To determine the delta value of a sample, the equation δ
H
 X = [(RSAMPLE 

/RSTANDARD -1)]*1000 is used, where the superscript H is the atomic mass of element X and R is 

the ratio of heavy to light isotopes in the sample and standard. The value in brackets is then 

multiplied by one thousand to amplify the small differences in R values. The delta values found 

in nature without any anthropogenic perturbation are between -100 and +50 ‰, excluding H2, 

which has an exceptionally wide range of values (Fry, 2006b). 

 In this experiment, soil was labeled by introducing 
13

CO2 to the system, which is taken up 

largely by the microbial biomass (see Chapter 3). During the labeling process, the microbial 

biomass continues to grow, die, decompose, and respire, creating new microbial biomass that 

contains some of the isotopic label. The isotopic signature of the MBF created during the time of 

isotopic labeling will therefore be more strongly positive than in the MB that was present before 
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labeling. The total microbial biomass is therefore composed of a mixture of isotopic signatures 

that depend on the time of microbial biomass formation. This signature then gets passed on 

through the various SOM pools which are “fed” by microbial by-products (Fry, 2006c; Miltner et 

al., 2004).  

 In addition to the microbial biomass, vegetative inputs also contribute to the isotopic 

signature of the soil system. The isotopic signature of SOM is typically similar to or slightly more 

enriched than that of the vegetation. As the signature of C3 plant biomass is around -28 ‰ while 

C4 plants have a signature of around -13 ‰, SOM will reflect these values or be slightly more 

enriched (less negative). During photosynthesis, the isotopic signature of atmospheric carbon (-

8.2 ‰) undergoes fractionation through the conversion of atmospheric carbon into sugar 

molecules, which have an isotopic signature of -28 ‰ (Fry, 2006c). Fractionation occurs when 

reactions change the ratio of heavy to light isotopes present in a substance. Fractionation is 

caused by equilibrium and kinetic reactions which act to rearrange and redistribute isotopes in 

different compounds.  

 Equilibrium isotope-exchange reactions are those that occur when the forward and 

backward reactions are the same, meaning that the isotopic ratios of the reactant and product are 

stable. Since the heavy isotopes become concentrated where chemical bonds are strongest, this 

causes a fractionation between heavy and light isotopes. In contrast, kinetic isotope-exchange 

reactions include both unequal forward and backward reactions and irriversable reactions, where 

bonds are either formed or broken. In this type of fractionation, light isotopes react faster than 

heavy isotopes because they require less energy in chemical reactions (Fry, 2006a; Kendall, 

2004). An example of kinetic isotope-exchange reactions are biological processes, which 

selectively use light isotopes because of the smaller energy cost required during the reaction, 
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creating a higher concentration of lighter isotopes in the biological product, and a higher 

concentration of heavy isotopes in the reactant (Kendall, 2004).   

 Mixing is another important process that controls the distribution of isotopes in 

ecosystems. While fractionation separates heavy and light isotopes, mixing brings the isotopes 

back together (Figure 2-3). Fractionation and mixing are important for the recycling of isotopes to 

replenish isotopic pools and thereby provide source material for further fractionation and mixing. 

This also creates patterns of isotopic composition throughout the biosphere (Figure 2-4), where 

double arrows indicate equilibrium isotope fractionation, numbers beside arrows represent 

fractionation ‰, numbers in carbon pools represent the 
13

C signature (‰) and negative values 

indicate that the sample is depleted in heavy isotope compared to the standard. Changes to this 

pattern occur during pulsed events, such as pollution inputs, seasons, storms, or upwelling of 

ocean currents, which cause sporadic changes to the steady state isotopic composition of the 

environment. Therefore, fractionation and mixing exert significant control over the distribution of 

heavy and light isotopes on the planet, and act together to create distinct and predictable patterns 

of isotope signatures in the natural environment (Fry, 2006a, c). 

 

Figure 2-3. The processes of fractionation and mixing that control the distribution of isotopic 

signatures across the Earth’s surface (Fry, 2006a). 
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Figure 2-4. The natural distribution of 
13

C in an ecosystem (Fry, 2006c).  

 The isotopic signature of soil will change when there is increased hydrogen-coupled CO2 

fixation because atmospheric CO2 is more enriched than SOM and plant biomass (Figure 2-4) 

(Miltner et al., 2004). For example, atmospheric CO2 has a value of about -8.2 ‰, C3 plants have 

a value of between -23 ‰ and -40 ‰ (commonly -27 ‰), and C4 plants have a value of between -

9 ‰ and -19 ‰ (commonly -12 ‰) (Balesdent and Mariotti, 1987). Furthermore, CO2 found in 

soil air pockets has a lighter isotopic signature than atmospheric CO2 because it is generated from 

the mineralization of plant matter, which has a light isotopic signature. The mixing of these two 

CO2 sources and their relative abundance will partially determine the carbon signature of a soil. 

Therefore, the relative abundance of these two CO2 sources, the plants, and the microbial biomass 

will ultimately determine the signature of the soil (Miltner et al., 2004).  

2.5 Conclusion 

 In conclusion, as the concern for global socioeconomic wellbeing in the face of climate 

change impacts increases, so does the importance of research pertaining to ecosystem carbon 
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dynamics and carbon storage. With agricultural production continuing to increase to supply the 

growing global population with adequate food, agricultural activities need to be evaluated for 

their impact on terrestrial carbon storage. The complexity of the carbon cycle and the multitude of 

influences environmental and anthropogenic variables have on the cycle at both large and small 

scales result in a challenge to nations attempting to quantify their GHG budget. This challenge is 

especially clear in the case of trying to quantify the contribution of legume crops to national GHG 

budgets. 

 With the production of legumes increasing for food in addition to soil amendments, the 

emission factor initially provided by the IPCC for N2O release from BNF in 1996 was questioned 

(Rochette and Janzen, 2005). Once it became clear that N2O released from legume crops is not 

consistent across legume producing regions, nor is it clear what mechanism is thought to be 

responsible for N2O release from BNF, the emission factor for direct N2O production related to 

BNF was removed. Furthermore, the process of hydrogen-coupled CO2 fixation increases the 

amount of CO2 uptake in legume soils compared to non-legume soils. Therefore, the fate and 

turnover time of this fixed carbon needs to be further explored to determine the extent to which 

legumes may assist in mitigating climate change impacts through long-term carbon storage in the 

soil system, reducing their negative impact on national GHG budgets through the elevated N2O 

production arising for production of nitrogen-rich plant material. To develop the most accurate 

emissions factors associated with growing a legume crop, it is important to consider all the GHG 

consequences of a particular management system.  
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Chapter 3 

Short-term Carbon Uptake and Redistribution by Soil Microorganisms 

during Hydrogen-Coupled CO2 Fixation 

3.1 Abstract 

 While previous studies have demonstrated the potential importance of hydrogen-coupled 

CO2 fixation during biological nitrogen fixation (BNF), little research has explored the fate of this 

carbon and how laboratory experimental conditions might alter estimates of both CO2 fixation 

and turnover times of the fixed carbon. While isotope tracer studies are commonly used to 

quantify carbon cycling processes in the soil, the effect of isotopic labeling and the ideal period of 

labeling has been given less attention. This study explored the rate and pattern of carbon uptake 

during hydrogen-coupled CO2 fixation in soybean soil from within 4 cm of root nodules („nodule‟ 

soil) and from greater than 4 cm from root nodules („root‟ soil) in both the presence and absence 

of H2 gas (6000 ppm). δ
13

C (1 % v/v) was provided initially and at day 14, and H2 additions 

occurred alongside those of δ
13

C plus at 3 and 8 days after each δ
13

C addition. At days 2, 4, 7, 14, 

and 28 soil was sampled and measured for δ
13

C enrichment in the bulk soil and three soil organic 

matter (SOM) fractions; the microbial biomass fraction (MBF), the light fraction (LF), and the 

acid stable fraction (ASF). Results showed that while a distinction between the enrichment of 

„root‟ and „nodule‟ soil compared to „root + H2‟ and „nodule + H2‟ did occur initially, the general 

trends of δ
13

C uptake between sampling times did not vary markedly between the four soil types. 

The difference in enrichment between H2 added and H2 deprived soils was apparent in all 

fractions, particularly in the bulk soil and the ASF. For example, bulk soil enrichment increased 

from -25 ‰ to -4 ‰ in the „root + H2‟ soil compared to -14 ‰ in the „root‟ soil, and from -3 ‰ in 
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the „nodule + H2‟ soil compared to -11 ‰ in the „nodule‟ soil. At the end of the 28 day labeling 

period, it was determined that the ideal labeling time for both „root‟ and „nodule‟ soil is between 

7 and 14 days. It was also observed that soil not exposed to a continuous supply of H2 in the field 

was able to catch up in terms of enrichment with soil that did have this exposure to H2 after a lag 

time during which the microbial population adjusts to the new energy supply. 

3.2 Introduction 

 As climate change becomes an increasing global concern, the effects of large scale land-

use issues, such as agricultural production, on GHG emissions are often analyzed for a means of 

decreasing GHG emissions while increasing carbon uptake and storage. Within the agricultural 

sector, the production of legumes is of particular concern because of the association of the 

nitrogen fixing plants with N2O emissions. However, research studying the process of hydrogen-

coupled CO2 fixation is developing a more complete picture of the contribution of legumes to the 

overall GHG budget by examining the influence of legumes on carbon cycling. 

Hydrogen-coupled CO2 fixation is a process whereby an increased amount of CO2 

becomes fixed into the soil microbial biomass as a result of the energy chemoautotrophic 

microbes derive from oxidizing the H2 released from BNF (Dong and Layzell, 2001; Dong et al., 

2003; Peoples et al., 2008). While this process has been shown to increase the amount of carbon 

incorporated into legume soils, determining if this fixed carbon becomes incorporated into the 

more recalcitrant SOM fractions will determine the extent to which legume soils may act as 

carbon sinks to help mitigate climate change. Creating a more holistic GHG budget for legume 

crop production will impact the scale of future legume production particularly for countries 

required to complete a GHG inventory calculation for the Intergovernmental Panel on Climate 

Change (IPCC). 
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 While the fate and turnover time of carbon within leguminous soil is essential for 

determining its potential to contribute to climate change mitigation, to study these processes we 

must determine the ideal laboratory conditions for studying these processes. Isotopic tracer 

studies offer a simple and effective method of quantifying a range of biological processes related 

to soil carbon cycling occurring at various scales (Carbone et al., 2007; Fry, 2006c). Stable 

isotope tracer studies, such as those using 
13

C, are becoming more popular for process-level 

studies than those involving radioactive isotopes, such as 
14

C, due to the lack of safety concerns 

both in the lab and in the field. This popularity stems largely from the lower health risk associated 

with stable versus radioactive isotopes, and the increasing availability of mass spectrometers 

capable of carrying out the analyses at a relatively low cost. However, because of the generally 

high background natural abundance of 
13

C, for this isotope to be effective as a tracer, a strong 

signature needs to be attained by the sample. This is often accomplished by a longer exposure 

period of the sample to the isotope. The ideal time period of exposure, however, depends on the 

sample type and experimental design (Kuzyakov, 2001). In the case of soil, the amount of time 

used for labeling experiments can influence how much material is incorporated into the various 

fractions of organic matter and how evenly that carbon is distributed among the various 

components of  SOM. 

 This work seeks to examine the effect of the incubation time and frequency of 
13

C and H2 

additions on carbon uptake and redistribution within the soil using a 28 day laboratory incubation 

of soybean soil with 
13

C. A sterility experiment was also conducted to whether that the additional 

CO2 being fixed in legume soils is a result of biotic processes rather than simple CO2 dissolution 

into the soil. 

 The objectives of this work are:  
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1) To determine the rate and pattern of CO2 uptake in four treatments of soybean soil. 

2) To determine if the processes of carbon fixation change in response to multiple additions of 

13
C and H2 over a 28 day incubation period. 

3) To determine if a 14 day incubation period is an appropriate amount of time to allow carbon 

fixed via hydrogen-coupled CO2 fixation to enter all of the SOM fractions regardless of their 

respective turnover times, and to determine the ideal δ
13

C labeling time required by soybean soil.  

4) To quantify the importance of biotic and abiotic CO2 uptake processes.  

3.3  Study Area 

 Soil used in this experiment was retrieved from a continuous soybean plot at the Central 

Experimental Farm in Ottawa, Ontario. The farm is situated within the city of Ottawa, which has 

a mean annual temperature of 6.3°C and a mean annual precipitation of 914 mm (Environment 

Canada, 2012).  The farm was established in 1886 and spans 400 ha (Agriculture and Agri-Food 

Canada, 2011; Canada's Historic Places, 2011). Soils on the farm range from sandy to clayey 

texture, and the plot from which soil was taken for this experiment is located in the SW area of 

the farm and contains both NGcl (North Glower Clay Loam) and Msl (Mountain sandy loam) soil 

(Agriculture and Agri-Food Canada, 1997). Soil for this experiment was removed from the more 

sand-rich area of the plot.  

3.4 Methodology 

3.4.1 Soil Processing  

 Soil was collected in August, 2011, by removing whole soybean plants and stabilizing the 

soil surrounding the root system with plastic wrap.  Upon returning to Kingston later that day, 

„root‟ and „nodule‟ soil was separated by cutting through the plastic wrap and removing soil 
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found more than 4 cm from the root system („root soil‟), leaving the remaining soil found within 

4 cm of the root system to be collected as „nodule‟ soil. This method of soil sampling was done to 

retrieve soil that is intimately associated with legume nodules, and therefore H2 released into the 

soil, and soil that is not affected as much by this H2 release from the legume nodules. Soil was 

then sieved using a 5 mm sieve and refrigerated in zip lock bags until labeled in October, 2011. 

 An Oakton 510 series pH/COND meter (Oakton Instruments, IL, USA) was used to 

measure pH on a slurry of 5 g of soil and 5 ml of deionized water. Soil water-holding capacity 

(WHC) was then measured by combining 10 g of soil and 10 ml of deionized water in a funnel 

plugged with aquarium fiber and a rubber stopper. This mixture was covered and allowed to 

equilibrate for 24 hours before the rubber stopper was removed and the water drained through the 

aquarium fiber for 6 hours. Approximately 5 g of this saturated soil was weighed, dried overnight 

in an oven at 105°C, and weighed again to determine 100 % WHC (Harding and Ross, 1964).  

 Soil was labeled using 
13

C-CO2 generated from a reaction between Na2
13

CO3 (99.99 % 

13
C) and 6 N HCl. Na2

13
CO3 was placed into a gas-tight medical vial and a 3 cc syringe 

containing 6N HCl and an evacuated 60 ml syringe were connected to the vial with needles. 

When the acid was added to the Na2
13

CO3, the generated 
13

C-CO2 gas was captured by the syringe 

(Figure 3-1).  

 

Figure 3-1. Generating 
13

C-CO2 (Photo by A. Graham, 2011).  
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3.4.2 Experimental Design 

 To determine the rate of 
13

C-CO2 uptake and the ideal time of labeling required by 

soybean soil, 50 g of „root‟ and „nodule‟ soil was placed in individual 500 ml Mason jars. Soil 

was brought up to 60% WHC and stored in a dark environment at room temperature throughout 

the experiment. While δ
13

C was injected into all jars, additional H2 was only provided to half of 

the „root‟ and „nodule‟ jars. CO2 and H2 were administered through rubber septa installed in the 

tops of the jar lids in concentrations of 1% v/v and 6000 ppm, respectively. At each sampling 

date, 12 jars were removed; 3 „root‟, 3 „root + H2‟, 3 „nodule‟, and 3 „nodule + H2‟. Destructive 

sampling occurred before labeling and at 2, 4, 7, 14, and 28 days after labeling. After 14 days, the 

remaining mason jars were opened to expose soil to the atmosphere before being relabeled with 

δ
13

C. H2 additions were administered alongside both 
13

C additions and at 3 and 8 days following 

these additions. At each sampling time, soil was fractionated into three SOM fractions with 

varying levels of recalcitrance; the microbial biomass, LF, and ASF. The bulk soil and the SOM 

fractions were then analyzed for δ
13

C to determine changes in enrichment between sampling days. 

For a summary of the raw isotopic data, see Appendix A.  

3.5  Measurements  

This experiment analyzed the 
13

C enrichment trends for the bulk soil and the microbial 

biomass fraction (MBF), the light fraction (LF), and the acid stable fraction (ASF), to examine 

carbon uptake and redistribution within SOM fractions of varying levels of recalcitrance. By 

including the bulk soil in addition to the SOM fractions, overall carbon uptake and storage can be 

observed and compared to portions of the fixed carbon residing within the active, intermediate, 

and passive fractions. However, before the 28 day incubation with 
13

C occurred, the soybean soil 
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was analyzed to ensure that the 
13

C uptake was occurring as a result of biotic, rather than abiotic, 

processes.  

3.5.1 Sterility Experiment 

 CO2  uptake was examined in sterile and non-sterile soils to determine if CO2 uptake was 

occurring through abiotic processes in the soybean soil. In a previous experiment, using only 

„root‟ soil from the Central Experiment Farm, soil was exposed for four months to a continuous 

flow of either air (air treated) or H2 (H2 treated) to simulate the effects of continuous addition of 

H2 on microbial activity. Each soil was then either oven dried, autoclaved, or left at the soil 

moisture level maintained during the incubation. This soil was incubated in mason jars for 48 

hours then labeled with 
13

C-CO2 by injecting 
13

C-CO2  (1% v/v) into the jars through rubber septa 

installed in the lids. 
13

C-CO2 was generated using the method described above in section 3.4.1. At 

the time of labeling, half of the jars were exposed to additional H2. Isotopic analysis using a 

continuous flow elemental analyzer equipped with an isotope ratio mass spectrometer was then 

conducted on the oven dried, autoclaved, and field moist soils. This experiment was run in 

triplicate (Neal Scott pers. comm).  

3.5.2  Incubation Experiment 

3.5.2.1 Microbial Biomass Fraction 

 Following the method outlined by Voroney et al. (2007), at the end of each incubation 

period the microbial biomass fraction (MBF) was extracted using the chloroform fumigation-

extraction method. Samples (at 60 % WHC) were fumigated with chloroform overnight, then 

extracted with 0.5 N K2SO4. The extract was then filtered through a Fisher Q5 filter paper into 

two 20 ml plastic scintillation vials. One vial was frozen until analysis of total extractable carbon 
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(Shimadzu TOC analyzer, Columbia, MD; Queen‟s Analytical Services Unit) (Voroney et al., 

2007). The second vial was placed in an incubator to evaporate before the dried salt extract was 

crushed with a mortar and pestle and analyzed for δ
13

C using a continuous flow elemental 

analyzer equipped with an isotope ratio mass spectrometer (EA-IRMS; ThermoFinnigan, Queen‟s 

Facility for Isotope Research, Department of Geology, Queen‟s University). To analyze for δ
13

C, 

20 to 25 mg of the microbial biomass salt extract was weighed to the nearest 0.1 mg and placed 

into 6 x 4 mm tin capsules, folded carefully, then put through the EA-IRMS. This provided a δ
13

C 

value that is relative to the international standard PeeDee Belemnite according to Equation 1: 

δ
13

C (‰) = [(R sample – R standard)/R standard]*100 Equation 1 

This calculation is performed by the mass spectrometer, which measures the mass 45/44 ratio of 

carbon isotopes for both the sample and standard gases to give R. To determine the δ
13

C (‰) of 

the MBC, Equation 2 was used: 

δ
13

C = (δ
13

Cf x Cf – δ
13

Cnf x Cnf) / (Cf – Cnf) Equation 2 

where δCf  and δCnf represent the δ
13

C (‰) values of the fumigated and nonfumigated extracts, 

respectively, and Cf and Cnf represent the extractable carbon in mg C/kg in both fumigated and 

nonfumigated samples (Gregorich et al., 2000). 

3.5.2.2 Light Fraction 

 The extraction of the LF was based on a method outlined by Gregorich and Beare (2007) 

but modified to ease the retrieval of the LF material from the NaI solution. An air dried soil 

sample of 20 g was added to 40 ml of NaI with a specific gravity of 1.7 (1200 g NaI/1 L of H2O) 

and shaken for 1 hour at 150 rpm. This mixture was then left to stand for 48 hours and the 

material that remained floating on the surface of the NaI was removed as the LF. To remove the 

LF material from the solution, instead of aspirating, a small scoop was used to remove the LF 
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material and place it in a watch glass containing approximately 5 ml of 0.1 N CaCl2. Using a 

syringe, the LF was removed from the CaCl2 and washed with 60 ml of deionized water using a 

Millipore Swinnex filter holder unit and a 0.8 µm Millipore Isopore Membrane filter. After 

rinsing, the LF was deposited into a pre-weighed 15 x 45 mm Fisherbrad glass vial, dried in an 

incubator at 25°C, and re-weighed. The LF was then homogenized by placing the vials into a 

freeze drier before the material was crushed. To analyze for δ
13

C, 3 mg of LF was weighed into 4 

x 3.2 mm tin capsules and put through the EA-IRMS (Gregorich and Beare, 2007).  

3.5.2.3 Acid Stable Fraction 

 To obtain the ASF, 3 g of air dried and ground soil was subject to acid digestion. Soil was 

placed into100 ml test tubes specific to a digestion block (BD "s" Series Block Digestion System 

by Seal Analytical, Analytical Services Unit, Department of Biology, Queen‟s University) and 30 

ml of 6 N HCl was added. The block was brought to a temperature of 116°C and sustained for 24 

hours to allow the mixture to reflux. To prevent the acid from evaporating, watch glasses were 

placed on top of the test tubes. After acid digestion, the remaining material was removed as the 

ASF. The residual ASF material was then filtered through pre-weighed Whatman no. 42 filters 

and rinsed three times using Millipore water. The ASF was then dried in an incubator, weighed, 

and crushed with a mortar and pestle to ensure homogeneity before isotopic analysis was 

conducted. To obtain δ
13

C values, 3 mg of AS material was placed into 4 x 3.2 mm tin capsules 

before being put through the EA-IRMS (Olk and Gregorich, 2006).  

3.5.3 Statistics 

 Statistical analysis was performed using SPSS Statistics 19. After the Shapiro-Wilk and 

Kolmogorov-Smirnov tests for normality yielded insignificant results for the majority of the data, 

repeated measures ANOVAs were used to explore differences in the uptake and redistribution of 
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13
C in the bulk soil and the various SOM fractions, including the MBF, LF, and ASF. The main 

effects examined included soil type and hydrogen addition, and the within subjects factor was 

time. P values of <0.05 are significant, and the Greenhouse Geisser values for both the between-

subjects effects and within-subjects effects were used. See Appendix A for the raw isotopic data 

and Appendix C for the ANOVA tables. 

3.6 Results 

3.6.1 Sterility Experiment 

 Results from this experiment showed that no significant isotopic shift occurred in either 

the oven dried or autoclaved soil when exposed to 
13

C-CO2 with or without added H2. A 

significant isotopic shift did, however, occur in both long term air and H2 treated field moist soil 

(Figure 3-2). For example, H2 treated soils that were exposed to additional H2 during the 48 hour 

labeling period increased in enrichment from -21.9 ‰ to +8 ‰, which was the greatest isotopic 

shift observed. The long term air-treated soil, when exposed to H2, also demonstrated an isotopic 

shift, though not nearly as large as the long-term H2 treated soil.  
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Figure 3-2. Results of the sterility experiment showing differences in 
13

C uptake for various 

treatments and sterilization techniques. 

3.6.2 Bulk Soil 

 Results showed that for all soil types, the δ
13

C enrichment steadily increased throughout 

the 28 days of this experiment (Figure 3-3). The first addition of H2 that occurred at the time of 

labeling caused a significant distinction in enrichment between soil that received the additional 

H2 and soil that did not (p < 0.001). The difference between the enrichment of the „root‟ and 

„nodule‟ soil is also statistically significant (p<0.001). The addition of H2 also had a significant 

effect on both „root + H2‟ and „nodule + H2‟ soil over time (p=0.001). This shows that the 

repeated addition of H2 enables the bulk soil to continue to fix more δ
13

C-CO2 than the soil that 

did not receive additional H2, including the „nodule‟ soil, which was naturally exposed to 

continuous H2 in the field. If soybean soil does have a saturation point with respect to carbon 

uptake, this point does not occur within a 28 day period. 
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 The trend of δ
13

C over time between soil types was statistically significant (p=0.027), as 

was the δ
13

C distribution between soil exposed to additional H2 and soil not exposed to additional 

H2 (p=0.0457, Figure 3-3), as well as the effect of time by soil type by H2 treatment was 

statistically significant (p=0.012). 

 

Figure 3-3. Trend of δ
13

C in bulk soil over time. Error bars represent + 1 SE, -1 SE is not 

shown for clarity. 

3.6.3  Microbial Biomass   

The difficulty in running the microbial biomass samples through the mass spectrometer 

combined with time restrictions resulted in microbial biomass data being collected for only the 

first three sampling dates. Soil type (p=0.611) and H2 treatment (p=0.499, Figure 3-4) did not 

yield statistically significant results. The trend of δ
13

C enrichment between „root‟ and „nodule‟ 

soil and soil exposed to additional H2 compared to soil not exposed to additional H2 did not vary 

much over time (p=0.376 and p=0.402, respectively). Furthermore, the effect of soil type by H2 
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treatment was also not statistically significant (p=0.219). With the exception of time (p=0.01), 

this fraction did not yield statistically significant results, though it did experience a much greater 

enrichment than the other fractions, in addition to having a similar yield as the LF (Table 3-1). 

 

Figure 3-4. Trend of δ
13

C in microbial biomass over time. Error bars represent + 1 SE, -1 

SE is not shown for clarity.  

Table 3-1. MBF in different soil types (µg/g) +/- 1 SE. 

 ‘Root’ ‘Root + H2’ ‘Nodule’ ‘Nodule + H2’ 

Day 0 720 (125) N/A 763 (113) N/A 

Day 2 505 (22) 408 (54) 613 (204) 522 (68) 

Day 4 555 (42) 587 (39) 666 (46) 575 (52) 

Day 7 571 (234) 936 (91) 603 (117) 944 (141) 

 

3.6.4 Light Fraction 

 The LF yielded few statistically significant results, which reflects the small LF input from 

the soybean plot where the soil for this experiment was retrieved. Since the soybean field had 

little LF input (Table 3-2), and there is no new LF material generated during this experiment, 
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whatever δ
13

C increase shown is that which was incorporated into existing LF material during the 

labeling period. Figure 3-5 shows that enrichment of the LF was not as strong after initial labeling 

as it was in the bulk soil, and enrichment remained steady between sampling at 7 and 14 days. 

After the second addition of the 
13

C label, enrichment of „root‟ + H2 decreased, „nodule‟ 

increased, and the other two soil types remained relatively constant.  

 While the effects of time and H2 treated soil were significant (p=0.017 and p=0.019, 

respectively), the effect of soil type was not (p=0.114). Over time, the trend of δ
13

C enrichment 

between H2 treated soils and non-H2 treated soils was not significant (p=0.413), nor was the 

difference in enrichment between „root‟ and „nodule‟ soil over time (p=0.320). The effects of soil 

type by H2 also did not show a statistically significant result (p=0.935).  

 

 

Figure 3-5. Trend of δ
13

C in the light fraction over time. Error bars represent + 1 SE, -1 SE 

is not shown for clarity. 
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Table 3-2. LF in different soil types (µg/g) +/- 1 SE. 

 ‘Root’ ‘Root + H2’ ‘Nodule’ ‘Nodule + H2’ 

Day 0 533 (162) N/A 710 (263) N/A 

Day 2 388 (71) 469 (18) 763 (64) 2829 (1623) 

Day 4 508 (91) 657 (32) 1240 (97) 1609 (723) 

Day 7 518 (78) 763 (169) 1041 (130) 803 (140) 

Day 14 548 (106) 755 (76) 522 (175) 689 (66) 

Day 28 505 (110) 392 (39) 631 (110)  896 (89) 

 

3.6.5  Acid Stable Fraction 

 As with the LF and bulk soil, the „root + H2‟ soil showed a spike in enrichment between 

days 4 and 7. The „nodule + H2‟ soil seemed to benefit from the additional 
13

C label as it 

decreased in enrichment between days 7 and 14, but rapidly increased in enrichment after the 

second labeling time. Since the ASF is the most recalcitrant, the label was not incorporated as 

easily as in other SOM fractions, such as the MBF (Figure 3-4). This is shown in Figure 3-6 in 

both the small initial spike in enrichment as well as the significant difference between the soil 

exposed to additional H2 and the soil. 

 Despite the small isotopic shift, the effects of time and the H2 treatment were significant 

(p<0.001 and p<0.001, respectively), however, there was little difference between the soil types 

(p=0.251). The δ
13

C trends over time between the „root‟ and „nodule‟ soils and between the four 

soil treatments were also not statistically significant (p=0.118 and p=0.271, respectively). 

However, the effect of H2 treated soils over time was significant (p=0.001), as was the effect of 

time by soil type by H2 (p=0.044). The amount of ASF present in the soil was much greater than 

that of the LF (Table 3-3). 
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Figure 3-6. Trend of δ
13

C in the acid stable fraction over time. Error bars represent + 1 SE, 

-1 SE is not shown for clarity. 

Table 3-3. ASF in different soil types (mg/g) +/- 1 SE. 

 ‘Root’ ‘Root + H2’ ‘Nodule’ ‘Nodule + H2’ 

Day 0 751 (10) N/A 754 (25) N/A 

Day 2 723 (27) 652 (102) 732 (12) 748 (21) 

Day 4 674 (35) 751 (6) 760 (7) 763 (5) 

Day 7 757 (19) 754 (5) 758 (3) 752 (20) 

Day 14 757 (21) 763 (2) 771 (4) 745 (18) 

Day 28 770 (2) 760 (7) 744 (15) 759 (5) 

 

3.6.6  Rate of Carbon Fixation 

 This experiment was designed to observe the pattern of δ
13

C uptake between the four soil 

treatments for the bulk soil and three SOM fractions during the labeling period with the intent of 

determining the ideal time period for labeling soybean soil. Therefore, the rate of carbon uptake 

by these soil treatments between sampling days 0 to 14 and 14 to 28 was determined (Figure 3-7).  

The MBF and the LF, as well as the bulk soil, showed that the rate of carbon uptake was greatest 
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between sampling days 0 and 14, compared to between days 14 and 28. The bulk soil showed 

similar rates of enrichment between sampling days 14 and 28 in all soil types but the „root + H2‟ 

soil, which declined in carbon uptake during this time period. The MBF was observed to have the 

greatest rate of carbon uptake between days 0 and 14. The LF showed carbon uptake between 

days 0 and 14, which was greater for soil exposed to additional H2. This rate of uptake varied, and 

in the case of the „root + H2‟ LF declined, between sampling days 14 and 28. The ASF had the 

slowest rate of carbon uptake of the soil fractions measured as a result of the recalcitrance of this 

fraction. The rate of carbon uptake for the ASF was similar between sampling days 0 to 14 and 

between days 14 and 28. 

 

Figure 3-7. Rate of Carbon Uptake (δ
13

C ‰/day) between sampling days 0 - 14, and 14 - 28. 
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3.7 Discussion 

3.7.1 Bulk Soil 

 In general, 
13

C enrichment of bulk soil for the four soil types increased almost linearly 

throughout the 28 days that this experiment took place. Additions of H2 stimulated 
13

C uptake in 

both the „root + H2‟ and „nodule + H2‟ bulk soil (Figure 3-3), which were generally more enriched 

than the „root‟ and „nodule‟ bulk soil, even though „nodule‟ soil was naturally exposed to H2. An 

exception to this trend occurred during the first week, where the „root + H2‟ soil remained as 

enriched as the „root‟ and „nodule‟ soil. After the second addition of H2, the „root + H2‟ bulk soil 

showed a large increase in enrichment of 9.8 ‰ (Figure 3-3). After this spike, the rate of 

enrichment increase declined between days 7 and 14, though it was still greater than that of the 

„nodule + H2‟ soil. The rate of enrichment increase slowed further after the second addition of 

δ
13

C, resulting in a final δ
13

C signature close to that of „nodule + H2‟ soil This shows the effect on 

carbon uptake that the initial H2 addition has on all soil treatments, not just soil that was naturally 

exposed to H2 in the field.  

During this experiment, the „nodule + H2‟ soil continually increased in enrichment 

throughout the 28 days, although the rate of enrichment increase gradually declined over the first 

14 days, regardless of the three additions of H2. After the second addition of δ
13

C, however, the 

rate of enrichment increase was similar to that shown during the first two sampling dates, 

resulting in a substantial final enrichment. The „nodule + H2‟ soil did not respond as much as the 

„root + H2‟ soil to the additional labeling time and second addition of δ
13

C, however it did allow 

for a change in δ
13

C from -7.71 ‰ to -3.24 ‰. 

The „root‟ and „nodule‟ soil did not show a large initial isotopic shift as did the „root + 

H2‟ and „nodule + H2‟ soil. The response of the soil not exposed to additional H2, even though 
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„nodule‟ soil is exposed to H2 in the field, is a linear increase in enrichment throughout the 28 

days. Therefore, the „root‟ and „nodule‟ soils are able to increase in enrichment, but the addition 

of H2 initially, more so than later on in the experiment, has a large influence on the overall ability 

of soil to increase carbon uptake. 

3.7.2 Microbial Biomass  

 Although the four soil types showed that the enrichment of the MBF increased steadily 

throughout the first 14 days of this experiment, the changes in enrichment between each time 

period are not statistically significant as the enrichment occurs quickly. The enrichment of the 

MBF is different from the other SOM fractions in that the „nodule + H2‟ soil was not much more 

enriched than the other soil types, and there was not a significant distinction between the soil 

exposed to additional H2 and soil that was not, even though the „nodule‟ soil was naturally 

exposed to H2 (Figure 3-4).  

 Between sampling days 4 and 7, the „root‟, „root + H2‟, and „nodule‟ soil all increased in 

the rate of enrichment increase compared to the first two days of the labeling period. The „nodule 

+ H2‟ soil, however, experienced a greater initial increase in enrichment but did not increase 

greatly between sampling days 2 and 7, resulting in a similar δ
13

C value as the other soil types at 

sampling day 7. Between sampling days 7 and 14, the „root + H2‟ soil continued to increase in 

enrichment at a rate similar to that which occurred between sampling days 4 and 7, showing that 

the additional H2 did influence microbial activity within the soil given the H2 additions. This is 

shown by comparing with the „root‟ soil, which experienced a decline in the enrichment rate and 

was not exposed to additional H2. 

 Overall, the MBF for each soil type increased throughout the first three sampling dates 

and the „root‟ and „root + H2‟ soil continued to increase between days 7 and 14, though the „root‟ 
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soil did so at a decreased rate (Figure 3-4). During the first three sampling days, all four soil types 

are similarly enriched. Therefore, the additional H2 does not have a large effect on the enrichment 

of the MBF until after sampling day 7, where the „root + H2‟soil continues to increase while the 

rate of increase in enrichment of the „root‟ soil decreases. While the µg/g yield of the MBF is 

similar to that of the LF (Table 3-1 and Table 3-2), the amount of enrichment increase of this 

fraction is much greater than any of the other fractions. This is a result of the incorporation of the 

δ
13

C into the microbial biomass before it is transferred into the other SOM fractions. At this time, 

missing data does not show the effect of the second addition of δ
13

C. 

3.7.3 Light Fraction 

 The δ
13

C enrichment trends of the four LF soil types did not show as much distinction 

between the soil treatments as the microbial biomass and ASF, nor did it show much of an 

increasing trend as in the MBF. The „root + H2‟ LF showed a rapid rate of carbon fixation during 

the first week of sampling dates. This rate slowed considerably between days 7 and 14 and 

declined throughout the last two weeks of sampling, despite the additions of δ
13

C and H2. During 

this time, the δ
13

C signature of the „root + H2‟ remained close to that of „nodule + H2‟ soil, and 

generally greater than that of „root‟ and „nodule‟ LF (Figure 3-5).  The „nodule + H2‟ LF 

remained more enriched than the other soil types throughout the 28 days, though it did not show 

an obvious response to the second addition of δ
13

C. Throughout the experiment, the enrichment of 

„nodule + H2‟ LF increased, though the rate of increase declined. The „root‟ LF showed an 

increasing rate of enrichment throughout the first 14 days, although the rate of increase declined 

with each sampling time. The rate of enrichment increase then plateaued during the last two 

weeks of the experiment, regardless of the additions of δ
13

C. The „nodule‟ soil, however, showed 

a spike in enrichment after the second δ
13

C addition, resulting in a final enrichment similar to that 
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of „nodule + H2‟ LF. This resulted from the label of the LF reflecting only that which was 

incorporated initially, as no new LF material was added during the experiment. Therefore, only a 

small enrichment increase occurs initially before leveling out. 

 As with the bulk soil, the second addition of δ
13

C had varied effects on the four soil 

types. While the second addition of δ
13

C had a visible influence on the „nodule‟ soil, as it also had 

an impact on the microbes which move carbon into the LF, it had little effect on the „nodule + 

H2‟, „root + H2‟, and „root‟ soils. Unlike in the bulk soil, the „nodule‟ and „root‟ soils did not 

maintain a steady increase in enrichment, however, the general pattern was similar to the „nodule 

+ H2‟ and „root + H2‟ LF. This further suggests that not only do the H2 additions have more of an 

impact on initial carbon uptake than on carbon uptake throughout the labeling period, but that the 

movement of carbon into the LF occurs at a rate comparable for all soil types. These results, 

however, may have been more statistically significant had the amount of LF been greater.  

3.7.4 Acid Stable Fraction 

 The δ
13

C enrichment of the ASF was similar across the four soil treatments to that of bulk 

soil, showing a continuous increase in enrichment throughout the 28 day period (Figure 3-6). The 

„root + H2‟ ASF showed a pattern of enrichment similar to that found in both the LF and the bulk 

soil, where enrichment spiked between days 4 and 7 and continued to increase for the remainder 

of the experiment. As in the other fractions, the second addition of δ
13

C did not initiate a notable 

increase in enrichment, shown by the similarity of the rate of enrichment increase, both before 

and after the second addition of δ
13

C. This most likely reflects the recalcitrance of this fraction, 

which dulls the responsiveness of the ASF to smaller shifts in carbon availability. This is shown 

in the enrichment trend between days 2 and 7 of the „root + H2‟ ASF, where there was a lag time 

between the enrichment increase even with the stimulation of microbial populations through H2 
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additions. The „nodule + H2‟ ASF, which already had established microbial communities used to 

utilizing H2, did not have such a lab time at the beginning of the experiment.  

The „nodule + H2‟ ASF also closely follows the pattern of enrichment shown in the LF 

and the bulk soil, where the enrichment increases between days 2 and 7, decreases between days 

7 and 14, and increases at a greater rate after the second addition of δ
13

C. The other soil types did 

not show this increase after the second addition of δ
13

C, signaling the movement of carbon into 

the ASF occurs more rapidly in the „nodule + H2‟ soil because of the recalcitrance of the ASF.  

 As with the bulk soil, the „root‟ and „nodule‟ ASF follow closely in enrichment, and 

increases in enrichment in an almost linear fashion throughout the experiment. The soil types not 

exposed to additional H2, even though the „nodule‟ is naturally exposed to H2, are not greatly 

influenced by the additional δ
13

C (Figure 3-6). The differences in enrichment between the four 

soil types at the end of this experiment and at the beginning of the field incubation only differed 

by a few values, as a result of the recalcitrance of this SOM fraction. Therefore, the additional 

labeling time does not result in substantially more carbon being transferred into the ASF in the 28 

day period.   

 Overall, the enrichment of the ASF for all soil types follows a pattern similar to that of 

the LF and bulk soil, showing that the movement of carbon from the microbial biomass through 

to the other SOM fractions occurs rapidly. As with the bulk soil, the „nodule‟ and „root‟ ASF 

show a steady increase in enrichment without being exposed to additional H2. This shows that H2 

is most influential when it is first exposed to the microbial biomass populations, reflected in the 

initial enrichment gap created by the increased microbial activity transferring carbon into this 

recalcitrant SOM fraction 
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3.7.5 Rate of Carbon Uptake 

 In general, the period of between 0 and 14 days saw the greatest rates of carbon uptake 

for all soil treatments in the bulk soil and the three SOM fractions. Soils exposed to additional H2 

during this experiment experienced greater carbon uptake rates than soils not exposed to 

additional H2, even though „nodule‟ soil was exposed to H2 in the field setting. In contrast to the 

overall δ
13

C enrichment which is generally greatest in the „nodule + H2‟ soils for each fraction, 

the average carbon uptake rates for the first 14 days of this experiment were greatest for the „root 

+ H2‟ soils. This rapid rate of carbon fixation may be reflecting the changes to the microbial 

community structure and population as the „root + H2‟ soil becomes exposed to H2 for the first 

time, as opposed to the „nodule + H2‟ soil which already had an established microbial community 

structure used to H2 exposure.  

 Stein et al. found that the rate of CO2 uptake by legume soils exposed to H2 was 

approximately 8 nmol CO2/g soil/hour (Stein et al., 2005). It was also found that 40% of the 

energy derived from H2 oxidation is used for CO2 fixation, while the remaining 60% is used for 

O2 consumption. This has an overall effect of lowering CO2 lost from the soil system through 

respiration. Therefore, Dong et al. (2001) estimated that about 25 kg C per hectare per growing 

season would be fixed in a legume crop fixing 200 kg N per hectare, as a result of hydrogen-

coupled CO2 fixation (Dong and Layzell, 2001). As the microbial biomass is the main input of 

carbon into the soil system, the rates of carbon uptake are substantially higher in this fraction 

compared to the other SOM fractions analyzed. While the MBF controls the redistribution of 

carbon within the SOM fractions, the recalcitrance of the ASF is reflected in the slow movement 

of newly fixed carbon into this fraction. 
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3.8 Conclusion 

 In summary, the increased carbon fixation experienced in legume soil is a result of 

hydrogen-coupled CO2 fixation, rather than an abiotic process such as CO2 dissolution into the 

soil. The 28 day labeling experiment showed that although the enrichment of the „root‟ and 

„nodule‟ soil types varies, the general patterns of carbon uptake during this time period are similar 

across the different soil treatments. While there is high initial uptake, resulting from the 

stimulation of the MBF by the H2 additions provided at the beginning of the experiment, the rates 

of increase of carbon uptake begins to level off after 7 days. Based on both the overall enrichment 

of the four soil treatments in the bulk soil and three SOM fractions, the ideal labeling time 

required for soybean soil is between 7 and 14 days.  

 While the H2 additions assisted in increasing δ
13

C enrichment initially, the multiple 

additions after time 0 did not seem to alter the pattern of enrichment for „root‟ or „nodule‟ soil in 

either the bulk soil or the three SOM fractions. This was shown by comparing the „root + H2‟ and 

„nodule + H2‟ with the „root‟ and „nodule‟ soil. The second addition of δ
13

C also did not seem to 

have any substantial impact on carbon uptake, except on the „nodule‟ LF. Furthermore, while the 

enrichment differences between H2 added and H2 deprived soils showed that H2 availability does 

influence the amount of carbon being fixed into the soil as a whole, there is also a difference 

between the „root + H2‟ and „nodule + H2‟ soils. If the soil has been exposed previously to H2 and 

therefore has an established microbial community experienced in utilizing H2, the rate of carbon 

uptake in the first couple days of the experiment, as well as the overall enrichment of soil, is 

greater than the „root + H2‟ soil. However, the average rate of enrichment between the first 14 

days of the experiment was shown to be greater in the „root + H2‟ soil compared to the „nodule + 

H2‟ soil, likely reflecting the increased microbial activity as it adapts to the new energy supply. 
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 Therefore, when conducting a 
13

C pulse labeling experiment using soybean soil, both 

„root‟ and „nodule‟ soil should be exposed to 
13

C for a period of between 7 and 14 days in order 

to optimize the δ
13

C signature found in the bulk soil and three SOM fractions. Longer labeling 

periods are likely to further enrich fractions like the ASF, as well as the bulk soil, but the rate of 

change in the isotopic signature of these fractions suggests no fundamental changes in the process 

of carbon fixation over time.  
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Chapter 4 

Fate and Turnover Time of Carbon fixed by Chemoautotrophic 

Microbes in a Continuously Cropped Soybean Field 

4.1 Abstract 

 As soybean production continues to increase, the GHG inventory of legume producing 

countries becomes a concern. While it has recently been established that the nitrogen fixing 

properties of legumes has little direct effect on N2O emissions, the increased carbon fixed in 

legume soil through hydrogen-coupled CO2 fixation has yet to be taken into account in GHG 

inventory calculations (Helgason et al., 2005; Rochette and Janzen, 2005). I used a 
13

C stable 

isotope tracer study to explore the amount and fate of carbon fixed by hydrogen-coupled CO2 

fixation to determine the mean residence time (MRT) of the newly-fixed carbon in bulk soil and 

three soil organic matter (SOM) fractions. These results will assist in determining the extent to 

which leguminous soil can act as a long-term carbon sink.  

 Soil was collected adjacent to soybean nodules („nodule‟ soil) and from >4 cm away from 

soybean nodules („root‟ soil) and labeled with 
13

CO2 (1% v/v) in the presence and absence of H2 

gas (6000 ppm). Labeled soil was then placed in nylon mesh bags (1.5 mm mesh) and buried 

(15cm deep) in November, 2010, in a continuously cropped soybean field at the Central 

Experiment Farm in Ottawa, Ontario. Samples were removed in April, May, June, July, and 

October, 2011. At each sampling time, soils were fractionated into three SOM fractions with 

different turnover times (the microbial biomass fraction (MBF), the light fraction (LF), and the 

acid stable fraction (ASF)), and δ
13

C values were determined to reveal changes in carbon turnover 

over time. While the MBF is thought to be the most labile SOM fraction, the LF had the shortest 
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MRT, reflecting the lack of sufficient LF material present in the soil and lack of fresh inputs. At 

the end of the experiment, all SOM fractions and the bulk soil remained enriched by 1 ‰ to 8 ‰ 

compared to that of unlabeled soil, with greater enrichment occurring in the „nodule + H2‟ soil, 

illustrating the potential for long-term storage of fixed carbon in legume soils. Enrichment of the 

bulk soil increased from -25 ‰ to -21 ‰ in the „root‟, „root + H2‟, and „nodule‟ soil and to -16 ‰ 

in the „nodule + H2‟ soil. The MBF increased in enrichment from -23 ‰ to -11 ‰ in the „root + 

H2‟ MBF, to -10 ‰ in the „root‟ and „nodule‟ MBF, and to -8 ‰ in the „nodule + H2‟ MBF. The 

ASF increased in enrichment from -26 ‰ to -24 ‰ in the „root‟ and „nodule‟ ASF, to -23 in the 

„root + H2‟ ASF, and to -21 in the „nodule + H2‟ ASF. Furthermore, the trend of the „nodule + H2‟ 

soil in the MBF as well as that of all soil types in the ASF at the end of this experiment showed 

increasing enrichment. The MRTs of the bulk soil were 1.37 years for the „root‟, „root + H2‟, and 

„nodule + H2‟ soil, and 2.74 years for the „nodule‟ soil. The MRTs for the MBF were 0.91 years 

for the „root‟ and „nodule‟ MBF, and 0.68 years for the „root + H2‟ soil. Further research is 

needed using a longer experimental time frame to determine the MRT of fixed carbon in these 

fractions, and the extent to which soybean soil can contribute to climate change mitigation.  

4.2 Introduction 

 The many benefits of producing soybeans, including low production costs, high average 

yields, and soil nitrogen amendments, have made them one of the most prominent oilseed crops 

produced worldwide (Dorff, 2007; FAO, 2009; Growers, 2009). In addition, soybeans produce 

high-protein soy meal and soy oil, which can be used as a replacement for petroleum (Figure 4-1). 

Global soybean production increased 4.6 % between 1961 and 2007, and is expected to increase 

by 2.2 % annually until 2030 (Masuda and Goldsmith, 2009). Currently, soybeans are responsible 

for the production of 20 % of global vegetable oil and 60 % of global animal and vegetable meal 
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production (FAO, 2009). As soybean production continues to rise in response to increasing global 

requirements for food and alternative energy, it is important to understand the GHG consequences 

of increasing the production of soybeans and other nitrogen fixing crops.  

 

Figure 4-1. Soybean Products (Dorff, 2007). 

 Legumes are commonly associated with an increase in N2O emissions, which emanate 

from the decomposition of the low C:N legume biomass. When crop residues are left on fields to 

decompose, the resulting influx of nitrogen causes nitrification and denitrification to also 

increase, both of which release N2O as a byproduct (Helgason et al., 2005; Rochette and Janzen, 

2005). In the 1996 IPCC Greenhouse Gas Inventory Methodology, direct N2O production from 

agricultural soils supporting legumes was estimated using an emission factor of 1.25 %, which 

included a component of N2O production linked directly to biological nitrogen fixation (BNF) 

(IPCC, 2006). Subsequent work suggested that there was a lack of strong evidence showing direct 

N2O emissions from BNF, and the emission factor was lowered to 1 %. This 1 % represents N2O 

emissions resulting from fertilizer and manure applications, which sum to an approximate 
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emission value of 0.9 %. This 0.9 % was rounded up to 1 % to account for the uncertainties of 

emissions derived from mineralization of SOM and crop residues (Helgason et al., 2005; IPCC, 

2006; Rochette and Janzen, 2005). 

 While the relationship between BNF and the nitrogen cycle has been well explored, the 

interaction between legume production and soil carbon dynamics is not as clear. As part of the 

BNF process, the enzyme nitrogenase converts atmospheric nitrogen into ammonia using ATP, 

which releases H2 as a byproduct (Figure 4-2) (Howard and Rees, 1996). The H2 that is released is 

either consumed within the legume nodule if the uptake hydrogenase enzyme is present, or 

released into the surrounding soil. If released, the H2 is oxidized by chemoautotrophic microbes 

which use the derived energy to increase CO2 uptake and fixation within the microbial biomass 

where it is distributed throughout various SOM pools. This process is termed hydrogen-coupled 

CO2 fixation (Figure 4-2) (Dong and Layzell, 2001; Peoples et al., 2008). 

 

Figure 4-2. Processes occurring in the rhizosphere of soybean plants. 

 Soil organic matter pools are operationally defined by the method of extraction used to 

represent groups of organic matter varying turnover rates of organic matter referred to as active, 

intermediate, or passive. The active pool has turnover rates of less than one year, while the 



 

60 

 

passive pool requires thousands of years to turnover SOM (Lützow et al., 2007). The microbial 

biomass fraction is commonly used to represent the active pool as it composes between 

approximately 0.3% and 7% of SOC with a turnover time of between 1 and 5 years (Lützow et 

al., 2007). The light fraction, extracted using a density fractionation technique, represents an 

intermediate SOM pool with a turnover time that is not as fast as that of new litter, but more rapid 

than SOM found in association with clay and silt particles (Christensen, 2001; Lützow et al., 

2007). The acid stable fraction is comprised of more recalcitrant forms of SOM such as those 

found in acidic substances, such as humus, humic acid and fulvic acid. The turnover rates for this 

fraction are between hundreds and thousands of years  (Gregorich et al., 2000; Lützow et al., 

2007).  

This research addresses the impact of hydrogen-coupled CO2 fixation on long- and short-

term soil carbon storage in various SOM pools. The fate and turnover time of carbon within these 

SOM pools will determine the extent to which legumes are able to mitigate climate change 

through sequestration of atmospheric carbon dioxide. By exploring the MRT of fixed carbon in 

SOM pools, each with varying levels of recalcitrance, the long-term stability of atmospheric 

carbon fixed within the soil system through the process of hydrogen-coupled CO2 fixation can be 

determined.  The objectives of this work are:   

1. To explore the factors which control the rate and fate of CO2 uptake in soils taken from various 

parts of the rhizosphere of soybean plants. 

2. To measure the change in the δ
13

C signature and the MRT of newly fixed carbon over time in 

three SOM fractions: the MBF, the LF, and the ASF.  
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4.3 Study Area 

 The incubation of δ
13

C labeled soil took place in a continuous soybean plot in the Central 

Experimental Farm in Ottawa, Ontario (Figure 4-3). This farm was established in 1886, spans 400 

ha, and is located about 3 km from Parliament Hill (Agriculture and Agri-Food Canada, 2011; 

Canada's Historic Places, 2011). Though historically soybeans were grown in more temperate 

climates, advances in agricultural technology have allowed them to grow within the city of 

Ottawa, which has a mean annual temperature of 6.3°C and a mean annual precipitation of 914 

mm (Environment Canada, 2012).   

 

Figure 4-3. The Central Experimental Farm (Agriculture and Agri-Food Canada, 2011). 

 Soils at the farm are extremely heterogeneous, ranging from sand to clay (Agriculture and 

Agri-Food Canada, 1997). The plot used for this study (Figure 4-4) contains both NGcl (North 

Glower Clay Loam) and Msl (Mountain sandy loam) soil. While the soil was retrieved from the 

sandier area of the plot, the burial of the bags occurred in the more clay-rich area. This 

discrepancy occurred because burial took place after the fields were ploughed and the area left 

un-ploughed for the purpose of this experiment happened to be in the more clay-rich area.  
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Figure 4-4. The soybean field used in this experiment at the Central Experimental Farm 

(Google Earth, 2008). 

4.4 Methodology 

4.4.1 Soil Processing  

 In August 2010, about 65 whole soybean plants with the rhizosphere held intact with 

plastic wrap were removed from a continuous soybean plot situated in the SW area of the Central 

Experimental Farm (Figure 4-4). „Root‟ and „nodule‟ soil was then carefully separated by cutting 

through the plastic wrap and measuring a distance of 4 cm from the roots. Soil located more than 

4 cm from the root system was removed and termed „root‟ soil, while the remaining soil found 

within 4 cm of the roots was shaken free of the root system and termed „nodule‟ soil. Both the 

„root‟ soil and „nodule‟ soil were sieved using a 5 mm sieve (Dong and Layzell, 2001; Stein et al., 

2005).  
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 Soil water holding capacity (WHC) was determined by placing equal parts soil and water 

in a stoppered funnel containing a small amount of aquarium fiber in the bottom, allowing the 

mixture to sit covered for 24 hours, and removing the plug. Once the plug was removed, the 

mixture was allowed to drain for 6 hours. The soil was weighed and dried at 105°C for 24 hours, 

then weighed again to determine soil moisture at 100 % WHC (Harding and Ross, 1964). An 

Oakton 510 series pH/COND meter (Oakton Instruments, IL, USA) was used to measure the pH 

of a slurry consisting of 5 g of soil and 5 ml of deionized water. Soil was kept in the fridge in zip 

lock bags prior to labeling. 

 To label soil with 
13

C, 
13

C-CO2 gas was created by reacting Na2
13

CO3 (99.99 % 
13

C) with 

6 N HCl in a gas-tight medical vial which was connected to a 60 ml syringe to capture the gas 

(Figure 4-5).  

 

Figure 4-5. Generating 
13

C-CO2 (Photo by A. Graham, 2010). 

 After moisture content was adjusted to 60 % WHC, the soil was divided into samples 

weighing 1120 g. Each sample was placed in a sealed 5.7 L Rubbermaid container with rubber 
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septa inserted into the lids. The edges of the containers and septa were sealed with silicone to 

ensure the container was gas tight. As studies have found that soils develop the ability to take up 

H2 after a period of 7 to 10 days, an initial labeling test was performed which determined that one 

week was not sufficient for a substantial incorporation of the 
13

C label into the soil (Maimaiti et 

al., 2007). Therefore, 
13

C-CO2 (1% v/v) was added to each container at the beginning of a 2 week 

incubation period, during which the containers were kept in a dark environment at room 

temperature (Figure 4-6).  

 

Figure 4-6. Containers used for labeling soil (Photo by A. Graham, 2010). 

 H2 gas was added to reach a concentration of 6000 ppm inside half of the „root‟ and 

„nodule‟ containers at the time of labeling and again after 72 hours (Stein et al., 2005). The 

resulting four soil treatments were „root‟ soil, „nodule‟ soil, „root + H2‟ soil, and „nodule + H2‟ 

soil (Figure 4-7). 
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Figure 4-7. Experimental design. 

  After the two week labeling period and within two days of being buried, 70 g of soil was 

placed into mesh bags created from window screen material (1.5 mm openings) and sealed with 

fishing line. Soil treatments were identified using four colours of flagging tape sewn into the 

mesh (Figure 4-8). Before burial, the mesh material was tested to ensure that the soil residing in 

the bag would be adequately exposed to surrounding environmental conditions while ensuring the 

soil remained inside the bag. This was done by storing a test bag of soil in a jar containing soil of 

a different moisture content, and measuring the moisture content of these soils initially and after 2 

and 7 days. Results showed that the moisture content of the soils remained distinct, indicating that 

soil remained inside the bag. However, small shifts in moisture were noted, reflecting 

acclimatization with the surrounding environment.  

 

Figure 4-8. Soil incubation bags being prepared to field deployment (Photo by A. Graham, 

2010). 
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4.4.2 Plot Design and Bag Removal 

 At the Central Experimental Farm, bags were buried in four 1 m
2
 plots outlined in the 

same field from which the soil was taken, following the pseudoreplication method (Hurlbert, 

1984). Sample location for each bag within a plot was assigned randomly. The bags were then 

buried in rows with a 10 to 15 cm radius of space surrounding each bag. To bury the bags, a 15 

cm (mean rooting depth of soybeans) soil core was removed, the bag was placed at the bottom of 

the hole, and the soil core was placed back on top of the bag (McWilliams et al., 1999; 

Tufekcioglu et al., 1999). Flagging tape was placed in the ground along with the core to mark the 

bag‟s location and treatment, although location measurements were also taken. Bags were buried 

on November 15
th
, 2010 (Figure 4-9). 

 

Figure 4-9. 1: Buried bag 2: 15cm cores 3: One of the four plots with buried bags 4: 

Sampling area in the soybean field (Photo by A. Graham, 2010). 
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 Bags were removed periodically throughout the following year on April 8
th
, May 9

th
, June 

9
th
, July 8

th
, and October 7

th
, 2011 (Table 4-1). At each sampling date, one bag of each soil 

treatment was randomly selected and removed from each plot. This resulted in 16 soil bags being 

retrieved at each sampling time; four soil treatments and four replicates of each treatment. Bags 

were removed by taking a 15 cm core from above where the bags were buried (Figure 4-10). 

Depending on the moisture content of the soil, sometimes the bags needed to be dug free of the 

surrounding soil using a trowel and/or knife. Bags remained intact except for when the corer 

occasionally punctured through the bags during removal. After being removed, bags were kept 

out of the sun in a cooler and immediately refrigerated upon returning to Kingston later that day. 

While at the field site, a soil sample for soil moisture content was taken to a depth of 10 cm, 

along with the soil temperature. Small cores (2.54 cm diameter x 5cm length) were also collected 

immediately beneath the incubation bags to determine if leaching of carbon from the incubation 

bags occurred. 

 

Figure 4-10. Soil incubation bags immediately after removal (Photo by A. Graham, 2011). 
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Table 4-1. Field sampling dates, soil temperature, and soil moisture. 

Sample Date Soil Temperature % Soil Moisture 

Nov. 15
th
, 2011 

(date of burial) 
2.5°C Sample not taken 

April 8
th
, 2011 3.5°C 15% 

May 9
th
, 2011 11.4°C 20% 

June 9
th
, 2011 23.8°C 12% 

July 8
th
, 2011 

Temperature probe broken, air 

temperature was 

approximately 25°C 

14% 

Oct. 7
th
, 2011 14.1°C 15% 

 

 Shortly after soil was collected, %C was measured using a LECO TrueSpec instrument. 

Table 4-2 shows the %C found in „nodule‟ and „root‟ soil, both before and after labeling with 

δ
13

C. „Nodule‟ soil contains more carbon after labeling, while the %C in „root‟ soil decreased 

after labeling, and „root‟ soil only contained more carbon than „nodule‟ soil when the soil was 

unlabeled.  

Table 4-2. Percent carbon in 'Root' and 'Nodule' Soil. 

 Pre-Incubation Post-Incubation 

 ‘Nodule’ 

Soil 

(%C) 

‘Root’ 

Soil 

(%C) 

 ‘Nodule’ 

Soil 

(%C) 

‘Root’ 

Soil 

(%C) 

‘Nodule + 

H2’ Soil 

(%C) 

‘Root + 

H2’ Soil 

(%C) 

Sample 1.62 1.68 1.69 1.55 1.58 1.42 

Duplicate 1.6 1.69 1.59 1.46 1.64 1.32 

4.4.3 Measurements 

 Upon returning to the lab after retrieving the bags, soil was carefully removed from the 

bags. Soil found on the outside of the bags was brushed off to avoid contamination with the 

labeled soil. A 2 g soil sample from each bag was removed, weighed, and dried overnight at 

105
o
C to determine soil moisture content. For each soil treatment, three SOM fractions were 

generated; the MBF, the LF, and the ASF. Bulk soil was also dried and ground for isotopic 

analysis.  



 

69 

 

4.4.4 Microbial Biomass Fraction 

 The MBF was obtained using the chloroform fumigation-extraction method the day after 

soil collection (Voroney et al. 2007). This method was chosen as opposed to the fumigation-

incubation method because it works well with isotopic analysis, can be used with soil containing 

recently decomposed substrate, and requires only 24 hours to complete. MBC is calculated as the 

difference between the amount of carbon found in the fumigated soil compared to that found in 

the non-fumigated soil (Voroney et al., 2007). 

 Soils were either fumigated for 24 hours in chloroform under vacuum, or incubated in the 

dark (controls). Following fumigation, both the control and the fumigated soil were extracted 

with 0.5 N K2SO4. After completing the microbial biomass extraction, the K2SO4 solution was 

filtered into two 20 ml plastic scintillation vials using Fisher Q5 filter paper. One vial was frozen 

for total extractable carbon measurements with a Shimadzu TOC Analyzer (Shimadzu Corp., 

Columbia, MD). The other vial was dried in an incubator and crushed with a mortar and pestle for 

isotopic analysis. Isotopic analyses of the MBF was achieved by weighing, to the nearest 1 µg, 20 

to 25 mg of ground K2SO4 from both fumigated and non-fumigated microbial biomass samples 

into 6 x 4 mm tin capsules. These capsules were then run through a continuous flow elemental 

analyzer for isotope ratio analysis (EA-IRMS; ThermoFinnigan, Queen‟s Facility for Isotope 

Research, Department of Geology, Queen‟s University) to yield a δ
13

C value relative to the 

international standard PeeDee Belemnite using Equation 3: 

δ
13

C (‰) = [(R sample – R standard)/R standard]*100  Equation 3 

This was calculated by the mass spectrometer measuring the ratio of mass 45/44 CO2 isotopes for 

both the sample and standard gases to give R. To determine the δ
13

C (‰) of the MBC, I used: 
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δ
13

C = (δ
13

Cf x Cf – δ
13

Cnf x Cnf) / (Cf – Cnf) Equation 4 

where δCf and δCnf represent the δ
13

C (‰) values of the fumigated and nonfumigated extracts, Cf 

and Cnf represent the extractable carbon (mg C/kg) in both fumigated and nonfumigated samples 

(Gregorich et al., 2000). 

4.4.5 Light Fraction 

 LF analysis was conducted using an adaptation of the method described by Gregorich and 

Beare (2007). To extract the LF, 20 g of air dried soil was added to 40 ml of NaI with a specific 

gravity of 1.7 (1200 g NaI/1 L of H2O). This mixture was shaken for one hour at 150 rpm and left 

to stand for 48 hours. The bits of material that remained floating at the end of the 48 hour period 

were removed using a small scoop and placed in a watch glass containing approximately 5 ml 0.1 

N CaCL2 (enough to thoroughly rinse the material). The soil was removed from the CaCL2 using 

a syringe attached to a Millipore Swinnex filter holder unit, and pushed through a 0.8 µm 

Millipore Isopore Membrane filter. Using this syringe and filter, the LF material was rinsed with 

60 ml of deionized water to remove any remaining salt. The LF material was then rinsed into a 

pre-weighed 15 x 45 mm Fisherbrand glass vial and left in an incubator to dry. Dry LF material 

was then weighed, freeze dried, and crushed for isotopic analysis. Isotopic analysis, which 

provided total carbon in addition to a δ
13

C value, required 3 mg of LF material to be weighed into 

4 x 3.2 mm tin capsules. 

 

4.4.6 Acid Stable Fraction 

 The ASF was extracted by placing 3 g of dried and ground soil into 12 inch (100 ml) test 

tubes, adding 30 ml of 6 N HCl, and refluxing this mixture on a temperature controlled digestion 

block (BD "s" Series Block Digestion System by Seal Analytical, Analytical Services Unit, 
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Department of Biology, Queen‟s University) at 116°C for 24 hours. Watch glasses were placed 

on top of the tubes during digestion to prevent the acid from evaporating. After refluxing, the 

remaining soil was filtered through pre-weighed Whatman no. 42 filters, rinsed three times with 

Millipore water, dried in an incubator, and weighed (Olk and Gregorich, 2006). The residual 

material was crushed to ensure homogeneity before undergoing isotopic analysis, where 3 mg of 

ASF material was weighed into 4 x 3.2 mm tin capsules.  

4.4.6.1 Mean Residence and Turnover Time Calculation 

 The MRTs were determined by fitting a first order decay function (Equation 5) to the 

isotopic data for each soil fraction within each soil type.   

A(t) = A0e
-kt

  Equation 5 

 The k value, or the decay constant, represents turnover time (TR), the MRT is equal to 

1/TR, and t indicates time (Kuzyakov, 2006). Before this equation could be fit, the data needed to 

be offset by the δ
13

C value of the unlabeled fraction to ensure all values considered by this 

function were positive, which is a requirement of this function. An example of this is shown 

below in Figure 4-11, where the δ
13

C values for the „root + H2‟ were offset by 24 ‰, which is the 

δ
13

C signature of unlabeled „root + H2‟ LF material. The function described above was then 

applied to generate a k value, which was inversed to derive the MRT.  



 

72 

 

 

Figure 4-11. Graph depicting calculation of the TR for ‘root + H2’ light fraction where k 

was determined to be 0.006. 

4.4.7 Statistical Analysis 

 Using SPSS for statistical analysis, the majority of the data passed the Shapiro-Wilk and 

Kolmogorov-Smirnov tests for normality of distribution. A repeated measures ANOVA was then 

used to test for effects of treatments and interactions on δ
13

C values over time for the four 

different treatments. These analyses were done on bulk soil as well as each of the SOM fractions. 

The main effects used were soil type and hydrogen addition, and the within subjects factor was 

time. ANOVAs for both between-subjects effects and within-subjects effects were generated and 

the p values used were the Greenhouse Geisser values. Values where p< 0.05 represent 

statistically significant results. For a summary of the raw δ
13

C data, see Appendix A. See 

Appendix C for the complete ANOVA tables. 
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4.5 Results  

4.5.1 Bulk Soil 

 The δ
13

C value of unlabeled „root‟ and „nodule‟ soil is -25 ‰. As the δ
13

C signature at 

T.5 of all soil types are more enriched than -25 ‰, there is still a large amount of fixed carbon 

remaining in the bulk soil after almost one year (Figure 4-12). The average amount of carbon 

found within „root‟ and „nodule‟ soil before the labeling process is 1.6 % and the average pH of 

each soil is 6.  

 As this experiment was designed to observe changes in δ
13

C over time, the effect of time 

was statistically significant (p<0.001), as were the effects of soil type and H2 treatment (p<0.001 

and p<0.001 respectively). The „nodule + H2‟ soil demonstrated the greatest enrichment of the 

soil types (p<0.001, Figure 4-12) and the δ
13

C trends of H2 amended soil differed from the 

unamended „root‟ and „nodule‟ soil, even though the „nodule‟ soil was naturally exposed to H2 in 

the field (p=0.011). Despite these differences, the general δ
13

C trends in the „root‟, „root + H2‟, 

and „nodule‟ soils were similar over time (p=0.077). At all times throughout the experiment, the 

δ
13

C of the „nodule + H2‟ soil was higher than all other soil types, as shown by the significant 

time by soil type by hydrogen interaction (p=0.007). This suggests that each soil treatment has a 

different trend of δ
13

C, and therefore the H2 addition affects „root‟ and „nodule‟ soil differently.  

 In addition to losses through microbial respiration, loss of labeled carbon through 

leaching was also a concern. Therefore, at the first few sampling times, soil was collected from 

directly below the buried soil bags and analyzed for δ
13

C. However, the signature of this soil was 

consistently the same as that of unlabeled bulk soil (-24 ‰), and therefore it was determined that 

no labeled carbon was leached from within the bags. 
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4.5.2 Microbial Biomass Fraction   

 As the δ
13

C value of unlabeled microbial biomass is -23 ‰, the MBF in all soil types still 

retained some newly fixed carbon in the MBF at the end of this experiment (Figure 4-13).  The 

yield of MBC present at each sampling date (Table 4-3) shows the fluctuation of the amount of 

biomass carbon through the seasons. The values shown in Figure 4-13 for Time 0 were derived 

using samples from a concurrent experiment which followed the same procedure, but which took 

place in a laboratory setting rather than being incubated in a field environment. The only 

difference between the microbial biomass samples meant for the field compared to those meant 

for the laboratory experiment was a couple of week‟s time difference of when the microbial 

biomass extraction took place.  
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                      Figure 4-12. Trend of δ
13

C in bulk soil over time. Error bars 

represent + 1 SE, -1 SE is not shown for clarity. 
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                     Figure 4-13. Trend of δ
13

C in microbial biomass over time. Error bars 

represent + 1 SE, -1 SE is not shown for clarity. 

Table 4-3. MBF in different soil types (µg/g) +/- 1 SE. 

Sample Date Root Soil Root Soil + H2 Nodule Soil Nodule Soil + H2 

Time 0, November 15
th

, 2010 694 (24) 655 (37) 653 508 

Time 1, April 8
th

, 2011 406 (49) 415 (18) 555 (54) 470 (50) 

Time 2, May 9
th

, 2011 922 (57) 938 (31) 855 (45) 878 (57) 

Time 3, June 9
th

, 2011 645 (39) 659 (33) 744 (21) 669 (133) 

Time 4, July 8
th

, 2011 316 (24) 331 (38) 430 (89) 255 (34) 

Time 5, October 7
th

, 2011 621 (24) 866 (117) 793 (61) 724 (78) 

 

 The pattern of δ
13

C enrichment for all soil types of the MBF shows more variability than 

the other SOM fractions, particularly for the „nodule +H2‟ soil type (p=0.092, Figure 4-13). There 

is also a distinction between the soil exposed to additional H2 and the „root‟ and „nodule‟ soil, 

where adding H2 enhanced the uptake of 
13

CO2 (p=0.003). Time is shown to be a significant 
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influencing factor on the observed pattern of 
13

C enrichment (p<0.001), as generally the δ
13

C 

value decreases with time. While all four soil types display a decrease in enrichment throughout 

the winter months, during which microbial activity also decreases, the „nodule + H2‟ and „root + 

H2‟ soil shows an increase in enrichment at the next sampling date (May 9
th
, or day 176 into the 

field experiment) when soybeans are beginning to grow. Throughout the remainder of the 

sampling periods only the „nodule +H2‟ soil remained significantly enriched compared to the 

other soil types (p=0.005). The differences in the trend of 
13

C enrichment over time for the soil 

types and H2 treatments are also statistically significant (p=0.001 and p=0.002, respectively), 

showing that, as with the bulk soil, the soil types respond differently to H2 input, with the 

nodule+H2 soil showing the greatest enrichment. Figure 4-13 also shows that the enrichment of 

„nodule + H2‟ soil is greater than the other soil types, although more variable, and therefore the 

time by soil type by hydrogen effect is also statistically significant (p=0.03).   

4.5.3 Light Fraction 

 Unlike the bulk soil and the MBF, at the end of the experiment the δ
13

C values of the 

„root‟, „root + H2‟, and „nodule‟ LF were much closer to that of unlabeled LF material (-24 ‰), 

suggesting that the fixed carbon does not remain long in the LF. As a result of the small amount 

of LF material (Table 4-4) and the sharp decline in enrichment shown in all soil treatments 

(Figure 4-14), the 
13

C enrichment between soil types and H2 treatments do not show statistically 

significant differences (p=0.102 and p=0.217 respectively). Although time (p<0.001) and the 

difference in enrichment of „nodule + H2‟ LF compared to other soil types show statistically 

significant differences (p=0.025), the difference in the enrichment trend between the soil types 

over time (p=0.155) and H2 treatment over time (p=0.296) are not statistically significant. The 

overall difference between the four soil treatments over time is also not as distinct as in the bulk 
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soil (Figure 4-12) or the microbial biomass (Figure 4-13), and therefore the time by soil type by 

hydrogen effect is not statistically significant (p=0.432).  

Table 4-4. LF in different soil types (µg/g) +/- 1 SE. 

 Root Soil Root Soil + H2 Nodule Soil Nodule Soil + H2 

Time 0, November 15
th

, 2010 540 (88) 693 (163) 1442 (219) 1206 (120) 

Time 1, April 8
th

, 2011 576 (42) 467 (99) 884 (100) 740 (113) 

Time 2, May 9
th

, 2011 443 (95) 798 (148) 645 (178) 799 (175) 

Time 3, June 9
th

, 2011 454 (138) 249 (91) 874 (163) 595 (105) 

Time 4, July 8
th

, 2011 358 (78) 526 (119) 589 (150) 608 (203) 

Time 5, October 7
th

, 2011 498 (169) 532 (192) 759 (147) 616 (103) 

 

 

Time (Days)

0 50 100 150 200 250 300 350

C
 L

ig
h
t 
F

ra
c
ti
o

n

-25

-20

-15

-10

-5

0

5

Root Soil

Root Soil + H2

Nodule Soil

Nodule Soil + H2

 

                      Figure 4-14. Trend of δ
13

C in the light fraction over time. Error 

bars represent + 1 SE, -1 SE is not shown for clarity. 
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4.5.4 Acid Stable Fraction 

 Being the most recalcitrant fraction measured, the initial δ
13

C value of the ASF did not 

deviate much from that of unlabeled ASF (-26 ‰) and only the „nodule + H2‟ soil showed any 

significant δ
13

C enrichment (p<0.001, Figure 4-15). As shown in Table 4-5, there is much more 

AS material than LF material, however, this difference may not be as pronounced under different 

field conditions, such as those where crop residues are left on the field and therefore the soil 

would experience a greater input of LF material. Although the enrichment of the soil types and H2 

treatment do differ in the ASF (p=0.003 and p<0.001 respectively), the change in δ
13

C over time 

does not occur until the end of the experiment. Therefore, as a result of the recalcitrance of this 

fraction, the effects of soil type over time (p=0.248) and H2 treatment over time (p=0.138) are not 

statistically significant. Although there was an overall statistically significant effect of time 

(p=0.012), the four soil treatments remained similar in enrichment throughout the experiment and 

therefore the effect of time by soil type by hydrogen was not statistically significant (p=0.269). 
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Table 4-5. ASF in different soil types (mg/g) +/- 1 SE. 

 Root Soil Root Soil + H2 Nodule Soil Nodule Soil + H2 

Time 0, November 15
th

, 2010 745 (14) 764 (3) 752 (15) 776 (8) 

Time 1, April 8
th

, 2011 746 (18) 752 (15) 933 (172) 710 (22) 

Time 2, May 9
th

, 2011 733 (12) 672 (34) 739 (4) 765 (31) 

Time 3, June 9
th

, 2011 702 (16) 706 (26) 732 (6) 725 (9) 

Time 4, July 8
th

, 2011 725 (8) 795 (34) 737 (8) 868 (46) 

Time 5, October 7
th

, 2011 825 (12) 752 (8) 910 (299) 859 (5) 

 

4.5.5 Mean Residence Time 

The MRTs were calculated for the bulk soil and three SOM fractions that decreased in 

enrichment over time to determine the stability of the carbon fixed from hydrogen-coupled CO2 

fixation. Bulk soil showed that while the enrichment of „nodule + H2‟ remains greater than that of 
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                        Figure 4-15. Trend of δ
13

C in the acid stable fraction over 

time. Error bars represent + 1 SE, -1 SE is not shown for clarity. 
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the other soil types, the decline in enrichment shown by this soil type is also more rapid (Table 

4-6). This caused the „nodule + H2‟ soil to have a shorter MRT than the other soil treatments. In 

the MBF, all soil types retained some label at the end of the experiment, showing a longer MRT 

than was expected. The MRT for the „nodule + H2‟ MBF, as well as for all soil types in the ASF, 

were unable to be determined because the pattern of enrichment was increasing at the end of the 

experiment. In contrast, the LF, which is more stable than the MBF, showed a rapid turnover for 

all soil types. However, this may be the result of the small amount of LF material available in the 

soil used for this experiment.  

Table 4-6. Mean residence time of δ
13

C in bulk soil. 

 Root Soil Root Soil + H2 Nodule Soil Nodule Soil + H2 

Bulk Soil 1.37 1.37 2.74 1.37 

MBF 0.91 0.68 0.91 Increasing trend 

LF 0.55 0.46 0.46 0.55 

 

4.5.6 Scaling Up Results 

 The mass of nodule soil found within a 1 m
2
 soybean plot was estimated based on 

experience removing and processing the soybean plants and soil. When soybeans were removed 

along with the soil surrounding the root system (termed „rhizosphere‟ soil for the purpose of this 

discussion), 5580 g of „nodule‟ soil and 7500 g of „root‟ soil in total was collected, with 

approximately 200 g of total soil removed with each plant. This suggests that in the „rhizosphere‟ 

soil there is a 60 to 40 ratio of „root‟ to „nodule‟ soil. In the continuous soybean field at the 

Central Experimental Farm, a 1 m
2
 plot contained 3 rows of soybeans with about 20 plants in 

total. By multiplying the number of plants in a 1 m
2
 area by the mass of „rhizosphere‟ soil, we can 

estimate that there is 4000 g of „rhizosphere‟ soil and 1600 g of „nodule‟ soil in a 1 m
2
 plot to a 

depth of 15 cm. Therefore, there is approximately 16000 kg of „nodule‟ soil per hectare to a depth 
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of 15 cm. We had also determined that the %C found in unlabeled „nodule‟ soil is 1.6 %, and 

therefore in 1 ha there is approximately 256 kg of carbon in the „nodule‟ soil to a depth of 15 cm.  

 While all forms of increased carbon storage in nodule soil are important to climate 

change mitigation, the increased carbon found within the ASF will contribute the most to long-

term carbon storage because of its long MRT. We determined that the average yield of the ASF in 

„nodule‟ soil is 792 mg of ASF/g of soil. Therefore, there is approximately 12672 kg of ASF in 

the „nodule‟ soil per hectare to a depth of 15 cm. Since the average percent carbon found in the 

ASF is 1.29 %, there is about 163 kg of carbon in the „nodule‟ ASF per hectare to a depth of 15 

cm in this continuous soybean field. 

 Although these estimates provide an insight into carbon storage potential, determining the 

proportion of this carbon that is derived from hydrogen-coupled CO2 fixation provides more 

direct estimate of how much this process might enrich soil carbon storage. The „nodule + H2‟ and 

„nodule‟ soils were chosen for this calculation to display the carbon storage potential with both 

unaltered legume soil and legume soil exposed to additional H2 fertilization. The percent 

difference between the absolute δ
13

C values of the „nodule‟/„nodule + H2‟ ASF at T.5 and that of 

the unlabeled „nodule‟/„nodule + H2‟ ASF is 6 %/ 16 %. This percentage was then applied to the 

mass of carbon found in the ASF of the „nodule‟/„nodule + H2‟, which yielded 9.8 kg/26.08 kg of 

newly fixed carbon per hectare to a depth of 15 cm. For a sample calculation, see Appendix B. 

 An estimate of the amount of carbon fixed into the „nodule‟ bulk soil during the growing 

season was also calculated by multiplying the amount of 
13

C remaining in the soil after one year 

by the ratio of the number of days in the growing season to the number of days during the 

labeling period. This estimated that 3.8 kg of newly fixed carbon was fixed during the growing 

season in the „Nodule‟ bulk soil in a one hectare area to a depth of 15 cm. 
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4.6 Discussion 

 To determine the fate and turnover time of carbon fixed via hydrogen-coupled CO2 

fixation, a δ
13

C tracer study was used to measure the enrichment of bulk soil and three SOM 

fractions. By analyzing the bulk soil, the overall storage and MRT of carbon in the soil can be 

observed. In contrast, the enrichment of the various SOM fractions provides insight into carbon 

movement from labile to more recalcitrant SOM fractions over time as well as the MRTs of 

carbon within these fractions. Enrichment of the bulk soil is also useful to compare with the SOM 

fractions as not all potential SOM fractions were measured. If there were a discrepancy at a 

sampling time where, for example, the bulk soil showed a large enrichment while the SOM 

fractions did not, it would suggest that some fixed carbon may be residing in other SOM fractions 

not measured as part of this experiment. 

4.6.1 Bulk Soil   

 The δ
13

C trend of the bulk soil showed that the „nodule + H2‟ soil was more enriched, 

while the other soil types were less enriched but followed a similar trend (Figure 4-12). The soil 

type with the longest MRT is the „nodule‟ soil, which shows that soil which was naturally 

exposed to a consistent but low amount of H2 fixes more carbon than the „root‟ soil that was only 

exposed to a pulse label of H2. The MRT of „nodule + H2‟, „root‟, and „root + H2‟ soil are all 1.37 

years even though the „nodule + H2‟ soil is more enriched. Although the „nodule + H2‟ soil 

declined in enrichment more rapidly than the other soil types, this soil treatment was also able to 

fix a greater amount of carbon than the „nodule‟ soil, which has a MRT of 2.74 years, and 

therefore still contributes more to carbon storage. These MRTs are much more rapid compared to 

those found in the literature. For example, Six et al. (1998) found that carbon contained in soil 

with a bulk density of 1.28 g/cm
3
 under conventional tillage at a depth of 0 to 5 cm has a MRT of 
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44 years and at a depth of 5 to 20 cm the bulk soil had a MRT of 45 years. Under a no till regime, 

it was found that the soil at a depth of 0 to 5 cm had a MRT of 33 years and a MRT of 93 years at 

a 5 to 20 cm depth (Six et al., 1998). Another study using bomb radiocarbon 
14

C as an isotopic 

tracer, found that the MRT of bulk soil carbon in a temperate forest was 41 years (Gaudinski et 

al., 2000). The discrepancy of these MRTs with the results generated in this experiment could be 

caused by the length of the experiment, in particular a pulse labeling event where only a small 

amount of carbon is incorporated initially versus a steady state environment and variations in the 

quality and quantity of organic matter input into the soil systems. 

 When looking at trends in bulk soil δ
13

C enrichment for the four soil types (Figure 4-12), 

the „nodule + H2‟ soil shows a spike in enrichment on May 9
th
. As this is the time of year when 

soybeans exhibit high growth and nodulation, it is likely to also be a time of enhanced microbial 

activity. While the initial increase in enrichment of this soil came from an artificial pulse label, 

this spike in enrichment was most likely derived from the increased microbial activity 

immobilizing more of the initially fixed carbon into the microbial biomass. To support this 

concept is the similar spike in the „nodule + H2‟ MBF, which can be seen in Figure 4-13. The 

„nodule‟ soil also shows a spike at this time, though it is smaller than the spike shown by the 

„nodule + H2‟ soil. The other two soil types did not show this peak. In addition to the „nodule‟ 

and „nodule + H2‟ soil declining rapidly in enrichment after this peak, the „root‟ and „root + H2‟ 

soil also decreased in enrichment after this time.  

4.6.2 Microbial Biomass 

 Though the δ
13

C trends of the four soil types were more variable in the MBF, there is a 

clear peak in enrichment on May 9
th
 in „nodule + H2‟ and „root + H2‟ soil, while the „root‟ and 

„nodule‟ soil signatures remained steady, before all four soil types declined in enrichment (Figure 
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4-13). Spring growth, therefore, had a greater impact on the enrichment of soil microbial biomass 

exposed to a pulse of H2 compared to the soil that was naturally exposed to H2. All four soil types 

declined in enrichment after May 9
th
, showing that later summer growth is not as influential on 

microbial activity as spring growth. Similar results were shown in a study conducted by Dong et 

al. (2003), which observed that environmental conditions, such as soil temperature, soil moisture, 

and oxygen availability, influenced the ability of soil microbes to utilize H2. Since H2 is 

responsible for providing the energy required by microbes to fix CO2, more favourable 

environmental conditions result in an increase in carbon uptake and storage within the soil system 

(Dong et al., 2003). The MBF yields found in this experiment are smaller than those in the 

literature, which have been found to vary with aggregate size class and soil type. Results have 

shown a 946 µg/g yield in 0.5 to 1 mm size aggregates compared to 645 µg/g yield in <0.1 mm 

size aggregates (Gupta and Germida, 1988). MBF yield results have also shown a  363 to 437 

µg/g yield in alfisol soils and a 800 to 966 µg/g yield in vertisol soils (Monrozier et al., 1991). 

 Unlike the other SOM fractions, after the initial label, the greatest enrichment was 

observed in „root‟ soil, followed by „root + H2‟, „nodule‟, and „nodule + H2‟ soil. Only after 

spring growth occurred did the „nodule + H2‟ soil show an increase in enrichment greater than the 

other soil types, which followed a similar pattern. After May 9
th
, these three soil types declined in 

enrichment while the „nodule + H2‟ soil continued to remain enriched, though the pattern of 

enrichment was more variable. This shows that the rapidly changing microbial biomass 

community structure correlates with the amount of carbon being fixed into the soil system. 

Although the trend of enrichment for the bulk soil and ASF was that of a high initial enrichment 

followed by a gradual decline over time, the dynamic nature of the MBF allows for deviations in 

this pattern. As microbial populations grow, such as in response to favourable environmental 
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conditions during the spring months, the labile carbon entered into the system during the labeling 

process is once again immobilized into the microbial biomass, causing a second spike in 

enrichment.  

 The MRT of the MBF in the four soil types was expected to be the shortest of the SOM 

fractions measured. The results showed, however, that the shortest MRTs for the soil types were 

observed in the LF. The MRTs of the MBF showed that „root‟ and „nodule‟ soil had a longer 

MRT (0.91 years) than „root + H2‟ soil (0.68 years), while the MRT for „nodule + H2‟ soil could 

not be determined as the pattern of enrichment had an increasing trend during the length of this 

study. A longer study time is therefore needed to determine the MRT of fixed carbon residing in 

the „nodule + H2‟ MBF. These MRTs are slightly less than those found in the literature, which 

tend to be around 2 to 2.5 years for continuously cropped cereals (Schürer et al., 1985). 

4.6.3 Light Fraction 

 It was expected that the LF would show a clearer and more concise trend of enrichment 

over time compared to the MBF because of the inherent variability in the MBF caused by changes 

in carbon fixation that accompany changing environmental conditions. However, the results show 

that the LF material measured in this experiment does not provide many statistically significant 

results or a turnover time representative of an intermediate SOM pool. Therefore, these LF results 

do not provide adequate representation for the potential storage of fixed carbon in this SOM 

fraction. This is a result of both the small initial amount of LF material, as well as the fact that no 

new LF material was generated in the soil during the incubation due to the mesh bag barrier. 

These restrictions are reflected in the MRTs of this fraction (0.46 to 0.55 years), which are shorter 

than those for the MBF even though the LF is more recalcitrant. Haille-Mariam et al. (2008) 

found using a two year laboratory incubation of soil with a known agricultural history that the 
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MRT of the LF under continuous corn fields of different soil types varied between different 

agricultural management regimes, ranging from 2.6 years in Wooster, Ohio, to 3.9 years at the 

Kellogg Biological Station in Michigan, under conventional tillage. However, under no tillage 

systems the MRTs ranged from 3.2 years in Wooster, Ohio, to 4 years in Hoytville, Ohio (Haile-

Mariam et al., 2008).  

 On May 9
th
, the „nodule + H2‟ soil showed a spike in enrichment, as did the microbial 

biomass and bulk soil analyses (Figure 4-14). This shows that spring environmental conditions, 

such as temperature and moisture, had a large impact on microbial growth. This, subsequently, 

influences the amount of carbon incorporated into the LF as a higher microbial biomass (Table 

3-2) would likely be utilizing more of the LF material, and therefore leading to a greater 

enrichment of the LF as a result of the association of enriched microbial biomass with the LF 

fraction. In addition, another peak occurred in the „root‟ soil on April 8
th
 before this soil type 

declined in enrichment. The „nodule‟ and „root + H2‟ soil showed a steady decline since being 

labeled, without substantial peaks.  

4.6.4 Acid Stable Fraction 

 The δ
13

C results for the ASF show that fixed carbon does end up in this recalcitrant 

fraction, although it takes almost a year before a substantial isotopic shift occurs, with only a 

small shift of 1 to 2 ‰ occurring initially. Since this study was only conducted over a period of 

11 months, a study with a longer time frame is required to see the full extent to which fixed 

carbon is incorporated into this fraction. This soil contains a large amount of the AS material, 

which reflects positively on the potential for hydrogen-coupled CO2 fixation to enhance soil 

carbon storage in soybean soils over longer time scales.   



 

87 

 

 As shown in Figure 4-15, the „nodule‟ and „root + H2‟ soil saw a large spike in 

enrichment on May 9
th
. At this sampling time these two soil types showed a lesser enrichment in 

the LF and bulk soil, the „nodule‟ soil showed a lesser enrichment in the MBF, and the „root + 

H2‟ soil showed only a small spike in the MBF. This shows that the fixed carbon is being 

transported from the labile to more recalcitrant fractions, not being lost from the soil system or 

residing in SOM fractions not measured in this experiment. The ASF in the „nodule‟ soil declined 

after May 9
th
, but increased at the last sampling date, as did the „root‟ and „root + H2‟ soil. The 

„root + H2‟ and „nodule + H2‟ spiked again on June 9
th
, while at this time these soil types showed 

a low enrichment in the LF, and the „root + H2‟ soil showed a low enrichment in the remaining 

fractions. The „nodule + H2‟ soil remained more enriched in the ASF, but all four soil types 

increased in enrichment at the last sampling date. This suggests that longer experiments are 

needed to truly explore the carbon storage potential in these more recalcitrant fractions, but it is a 

good sign that some of the carbon enters that fraction even within the first year of the study. 

4.6.5 Field-Scale Results and Potential for Climate Change Mitigation 

 In order for the carbon fixed by the process of hydrogen-coupled CO2 fixation to have 

any substantial impact on long-term carbon storage and subsequent climate change mitigation, the 

bulk of the fixed carbon is required to be transferred into the more recalcitrant SOM fractions, 

such as the ASF. While the results of this experiment show that this does occur, this experiment 

took place at a small temporal and spatial scale. As climate change mitigation is relevant on much 

longer and larger scales, results were scaled up to a field scale estimate of the amount of carbon 

stored in the ASF, and how much of this carbon was fixed from hydrogen-coupled CO2 fixation.   

 The constant availability of increased H2 in legume soil as a result of hydrogen-coupled 

CO2 fixation greatly increases the amount of carbon fixed and the amount of carbon transported 
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into long-term storage, which is observed in the difference in enrichment between „nodule‟ and 

„root‟ soil. The additional H2 added as part of this experiment provides an increase in the amount 

of fixed carbon compared to the „root‟ and „nodule‟ soil taken from the field, even though the 

„nodule‟ soil was naturally exposed to H2. The greater enrichment of „nodule + H2‟ soil compared 

to „root + H2‟ soil reflects the difference in ability to fix H2 based on the microbial populations 

established as a result of the proximity to legume nodules.  

 The results of this experiment, which show an increase in enrichment between „root + H2‟ 

and „root‟ soil, suggest that that any soil, not just leguminous soil, responds with increased carbon 

fixation to H2 exposure. Similar results were also shown by Dong et al. (2003) who found that not 

only was growth increased in non-leguminous plants after H2 addition, but that soil fertility 

increased as well, thereby improving overall agricultural output (Dong et al., 2003). 

  Another positive side effect of H2 fertilization was described by Dong and Layzell 

(2001) who found that of the energy derived by soil microbes reducing H2, 60 % was used for O2 

consumption while 40 % was used for either fixing CO2 or reducing the need for carbohydrate 

oxidation. As the oxidation of carbohydrates would result in microbial respiration, H2 fertilized 

soil has close to no net CO2 production (Dong and Layzell, 2001). Not only will carbon storage 

be improved, but the subsequent stimulation of microbial community size and structure as a result 

of H2 fertilization also stimulate plant growth, thereby improving crop yield (Dong et al., 2003).  

 Even without additional H2 fertilization, the natural process of hydrogen-coupled CO2 

fixation does result in increased carbon storage compared to non-leguminous soil over the time 

period of this incubation. This should be taken into account in the GHG inventory published by 

the IPCC in order to more accurately determine the GHG budget of countries growing soybeans 

and other legumes at a large scale. This would be beneficial not just from a climate change 
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perspective, but from a humanitarian perspective as well as a large portion of the increase in 

global soybean production will occur in developing countries for the benefits of nutrition, energy, 

and soil amendments. Therefore, the influence of soybeans on the GHG budget and the 

subsequent impact on global climate change should be recognized in the IPCC emission 

inventory calculations. 

 Although a similar experiment conducted over a longer time period is required to 

determine the full extent of these possibilities, the results of this experiment clearly show an 

increase in carbon storage in soil, particularly in the more recalcitrant SOM fractions. At the end 

of the 11 months that this experiment took place, 
13

C label still resided in all of the SOM fractions 

measured. Although it is expected that any leguminous soil would react similarly to the process of 

hydrogen-coupled CO2 fixation, further studies should look at other legumes, particularly those 

used on a large scale for agricultural purposes, to determine if the same potential for carbon 

uptake and storage exists.   

Further research should also ensure that the experimental design uses true replication, 

rather than pseudoreplication, so as not to restrict the scope of inference, as was the case in this 

experiment. This experimental design was constructed based on limitations of the field site which 

required the four plots be near to each other and therefore true replication using different soybean 

fields was not possible. Although results of this experiment are still valid and show a positive 

outlook for the ability of legumes to increase carbon storage, the experiment design used prevents 

these results from being effectively extrapolated to the spatial scale required to observe climate 

change mitigation (Hurlbert, 1984).    

 Results of the scaled up estimates show that in the „nodule‟ ASF alone there is 

approximately 163 kg of carbon per hectare, to a depth of 15 cm. Six percent of this carbon is 
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newly fixed, and therefore a direct result of the process of hydrogen-coupled CO2 fixation. In the 

„nodule + H2‟ ASF, this percentage increases to 16 % , which converts to approximately 26.08 kg 

of newly fixed carbon in the „nodule + H2‟ ASF per hectare to a depth of 15 cm.  

 Although these results provide a positive outlook for legumes as a source of large scale 

climate change mitigation, it is likely that these results are underestimating the potential. For 

instance, this experiment provided only instantaneous H2 additions, while in a field setting the 

soil surrounding the legume roots is continuously exposed to H2. Therefore, the amount of fixed 

carbon from hydrogen-coupled CO2 fixation is likely much greater than the estimates these 

results presented.     

4.7 Conclusion 

 Through analyzing the changes in δ
13

C of the four soil treatments in the bulk soil and 

SOM fractions, it was determined that any soil, not just soil naturally exposed to H2, has the 

ability to increase carbon fixation through hydrogen-coupled CO2 fixation. The inability to 

calculate the MRTs of the „nodule + H2‟ soil in the MBF and all soil types in the ASF showed 

that δ
13

C is still being incorporated into the soil system at the end of the 11 months, and that 

carbon fixed from hydrogen-coupled CO2 fixation does end up in the recalcitrant SOM fraction. 

Furthermore, the difference in the pre-established microbial communities between the „root‟ and 

„nodule‟ soil was evident in the greater enrichment of the „nodule + H2‟ soil compared to the „root 

+ H2‟ soil. The chronic exposure of this nodule soil to H2 production in the field enhanced the 

ability of this soil (and the associated microbial community) to take up the labeled 
13

CO2 when 

the soils were exposed to additional H2. 

 In general, the bulk „nodule + H2‟ soil was consistently more enriched than the other soil 

treatments throughout the experiment. Although the „nodule + H2‟ soil also experienced a shorter 
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bulk soil MRT than the „nodule‟ bulk soil, it was estimated that the amount of carbon transferred 

into the „nodule + H2‟ ASF was greater than that in the „nodule‟ ASF. This results in the „nodule 

+ H2‟ soil having a greater influence over long-term carbon storage. In the MBF, all soil types 

showed a greater variability in enrichment, reflecting the response of microbial activity to 

changing environmental conditions. The LF measured in this experiment, however, was not an 

effective representation of the potential of this fraction for long-term carbon storage because of 

both the small LF input in the field and the prevention of new LF material entering the labeled 

soil pool by the mesh bags. The ASF showed that after 11 months a clearly visible amount of the 

labeled carbon was being transferred into this recalcitrant fraction, thereby contributing to long-

term carbon storage in soybean soil. However, as a significant isotopic shift did not occur until 

the end of the experiment, the MRT of the soil treatments in this fraction was unable to be 

determined. Estimates of the amount of newly fixed carbon residing in the ASF show that of the 

carbon residing in the „nodule‟ ASF and the „nodule + H2‟ ASF, newly fixed carbon from the 

process of hydrogen-coupled CO2 fixation comprises 6 % and 16 %, respectively. 

 With further research exploring the fate and turnover time of carbon fixed by hydrogen-

coupled CO2 fixation with other legume crop soils, in different climate regimes, and various soil 

types, these results can be put towards generating a more representative GHG emission factor of 

legume production for the IPCC greenhouse gas emission inventory calculations. If the carbon 

fixed into legume soils offsets the GHG consequences of N2O emissions, countries may no longer 

be penalized for producing legume crops and the rate of legume production would likely increase 

further. This would benefit agricultural production as a whole not only by boosting the economic 

value of producing legume crops, but also by improving the quality of the soil and the general 

terrestrial environment at a large scale by replenishing soil nitrogen naturally through BNF. By 
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continuing research in this field, whether under normal agricultural conditions or with additional 

H2 fertilization, the large scale production of legume crops can be explored as a method of long-

term carbon storage and climate change mitigation.  
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Chapter 5 

Conclusion 

 Understanding the GHG budget of global-scale activities is becoming essential to climate 

change mitigation research. One such activity that requires further research to improve upon the 

understanding of holistic GHG impacts and climate change mitigation is agricultural production. 

Although there are many commercial crops produced worldwide, soybean production in 

particular is increasing because of its use as food, energy, a petroleum replacement, and for its 

soil amending qualities (FAO, 2009). The GHG budget of soybeans, which are legumes and can 

therefore fix atmospheric nitrogen through BNF production, is therefore of particular concern. To 

add to the complexity of the soybean GHG budget brought on by nitrogen amendments is the 

process of hydrogen-coupled CO2 fixation. This process, which is fueled by the H2 emitted into 

the soil from BNF, acts to increase carbon fixation which may offset N2O emissions caused by 

the decomposition of nitrogen-rich legume biomass (Dong and Layzell, 2001; Welbaum, 2004). 

 To address the uncertainties surrounding the GHG budget of soybeans, two experiments 

were conducted. The initial experiment was conducted in two parts. The first part (Chapter 3) 

demonstrated that the excess carbon fixed in legume soil as a result of exposure to H2 is solely 

from biotic processes, rather than from incorporation of inorganic carbon. The second part 

examined the efficacy of different label times and number of H2 exposures used for long-term 

incubation studies by examining the effect that six additions of H2 gas and two additions of δ
13

C 

has on the carbon uptake of four soybean soil treatments. This experiment found that the pattern 

of enrichment of the four soil treatments was similar throughout the 28 day period, although the 

amount of enrichment varied. The relative distribution of the carbon amongst the different SOM 
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fractions also did not change throughout the labeling sequence. After the initial supply of δ
13

C 

and H2, all soil types responded by increasing the rate of carbon fixation. However, this rate 

began to level off between 7 and 14 days (Figure 3-3). The second addition of δ
13

C did not have 

any substantial influence over the amount of carbon being fixed, nor did the multiple additions of 

H2 provided after time 0. The results of this experiment showed that the ideal time period to label 

soil with δ
13

C is between 7 and 14 days for all soil treatments used in this experiment. While 

longer time periods might further enrich the soil with 
13

C, the short-term uptake led to a relative 

distribution of the isotope amongst the various SOM fractions that did not change with additional 

labeling. 

 The second experiment was an 11 month field incubation study that addressed the 

incorporation and stability of carbon fixed by hydrogen-coupled CO2 fixation through three SOM 

fractions using a stable isotope tracer study. This incubation endeavored to determine the fate and 

turnover time of fixed carbon in four soil treatments („root‟, „root + H2‟, „nodule‟ and „nodule + 

H2‟) to determine the MRT of carbon in three SOM fractions (the microbial biomass fraction, the 

light fraction, and the acid stable fraction) and the bulk soil, and to examine how additional H2 

fertilization influences carbon fixation in any soil type, not just soil naturally exposed to 

additional H2 in the field. Initial isotopic shifts differed between these two experiments because of 

the difference in storage time required. 

 Results of this experiment showed that carbon fixed through the process of hydrogen-

coupled CO2 fixation does increase the amount of carbon stored in the „nodule‟ soil, as well as 

that stored in soil not exposed naturally to additional H2. Trends of enrichment in the bulk soil 

showed that the „nodule + H2‟ soil was consistently more enriched than the other soil types, 

though the „nodule + H2‟ soil also had the shortest MRT in the bulk soil. The MBF showed 
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variable enrichment patterns in the four soil types as a result of the sensitivity of this fraction to 

changing environmental conditions throughout the year. As a result of the lack of sufficient litter 

input into the soybean soil and into the labeled soil bags throughout the experiment, the LF was 

not able to effectively represent carbon fixed into this intermediate turnover time fraction as a 

result of hydrogen-coupled CO2 fixation. The ASF, however, did begin to show an increase in 

enrichment at the end of the 11 month experiment, and therefore shows that hydrogen-coupled 

CO2 fixation does contribute to long-term carbon storage. Over time, it is likely that the 

enrichment of this fraction would continue to increase as long as there were new inputs into the 

pool, but eventually the ASF material would start to decompose. Overall, the difference in 

enrichment between the „root‟ and „nodule‟ soil types likely reflects the ability of the microbial 

population initially present in the „nodule‟ soil to take up H2, compared to the „root‟ soil which 

was not exposed to H2 in the field. 

 While these results help to provide insight into the GHG budget of soybean crop systems, 

further research is required to determine the potential for soybeans and other legume crop systems 

to increase the amount of carbon stored in the soil system to the point where it will be effective in 

climate change mitigation. Similar studies, therefore, need to be conducted to analyze the effects 

of hydrogen-coupled CO2 fixation at a large scale with different legume crops and in a variety of 

climate regimes.  

 Further research also needs to increase the experimental time period in order to more 

clearly see the amount of carbon that ends up residing in the passive pool and the MRT of this 

carbon. The experiment described in Chapter 3 is a short-term, pulse labeling experiment to 

explore whether carbon fixed via hydrogen-coupled CO2 fixation can increase carbon input into 

more recalcitrant SOM pools before it is respired away. These results show that this is possible.  
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In the field, these microorganisms are exposed to H2 for several weeks at a time during the 

growing season. In theory, this should greatly increase the amount of carbon fixed by the crop. 

While the results in Chapter 3 show that labeling the soil over longer time periods and multiple 

H2 additions can increase the amount of label incorporated into the soil, the relative distribution 

does not seem to change. This suggests that the processes are not changing over the slightly 

longer labeling time periods. Finally, the rates and processes of hydrogen-coupled CO2 fixation in 

the rhizosphere could also be influenced by inputs of organic carbon, which can alter microbial 

dynamics. Ideally, these sorts of labeling experiments could be done in situ over longer time 

scales and in environments that more closely what the microorganisms naturally experience. 

 In addition to experiments looking at the increase of carbon that occurs naturally in 

legume soils, studies aiming to manipulate agricultural systems to maximize carbon fixation and 

storage in the soil systems, such as through an increased use of legume crops in rotation, need to 

occur if we are to take full advantage of the potential of agricultural systems to assist in climate 

change mitigation. Therefore, further research needs to occur in order to for these findings to be 

implemented into global climate change mitigation techniques as well as the IPCC GHG emission 

inventory calculations. 
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Appendix A: Raw δ
13

C Data  

δ
13

C Raw Data for the Bulk Soil in the Long-term Field Incubation 

Soil Replicate Treatment Unlabeled 

Initial 

Label Time 0 Time 1 Time 2 Time 3 Time 4 Time 5 

R 1 0 -25.0 -21.9 -19.6 -18.4 -19.5 -21.6 -22.2 -20.7 

R 2 0 -25.1 -18.2 -18.2 -18.1 -16.9 -18.8 -20.6 -21.2 

R 3 0   -21.3 -15.6 -17.9 -20.3 -20.3 -20.9 -20.7 

R 4 0   -17.1 -18.3 -20.0 -19.5 -20.7 -20.4 -20.3 

R 1 H2   -23.0 -17.9 -18.1 -19.3 -22.6 -20.8 -20.7 

R 2 H2   -22.9 -18.6 -19.2 -18.2 -20.9 -19.8 -21.0 

R 3 H2   -14.1 -18.0 -17.0 -19.7 -21.5 -20.0 -21.6 

R 4 H2   -14.5 -17.5 -17.4 -19.8 -19.8 -21.3 -20.3 

N 1 0 -25.4 -23.3 -19.4 -19.6 -20.0 -21.2 -20.4 -21.7 

N 2 0 -24.5 -23.6 -20.8 -20.3 -20.1 -21.8 -21.2 -21.8 

N 3 0   -17.6 -20.3 -20.1 -21.2 -21.8 -22.0 -21.5 

N 4 0   -18.7 -20.6 -20.2 -17.5 -22.0 -21.8 -22.1 

N 1 H2   -16.5 -3.0 -12.9 -10.1 -14.0 -16.7 -17.5 

N 2 H2   -8.4 -11.7 -10.5 -12.3 -15.9 -16.9 -17.9 

N 3 H2   -15.7 -5.4 -12.2 -11.5 -14.3 -14.6 -14.8 

N 4 H2   -6.1 -10.8 -12.2 -7.3 -16.6 -19.6 -15.2 

 

δ
13

C Raw Data for the Fumigated MBF in the Long-term Field Incubation 

Soil Replicate Treatment Time 0 Time 1 Time 2 Time 3 Time 4 Time 5 

R 1 0 17.9 0.2 8.3 -16.3 -16.2 -11.9 

R 2 0 23.6 0.3 3.2 -6.0 -15.4 -8.2 

R 3 0 17.7 0.2 6.2 -8.4 -12.6 -11.6 

R 4 0 26.5 0.4 -3.4 -5.6 -12.2 -10.7 

R 1 H2 14.7 0.4 15.4 -16.8 -12.6 -10.7 

R 2 H2 18.2 0.3 13.3 -8.3 -13.4 -14.0 

R 3 H2 32.8 0.3 13.1 -10.5 -11.3 -9.4 

R 4 H2 0.6 0.3 5.2 -12.0 -8.5 -10.0 

N 1 0 7.3 0.3 1.7 -8.9 -11.3 -15.3 

N 2 0 1.6 0.3 6.7 -12.4 -8.1 -12.5 

N 3 0 0.7 0.4 0.9 -10.1 -12.8 -7.0 

N 4 0 0.5 0.7 -2.5 -13.5 -23.1 -7.4 

N 1 H2 0.7 0.3 36.6 -26.0 -5.1 0.5 

N 2 H2 0.7 0.3 39.4 9.6 1.2 9.9 

N 3 H2 86.0 0.2 44.7 9.3 0.6 27.4 

N 4 H2 -15.4 0.3 29.7 15.4 1.1 -5.6 

 

δ
13

C Raw Data for the Non Fumigated MBF in the Long-term Field Incubation 

Soil Replicate Treatment Time 0 Time 1 Time 2 Time 3 Time 4 Time 5 

R 1 0 -19.3 -25.3 -22.1 -25.2 -27.0 -23.1 

R 2 0 -17.4 -22.1 -23.7 -24.4 -24.2 -24.8 

R 3 0 0.6 -24.2 -24.3 -24.2 -23.7 -25.1 

R 4 0 -18.3 -23.9 -22.6 -24.1 -23.2 -23.6 

R 1 H2 -16.5 -21.2 -23.0 -24.2 -25.7 -23.2 

R 2 H2 -17.8 -22.6 -21.2 -24.7 -22.8 -23.3 

R 3 H2 -14.9 -20.3 -23.4 -25.2 -24.5 -23.7 
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R 4 H2 -17.3 -21.4 -21.4 -24.2 -24.3 -24.3 

N 1 0 -20.5 -22.1 -24.7 -24.8 -24.8 -23.6 

N 2 0 -19.5 -22.3 -24.0 -25.2 -24.3 -24.8 

N 3 0 -17.3 -23.2 -23.7 -24.6 -25.3 -24.7 

N 4 0 -19.2 -22.9 -24.1 -24.9 -24.3 -25.6 

N 1 H2 -4.2 -19.0 -17.0 -24.4 -21.0 -21.9 

N 2 H2 -0.8 -15.8 -17.0 -24.9 -22.0 -21.4 

N 3 H2 -9.8 -16.0 -17.8 -22.1 -20.4 -20.6 

N 4 H2 -5.7 -14.1 -11.9 -22.2 -22.1 -20.3 

 

δ
13

C Raw Data for the LF in the Long-term Field Incubation 

Soil Replicate Treatment Time 0 Time 1 Time 2 Time 3 Time 4 Time 5 

R 1 0 -17.6 -9.7 -20.0 -16.0 -22.4 -24.5 

R 2 0 -20.9 -15.7 -4.0 -18.0 -23.5 -19.2 

R 3 0 -18.8 -20.7 -20.1 -25.3 -16.5 -25.9 

R 4 0 -12.6 -6.7 -21.4 -17.7 -13.7 -21.6 

R 1 H2 -21.9 -20.7 -21.8 -19.3 -19.4 -24.7 

R 2 H2 -15.5 -17.9 -22.4 -23.3 -21.1 -22.9 

R 3 H2 -13.1 -14.0 -15.7 -23.6 -19.2 -21.7 

R 4 H2 -2.2 -23.1 -22.0 -15.9 -24.2 -21.7 

N 1 0 -8.1 -13.8 -19.8 -20.4 -21.5 -22.0 

N 2 0 -4.5 -16.7 -19.3 -17.7 -15.4 -22.9 

N 3 0 -12.7 -20.5 -24.9 -19.8 -22.6 -23.7 

N 4 0 -19.4 -20.7 -21.3 -23.0 -22.4 -21.4 

N 1 H2 -10.3 -15.5 -11.6 -16.2 -13.1 -17.5 

N 2 H2 -3.4 -11.2 -2.4 -18.0 -18.7 -17.5 

N 3 H2 7.1 -14.8 -17.1 -20.7 -14.8 -21.6 

N 4 H2 -7.6 -15.5 -19.5 -21.1 -22.6 -22.4 

 

δ
13

C Raw Data for the ASF in the Long-term Field Incubation 

Soil Replicate Treatment Time 0 Time 1 Time 2 Time 3 Time 4 Time 5 

R 1 0 -25.3 -25.5 -25.5 -25.5 -25.6 -24.7 

R 2 0 -26.3 -25.1 -25.3 -25.2 -25.4 -23.9 

R 3 0 -24.6 -25.2 -25.0 -25.5 -25.4 -24.2 

R 4 0 -25.4 -24.9 -25.4 -25.4 -25.5 -23.5 

R 1 H2 -24.7 -25.2 -25.0 -25.5 -25.1 -24.0 

R 2 H2 -25.2 -24.9 -24.6 -25.6 -25.5 -23.7 

R 3 H2 -25.1 -24.5 -25.0 -25.2 -23.6 -23.5 

R 4 H2 -24.9 -24.8 -24.8 -25.2 -24.2 -23.7 

N 1 0 -25.5 -25.8 -25.4 -25.8 -26.7 -24.7 

N 2 0 -25.8 -25.3 -25.8 -25.8 -25.8 -24.5 

N 3 0 -25.5 -33.8 -25.7 -25.8 -25.7 -24.4 

N 4 0 -25.5 -25.9 -25.7 -25.9 -25.7 -24.1 

N 1 H2 -22.7 -22.8 -22.9 -24.2 -21.4 -22.4 

N 2 H2 -22.7 -22.3 -22.9 -24.2 -21.0 -22.0 

N 3 H2 -21.7 -23.0 -22.8 -23.7 -21.4 -21.0 

N 4 H2 -22.6 -23.0 -23.9 -24.1 -22.2 -21.7 

 

δ
13

C Raw Data for the Bulk Soil in the Short Term Labeling Experiment 

Soil Replicate Treatment Unlabeled Time 1 Time 2 Time 3 Time 4 Time 5 

R 1 0 -25.1 -23.4 -22.9 -21.5 -19.5 -14.0 



 

104 

 

R 2 0 -25.2 -23.0 -22.6 -21.5 -19.4 -12.9 

R 3 0 -25.0 -23.3 -22.4 -21.7 -19.3 -15.1 

R 1 H2   -23.6 -22.2 -16.5 -10.3 -6.1 

R 2 H2   -23.2 -22.5 -9.3 -11.4 -4.0 

R 3 H2   -23.4 -22.2 -11.6 -4.4 -3.0 

N 1 0 -25.1 -22.9 -21.1 -21.2 -15.1 -13.4 

N 2 0 -25.1 -23.0 -22.1 -19.6 -18.7 -11.3 

N 3 0 -25.1 -23.0 -21.1 -23.3 -18.6 -10.8 

N 1 H2   -16.8 -15.4 -16.0 -10.0 -5.5 

N 2 H2   -18.4 -15.7 -12.6 -11.6 -2.4 

N 3 H2   -18.5 -15.3 -11.9 -14.3 -1.8 

 

δ
13

C Raw Data for the Fumigated MBF in the Short Term Labeling Experiment 

Soil Replicate Treatment Time 0 Time 1 Time 2 Time 3 

R 1 0 -23.6 -16.6 -4.0 10.4 

R 2 0 -23.6 -10.6 -8.9 1.7 

R 3 0 -23.5 -13.1 -7.3 -0.5 

R 1 H2   -2.3 3.4 23.9 

R 2 H2   -14.9 1.0 52.5 

R 3 H2   -13.8 -10.3 78.9 

N 1 0 -23.2 -8.2 -3.7 0.1 

N 2 0 -22.6 -11.5 -1.9 18.1 

N 3 0 -23.1 -12.4 1.2 -14.7 

N 1 H2   42.3 41.9 49.0 

N 2 H2   11.3 23.6 81.4 

N 3 H2   21.0 26.0 26.0 

 

δ
13

C Raw Data for the Non Fumigated MBF in the Short Term Labeling Experiment 

Soil Replicate Treatment Time 0 Time 1 Time 2 Time 3 

R 1 0 -25.2 -22.9 -24.1 -22.3 

R 2 0 -24.6 -21.8 -22.9 -22.2 

R 3 0 -23.1 -22.6 -23.5 -21.2 

R 1 H2   -24.3 -23.1 -17.7 

R 2 H2   -22.4 -23.7 -10.1 

R 3 H2   -22.3 -22.6 -13.9 

N 1 0 -22.5 -22.4 -24.7 -22.5 

N 2 0 -23.6 -23.4 -22.7 -20.8 

N 3 0 -23.5 -22.2 -23.2 -24.0 

N 1 H2   -14.4 -19.5 -18.2 

N 2 H2   -16.9 -19.9 -14.9 

N 3 H2   -19.5 -19.3 -14.9 

 

δ
13

C Raw Data for the LF in the Short Term Labeling Experiment 

Soil Replicate Treatment Unlabeled Time 1 Time 2 Time 3 Time 4 Time 5 

R 1 0 -23.7 -23.5 -23.0 -16.4 -21.7 -17.9 

R 2 0 -24.7 -24.8 -23.2 -18.4 -19.3 -18.5 

R 3 0 -23.1 -24.6 -17.9 -23.4 -14.1 -18.6 

R 1 H2   -22.2 -21.5 -16.3 -17.7 -17.4 

R 2 H2   -22.6 -19.5 -17.8 -10.9 -10.2 

R 3 H2   -24.6 -21.3 -2.3 -5.0 -16.5 

N 1 0 -23.0 -20.2 -17.8 -15.3 -22.5 -12.8 
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N 2 0 -24.3 -21.4 -19.6 -17.3 -16.8 -12.6 

N 3 0 -23.9 -24.3 -19.3 -21.0 -19.5 -9.5 

N 1 H2   -14.4 -19.0 -13.8 -18.0 -13.5 

N 2 H2   -18.6 -13.7 -12.5 4.4 -5.3 

N 3 H2   -12.2 -17.9 -15.3 -22.1 -14.7 

 

δ
13

C Raw Data for the ASF in the Short Term Labeling Experiment 

Soil Replicate Treatment Unlabeled Time 1 Time 2 Time 3 Time 4 Time 5 

R 1 0 -26.2 -25.9 -25.8 -25.5 -25.2 -24.1 

R 2 0 -26.1 -22.9 -25.8 -25.5 -25.2 -23.8 

R 3 0 -26.3 -25.9 -26.0 -25.4 -24.6 -23.5 

R 1 H2   -26.2 -25.6 -24.5 -22.5 -21.0 

R 2 H2   -26.0 -25.9 -22.1 -21.8 -21.0 

R 3 H2   -25.6 -25.8 -22.7 -23.4 -21.7 

N 1 0 -26.2 -26.0 -25.3 -25.4 -24.8 -23.7 

N 2 0 -26.5 -25.8 -25.5 -25.1 -24.7 -23.1 

N 3 0 -26.2 -25.8 -25.7 -25.6 -24.9 -23.6 

N 1 H2   -24.6 -24.1 -24.2 -22.8 -22.1 

N 2 H2   -25.2 -24.0 -22.3 -24.1 -20.7 

N 3 H2   -24.9 -23.8 -23.4 -23.9 -20.5 
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Appendix B: Scaled Up Results Sample Calculation 

1.0 Mass of Newly Fixed Carbon in the ‘Nodule + H2’ ASF after 11 months 

Mass of „nodule‟ soil in 1 m
2
/hectare of a soybean field 

 We collected 5580 g of „nodule‟ soil, 7500 g of „root‟ soil, and 13080 g of total soil 

 Each plant yielded 200 g of „rhizosphere‟ soil 

 In a 1 m
2
 area there were 3 rows of plants, with 20 plants in total 

o 5580 g/13080 g = 0.4 and 7500 g/13080 g = 0.6 

o 200 g * 20 plants = 4000 g of „rhizosphere‟ soil 

o 0.4 * 4000 g = 1600 g of „nodule‟ soil in a 1 m
2
 plot to a depth of 15 cm 

o 10000 m
2
 * 1600 g = 16 000 kg of „nodule‟ soil per hectare to a depth of 15 cm 

 

Mass of carbon in „nodule‟ soil 

 Unlabeled „nodule‟ soil is 1.6% carbon 

o 0.016 * 16000 kg = 256 kg of carbon per hectare in „nodule‟ soil to a depth of 15 cm 

 

Mass of the ASF in „nodule‟ soil 

 The average yield of the ASF in „nodule‟ soil is 792 mg per g of soil 

o 792 mg/g * 16000 kg = 12672 kg of ASF in the „nodule‟ soil per hectare to a depth of 

15 cm 

 

Mass of carbon in the ASF of the „nodule‟ soil 

 The „nodule‟ ASF is 1.29% carbon 
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o 0.0129 * 12672 kg = 163 kg of carbon in the ASF of „nodule‟ soil per hectare to a 

depth of 15 cm 

Absolute percent difference between unlabeled and labeled „nodule + H2‟ ASF at T. 5 

 The δ
13

C of unlabeled „nodule + H2‟ ASF is -26 ‰  

 The δ
13

C of „nodule + H2‟ ASF at T.5 is -21.76 ‰  

o (21.76-26)/26 * 100 = 16 % of the carbon in the „nodule + H2‟ ASF is newly fixed 

from hydrogen-coupled CO2 fixation 

 

Mass of newly fixed carbon in the „nodule + H2‟ ASF at T.5 

o 0.16 * 163 kg = 26.08 kg of newly fixed carbon in the „nodule + H2‟ ASF at T.5 per 

hectare to a depth of 15 cm 

 

2.0 Estimated mass of newly fixed carbon in the ‘Nodule + H2’ Bulk Soil during the 

Growing Season 

Absolute percent difference between unlabeled and labeled „nodule + H2‟ Bulk Soil at T. 5 

 The δ
13

C of unlabeled „nodule + H2‟ Bulk Soil is -25 ‰  

 The δ
13

C of „nodule + H2‟ Bulk Soil at T.5 is -16.4 ‰  

o (16.4-25)/25 * 100 = 34.4 % of the carbon in the „nodule + H2‟ Bulk Soil is newly 

fixed from hydrogen-coupled CO2 fixation 

 

% Carbon fixed during the growing season 

 The growing season of soybeans is approximately 60 days between July and August.  

 The labeling time period used in this experiment is 14 days. 
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o 34.4 % * (60/14) = 1.47 % 

Mass of Carbon fixed during the growing season 

 There is approximately 16 000 kg of „Nodule‟ soil per hectare to a depth of 15 cm and 256 

Kg of carbon in this soil 

o 1.47 % * 246 kg = 3.8 kg 
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Appendix C: 

ANOVA Tables 

 

 

Tests of Within-Subjects Effects for the Bulk Soil in the Long-term Field Incubation Experiment 

Source 
Type III Sum of 

Squares 
df Mean Square F Sig. Partial Eta Squared 

Time 

Sphericity Assumed 245.386 5 49.077 25.648 .000 .681 

Greenhouse-Geisser 245.386 2.723 90.114 25.648 .000 .681 

Huynh-Feldt 245.386 4.481 54.763 25.648 .000 .681 

Lower-bound 245.386 1.000 245.386 25.648 .000 .681 

Time * 

SoilType 

Sphericity Assumed 24.445 5 4.889 2.555 .037 .176 

Greenhouse-Geisser 24.445 2.723 8.977 2.555 .077 .176 

Huynh-Feldt 24.445 4.481 5.455 2.555 .043 .176 

Lower-bound 24.445 1.000 24.445 2.555 .136 .176 

Time * 

Hydrogen 

Sphericity Assumed 43.431 5 8.686 4.540 .001 .274 

Greenhouse-Geisser 43.431 2.723 15.950 4.540 .011 .274 

Huynh-Feldt 43.431 4.481 9.693 4.540 .002 .274 

Lower-bound 43.431 1.000 43.431 4.540 .054 .274 

Time * 

SoilType  *  

Hydrogen 

Sphericity Assumed 47.825 5 9.565 4.999 .001 .294 

Greenhouse-Geisser 47.825 2.723 17.563 4.999 .007 .294 

Huynh-Feldt 47.825 4.481 10.673 4.999 .001 .294 

Lower-bound 47.825 1.000 47.825 4.999 .045 .294 

Error(Time) 

Sphericity Assumed 114.809 60 1.913    

Greenhouse-Geisser 114.809 32.677 3.513    

Huynh-Feldt 114.809 53.771 2.135    

Lower-bound 114.809 12.000 9.567    

 

Tests of Between-Subjects Effects for the Bulk Soil in the Long-term Field Incubation Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 32074.819 1 32074.819 14117.382 .000 .999 

SoilType 171.361 1 171.361 75.423 .000 .863 

Hydrogen 358.517 1 358.517 157.798 .000 .929 

SoilType * Hydrogen 358.595 1 358.595 157.832 .000 .929 

Error 27.264 12 2.272    
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Tests of Within-Subjects Effects for the Microbial Biomass in the Long-term Field Incubation Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Time 

Sphericity Assumed 5465.868 5 1093.174 12.261 .000 .505 

Greenhouse-Geisser 5465.868 2.658 2056.317 12.261 .000 .505 

Huynh-Feldt 5465.868 4.338 1259.868 12.261 .000 .505 

Lower-bound 5465.868 1.000 5465.868 12.261 .004 .505 

Time * 

SoilType 

Sphericity Assumed 3318.182 5 663.636 7.443 .000 .383 

Greenhouse-Geisser 3318.182 2.658 1248.335 7.443 .001 .383 

Huynh-Feldt 3318.182 4.338 764.832 7.443 .000 .383 

Lower-bound 3318.182 1.000 3318.182 7.443 .018 .383 

Time * 

Hydrogen 

Sphericity Assumed 2967.533 5 593.507 6.657 .000 .357 

Greenhouse-Geisser 2967.533 2.658 1116.417 6.657 .002 .357 

Huynh-Feldt 2967.533 4.338 684.008 6.657 .000 .357 

Lower-bound 2967.533 1.000 2967.533 6.657 .024 .357 

Time * 

SoilType  *  

Hydrogen 

Sphericity Assumed 1571.080 5 314.216 3.524 .007 .227 

Greenhouse-Geisser 1571.080 2.658 591.057 3.524 .030 .227 

Huynh-Feldt 1571.080 4.338 362.130 3.524 .011 .227 

Lower-bound 1571.080 1.000 1571.080 3.524 .085 .227 

Error(Time) 

Sphericity Assumed 5349.458 60 89.158    

Greenhouse-Geisser 5349.458 31.897 167.710    

Huynh-Feldt 5349.458 52.061 102.753    

Lower-bound 5349.458 12.000 445.788    

 

Tests of Between-Subjects Effects for the Microbial Biomass in the Long-term Field Incubation Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 5713.266 1 5713.266 33.485 .000 .736 

SoilType 571.497 1 571.497 3.350 .092 .218 

Hydrogen 2248.374 1 2248.374 13.178 .003 .523 

SoilType * Hydrogen 1955.447 1 1955.447 11.461 .005 .489 

Error 2047.440 12 170.620    
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Tests of Within-Subjects Effects for the Light Fraction in the Long-term Field Incubation Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Time 

Sphericity Assumed 1097.297 5 219.459 11.711 .000 .494 

Greenhouse-Geisser 1097.297 2.915 376.405 11.711 .000 .494 

Huynh-Feldt 1097.297 4.914 223.297 11.711 .000 .494 

Lower-bound 1097.297 1.000 1097.297 11.711 .005 .494 

Time * 

SoilType 

Sphericity Assumed 174.547 5 34.909 1.863 .114 .134 

Greenhouse-Geisser 174.547 2.915 59.875 1.863 .155 .134 

Huynh-Feldt 174.547 4.914 35.520 1.863 .116 .134 

Lower-bound 174.547 1.000 174.547 1.863 .197 .134 

Time * 

Hydrogen 

Sphericity Assumed 119.929 5 23.986 1.280 .284 .096 

Greenhouse-Geisser 119.929 2.915 41.139 1.280 .296 .096 

Huynh-Feldt 119.929 4.914 24.405 1.280 .285 .096 

Lower-bound 119.929 1.000 119.929 1.280 .280 .096 

Time * 

SoilType  *  

Hydrogen 

Sphericity Assumed 87.674 5 17.535 .936 .465 .072 

Greenhouse-Geisser 87.674 2.915 30.075 .936 .432 .072 

Huynh-Feldt 87.674 4.914 17.841 .936 .464 .072 

Lower-bound 87.674 1.000 87.674 .936 .352 .072 

Error(Time) 

Sphericity Assumed 1124.377 60 18.740    

Greenhouse-Geisser 1124.377 34.982 32.141    

Huynh-Feldt 1124.377 58.969 19.067    

Lower-bound 1124.377 12.000 93.698    

 

Tests of Between-Subjects Effects for the Light Fraction in the Long-term Field Incubation Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 30097.721 1 30097.721 915.834 .000 .987 

SoilType 103.298 1 103.298 3.143 .102 .208 

Hydrogen 55.724 1 55.724 1.696 .217 .124 

SoilType * Hydrogen 213.905 1 213.905 6.509 .025 .352 

Error 394.365 12 32.864    
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Tests of Within-Subjects Effects for the Acid Stable Fraction in the Long-term Field Incubation Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Time 

Sphericity Assumed 29.885 5 5.977 7.141 .000 .373 

Greenhouse-Geisser 29.885 1.313 22.765 7.141 .012 .373 

Huynh-Feldt 29.885 1.778 16.806 7.141 .005 .373 

Lower-bound 29.885 1.000 29.885 7.141 .020 .373 

Time * 

SoilType 

Sphericity Assumed 6.249 5 1.250 1.493 .206 .111 

Greenhouse-Geisser 6.249 1.313 4.760 1.493 .248 .111 

Huynh-Feldt 6.249 1.778 3.514 1.493 .247 .111 

Lower-bound 6.249 1.000 6.249 1.493 .245 .111 

Time * 

Hydrogen 

Sphericity Assumed 9.950 5 1.990 2.378 .049 .165 

Greenhouse-Geisser 9.950 1.313 7.580 2.378 .138 .165 

Huynh-Feldt 9.950 1.778 5.596 2.378 .122 .165 

Lower-bound 9.950 1.000 9.950 2.378 .149 .165 

Time * 

SoilType  *  

Hydrogen 

Sphericity Assumed 5.775 5 1.155 1.380 .245 .103 

Greenhouse-Geisser 5.775 1.313 4.399 1.380 .269 .103 

Huynh-Feldt 5.775 1.778 3.248 1.380 .271 .103 

Lower-bound 5.775 1.000 5.775 1.380 .263 .103 

Error(Time) 

Sphericity Assumed 50.217 60 .837    

Greenhouse-Geisser 50.217 15.753 3.188    

Huynh-Feldt 50.217 21.338 2.353    

Lower-bound 50.217 12.000 4.185    

 

Tests of Between-Subjects Effects for the Acid Stable Fraction in the Long-term Field Incubation Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 57993.954 1 57993.954 68318.184 .000 1.000 

SoilType 12.069 1 12.069 14.217 .003 .542 

Hydrogen 81.534 1 81.534 96.049 .000 .889 

SoilType * Hydrogen 48.809 1 48.809 57.498 .000 .827 

Error 10.187 12 .849    
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Tests of Within-Subjects Effects for the Bulk Soil in the Short-term Labelling Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Time 

Sphericity Assumed 1391.794 4 347.949 123.965 .000 .939 

Greenhouse-Geisser 1391.794 2.064 674.337 123.965 .000 .939 

Huynh-Feldt 1391.794 3.835 362.878 123.965 .000 .939 

Lower-bound 1391.794 1.000 1391.794 123.965 .000 .939 

Time * 

SoilType 

Sphericity Assumed 50.030 4 12.508 4.456 .006 .358 

Greenhouse-Geisser 50.030 2.064 24.240 4.456 .027 .358 

Huynh-Feldt 50.030 3.835 13.044 4.456 .006 .358 

Lower-bound 50.030 1.000 50.030 4.456 .068 .358 

Time * 

Hydrogen 

Sphericity Assumed 121.795 4 30.449 10.848 .000 .576 

Greenhouse-Geisser 121.795 2.064 59.011 10.848 .001 .576 

Huynh-Feldt 121.795 3.835 31.755 10.848 .000 .576 

Lower-bound 121.795 1.000 121.795 10.848 .011 .576 

Time * 

SoilType  *  

Hydrogen 

Sphericity Assumed 64.470 4 16.118 5.742 .001 .418 

Greenhouse-Geisser 64.470 2.064 31.236 5.742 .012 .418 

Huynh-Feldt 64.470 3.835 16.809 5.742 .002 .418 

Lower-bound 64.470 1.000 64.470 5.742 .043 .418 

Error(Time) 

Sphericity Assumed 89.819 32 2.807    

Greenhouse-Geisser 89.819 16.512 5.440    

Huynh-Feldt 89.819 30.683 2.927    

Lower-bound 89.819 8.000 11.227    

 

Tests of Between-Subjects Effects for the Bulk Soil in the Short-term Labelling Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 16250.201 1 16250.201 5682.243 .000 .999 

SoilType 33.330 1 33.330 11.655 .009 .593 

Hydrogen 587.194 1 587.194 205.326 .000 .962 

SoilType * Hydrogen 1.743 1 1.743 .610 .457 .071 

Error 22.879 8 2.860    

 



 

114 

 

 

 

 

Tests of Within-Subjects Effects for the Microbial Biomass in the Short-term Labelling Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Time 

Sphericity Assumed 14443.414 2 7221.707 7.901 .004 .497 

Greenhouse-Geisser 14443.414 1.496 9653.141 7.901 .010 .497 

Huynh-Feldt 14443.414 2.000 7221.707 7.901 .004 .497 

Lower-bound 14443.414 1.000 14443.414 7.901 .023 .497 

Time * 

SoilType 

Sphericity Assumed 761.406 2 380.703 .417 .666 .049 

Greenhouse-Geisser 761.406 1.496 508.880 .417 .611 .049 

Huynh-Feldt 761.406 2.000 380.703 .417 .666 .049 

Lower-bound 761.406 1.000 761.406 .417 .537 .049 

Time * 

Hydrogen 

Sphericity Assumed 1176.944 2 588.472 .644 .538 .074 

Greenhouse-Geisser 1176.944 1.496 786.601 .644 .499 .074 

Huynh-Feldt 1176.944 2.000 588.472 .644 .538 .074 

Lower-bound 1176.944 1.000 1176.944 .644 .446 .074 

Time * 

SoilType  *  

Hydrogen 

Sphericity Assumed 801.500 2 400.750 .438 .653 .052 

Greenhouse-Geisser 801.500 1.496 535.676 .438 .599 .052 

Huynh-Feldt 801.500 2.000 400.750 .438 .653 .052 

Lower-bound 801.500 1.000 801.500 .438 .526 .052 

Error(Time) 

Sphericity Assumed 14624.814 16 914.051    

Greenhouse-Geisser 14624.814 11.970 1221.797    

Huynh-Feldt 14624.814 16.000 914.051    

Lower-bound 14624.814 8.000 1828.102    

 

Tests of Between-Subjects Effects for the Microbial Biomass in the Short-term Labelling Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 25092.796 1 25092.796 12.113 .008 .602 

SoilType 1822.103 1 1822.103 .880 .376 .099 

Hydrogen 1620.880 1 1620.880 .782 .402 .089 

SoilType * Hydrogen 3693.469 1 3693.469 1.783 .219 .182 

Error 16573.055 8 2071.632    
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Tests of Within-Subjects Effects for the Light Fraction in the Short-term Labelling Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Time 

Sphericity Assumed 438.860 4 109.715 5.376 .002 .402 

Greenhouse-Geisser 438.860 1.940 226.200 5.376 .017 .402 

Huynh-Feldt 438.860 3.512 124.963 5.376 .003 .402 

Lower-bound 438.860 1.000 438.860 5.376 .049 .402 

Time * 

SoilType 

Sphericity Assumed 99.970 4 24.992 1.225 .320 .133 

Greenhouse-Geisser 99.970 1.940 51.527 1.225 .320 .133 

Huynh-Feldt 99.970 3.512 28.466 1.225 .321 .133 

Lower-bound 99.970 1.000 99.970 1.225 .301 .133 

Time * 

Hydrogen 

Sphericity Assumed 75.877 4 18.969 .929 .459 .104 

Greenhouse-Geisser 75.877 1.940 39.109 .929 .413 .104 

Huynh-Feldt 75.877 3.512 21.605 .929 .451 .104 

Lower-bound 75.877 1.000 75.877 .929 .363 .104 

Time * 

SoilType  *  

Hydrogen 

Sphericity Assumed 41.628 4 10.407 .510 .729 .060 

Greenhouse-Geisser 41.628 1.940 21.456 .510 .605 .060 

Huynh-Feldt 41.628 3.512 11.853 .510 .706 .060 

Lower-bound 41.628 1.000 41.628 .510 .495 .060 

Error(Time) 

Sphericity Assumed 653.091 32 20.409    

Greenhouse-Geisser 653.091 15.521 42.078    

Huynh-Feldt 653.091 28.095 23.246    

Lower-bound 653.091 8.000 81.636    

 

Tests of Between-Subjects Effects for the Light Fraction in the Short-term Labelling Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 17601.589 1 17601.589 599.214 .000 .987 

SoilType 92.700 1 92.700 3.156 .114 .283 

Hydrogen 251.761 1 251.761 8.571 .019 .517 

SoilType * Hydrogen .209 1 .209 .007 .935 .001 

Error 234.996 8 29.374    
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Tests of Within-Subjects Effects for the Acid Stable Fraction in the Short-term Labelling Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Time 

Sphericity Assumed 70.976 4 17.744 42.269 .000 .841 

Greenhouse-Geisser 70.976 2.837 25.018 42.269 .000 .841 

Huynh-Feldt 70.976 4.000 17.744 42.269 .000 .841 

Lower-bound 70.976 1.000 70.976 42.269 .000 .841 

Time * 

SoilType 

Sphericity Assumed 3.702 4 .926 2.205 .091 .216 

Greenhouse-Geisser 3.702 2.837 1.305 2.205 .118 .216 

Huynh-Feldt 3.702 4.000 .926 2.205 .091 .216 

Lower-bound 3.702 1.000 3.702 2.205 .176 .216 

Time * 

Hydrogen 

Sphericity Assumed 12.879 4 3.220 7.670 .000 .489 

Greenhouse-Geisser 12.879 2.837 4.540 7.670 .001 .489 

Huynh-Feldt 12.879 4.000 3.220 7.670 .000 .489 

Lower-bound 12.879 1.000 12.879 7.670 .024 .489 

Time * 

SoilType  *  

Hydrogen 

Sphericity Assumed 5.394 4 1.349 3.213 .025 .287 

Greenhouse-Geisser 5.394 2.837 1.901 3.213 .044 .287 

Huynh-Feldt 5.394 4.000 1.349 3.213 .025 .287 

Lower-bound 5.394 1.000 5.394 3.213 .111 .287 

Error(Time) 

Sphericity Assumed 13.433 32 .420    

Greenhouse-Geisser 13.433 22.696 .592    

Huynh-Feldt 13.433 32.000 .420    

Lower-bound 13.433 8.000 1.679    

 

Tests of Between-Subjects Effects for the Acid Stable Fraction in the Short-term Labelling Experiment 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 35347.848 1 35347.848 109173.414 .000 1.000 

SoilType .497 1 .497 1.534 .251 .161 

Hydrogen 31.484 1 31.484 97.239 .000 .924 

SoilType * Hydrogen .453 1 .453 1.400 .271 .149 

Error 2.590 8 .324    

 


