
 

1 

CONTRIBUTIONS OF ABOVE- AND BELOWGROUND LITTER TO SHORT-TERM 
ACCRETION AND MAINTENANCE OF SURFACE SOIL ORGANIC CARBON IN AN 

INTENSIVELY MANAGED NORTH FLORIDA LOBLOLLY PINE STAND 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

AJA STOPPE 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

A THESIS PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
MASTER IN SCINECE 

 
UNIVERSITY OF FLORIDA 

 
2012 



 

2 

 

 

 

 

© 2012 Aja Stoppe 
 
 

 



 

3 

 

 

 
 
 
 
 

To all the rocks in my life, it is through your endless support and encouragement I am 
here today; and to all the holes dug, for without them I’d have no perspective 

 
 

 



 

4 

ACKNOWLEDGMENTS 

Embodied in the accomplishment of this thesis is the guidance, support and 

encouragement from many inspirational individuals and I am grateful for the opportunity 

to thank those who have helped bring it to fruition. Foremost I would like to thank my 

graduate committee: Dr. Jokela for his insight into forestry and editorial efforts, Dr. Hega 

for with her gracious, Brazilian hospitality and mentorship; Dr. Mackowiak for providing 

me with an opportunity to experience agricultural research and a great source of 

knowledge; Dr. Comerford, my major advisor, it is through his encouragement, 

guidance, and trust that I have accomplished so much as a graduate student.  

Outside of my committee comes a long list of characters that is essentially 

summed up through my connection to the University of Florida Forest Soils Laboratory. 

Through this entity, countless personal and professional relationships have been 

created and I treasure them. They are fiends, role models, mentors, and a valuable 

source to count on now and in the coming future.  

A deep gratitude goes to the heart and center of my universe, my family. I would 

not be here without you and I am forever grateful for your love and protection.  You 

remind me what’s real and assure me I am capable of climbing steep mountains. 

Finally, very essential recognition goes to the University of Florida’s Employee 

Education Program. As my primary funding source, it is important for the University to 

know that the benefits it provides to its staff has the power to enrich and better their 

lives.  

 

 

 



 

5 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS .................................................................................................. 4 

LIST OF TABLES ............................................................................................................ 7 

LIST OF FIGURES .......................................................................................................... 8 

LIST OF ABBREVIATIONS ............................................................................................. 9 

ABSTRACT ................................................................................................................... 10 

CHAPTER 

1 INTRODUCTION TO FOREST SOIL ORGANIC CARBON FORMATION ............. 12 

2 SOIL ORGANIC CARBON DISTRIBUTION, SHORT-TERM CHANGES, 
MINERALIZABILITY AND AGGREGATION IN A SPODOSOL UNDER 
LOBLOLLY PINE .................................................................................................... 17 

Methodology ........................................................................................................... 21 

Experimental Site ............................................................................................. 21 
Soil and Litterfall Sampling ............................................................................... 24 

Laboratory Methods ......................................................................................... 25 

Statistical Methods ........................................................................................... 28 

Results .................................................................................................................... 29 
Objective 1. Determine Short-Term Changes of SOC and its Distribution 

among Size Fractions ................................................................................... 29 

Objective 2. Assess the Potential Mineralizablity of SOC within and among 
Size Fractions from Soil Collected during the 31 Month Sampling ................ 31 

Objective 3. Quantify the AOC and Evaluate the Stability of Aggregates in 
the Large Sand Size Fraction (2000-250 µm) from Soil Collected during 
the 31 Month Sampling ................................................................................. 31 

Discussion .............................................................................................................. 32 
Objective 1. Short-Term Changes and Distribution of SOC.............................. 32 
Objective 2. Assess the Potential Mineralizability of SOC within and among 

Soil Size Fractions ........................................................................................ 34 

Objective 3. Quantify the AOC and Evaluate the Stability of Aggregates in 
the Large Sand Size Fraction (2000-250 µm) ............................................... 35 

Conclusion .............................................................................................................. 36 

3 THE CONTRIBUTIONS OF ABOVE- AND BELOWGROUND sources of C 
SUSTAINING SURFACE SOIL ORGANIC C IN AN INTENSIVELY MANAGED 
LOBLOLLY PINE STAND ....................................................................................... 44 

Methodology ........................................................................................................... 48 



 

6 

Field Treatments .............................................................................................. 48 

Soil Sampling ................................................................................................... 50 
Live Root Observations .................................................................................... 50 

Laboratory Methods ......................................................................................... 51 
Statistical Methods ........................................................................................... 51 

Results .................................................................................................................... 52 
Discussion .............................................................................................................. 54 
Conclusion .............................................................................................................. 58 

4 THE RELATIVE IMPROTANCE OF CARBON SOURCES CONTIRBUTING TO 
SOIL ORGANIC CARBON POOLS IN AN INTENSIVLY MANAGED LOBLOLLY 
PINE STAND .......................................................................................................... 63 

Methods .................................................................................................................. 66 
Field Treatments .............................................................................................. 66 
Soil Sampling ................................................................................................... 67 

Laboratory Methods ......................................................................................... 68 
Statistical Methods ........................................................................................... 70 

Results .................................................................................................................... 71 
Objective 1. Assess the Contribution of Above- and Belowground Sources 

to SOC Pools Defined by Size Fraction ........................................................ 71 

Objective 2. Determining the Effect of Limiting C Sources on the Stability of 
Macroaggregates .......................................................................................... 73 

Discussion .............................................................................................................. 74 
Objective 1. Assess the Contribution of Above- and Belowground Sources 

to SOC Pools Defined by Size Fraction ........................................................ 74 
Objective 2. Determining the Effect of Limiting C Sources on the Stability of 

Macroaggregates .......................................................................................... 76 

Conclusion .............................................................................................................. 77 

5 SYNTHESIS ........................................................................................................... 82 

APPENDIX  

A STATISTICAL OUTPUT FROM SAS ...................................................................... 93 

B CONFIDENCE INTERVALS OF RELATIVE PERCENT CHANGE ANALYSIS .... 131 

LIST OF REFERENCES ............................................................................................. 133 

BIOGRAPHICAL SKETCH .......................................................................................... 144 

 
 



 

7 

LIST OF TABLES 

Table  page 
 
2-1 Mean total SOC increase among the soil size fractions at two soil depths ......... 42 

2-2 ANOVA table of the specific mineralization rates of cumulative C respired 

from size fraction SOC, at two soil depths, after 162 d incubation at 30⁰C. ........ 43 

2-3 ANOVA table of soil size fraction bulk mineralization rates of cumulative C 

respired, t two soil depths, after 162 d incubation at 30⁰C .................................. 43 

4-1 Sample means and standard deviations of changes in SOC (mg cm-3) among 
soil size fractions after 31 months of exclusion treatment. ................................. 81 

A-1 Chapter 2 Statistical output from SAS ................................................................ 93 

A-2 Chapter 3 Statistical output from SAS .............................................................. 110 

A-3 Chapter 4 Statistical output from SAS .............................................................. 116 

B-1 The 90% confidence limits of the relative percent change in soil bulk density 
after 31 months of exclusion treatments ........................................................... 131 

B-2 The 90% confidence limits of the relative percent change in coarse fraction 
SOC after 31 months of exclusion treatments .................................................. 131 

B-3 The 90% confidence limits of the relative percent change in fine earth fraction 
SOC after 31 months of exclusion treatments .................................................. 131 

B-4 The 90% confidence limits of the relative percent increase in SOC among the 
soil size fractions after 31 months of exclusion treatments ............................... 132 

 

 
 



 

8 

LIST OF FIGURES 

Figure  page 
 
2-1 Differences in soil bulk density in the untreated control plots at two soil 

depths ................................................................................................................. 38 

2-2 Differences in SOC in the fine earth fraction over time for two soil depths ......... 38 

2-3 Distribution of SOC among soil size fractions averaged across time for two 
soil depths .......................................................................................................... 39 

2-4 Differences in soil size fraction SOC occuring naturally over time ...................... 39 

2-5 Differences in specific mineralization rates of cumulative C respired from size 

fraction SOC, at two soil depths, after 162 d incubation at 30⁰C ........................ 40 

2-6 Differences in bulk soil C respired from four soil size fractions, at two soil 

depths, after 162 d incubation at 30⁰C ............................................................... 41 

2-7 Dispersion of AOC as % of the 2000-250 µm fraction’s total SOC, at two soil 
depths, as a function of increasing applied sonic energy ................................... 42 

3-1 Evaluation of the effectiveness of root exclusion treatment through live root 
counts ................................................................................................................. 60 

3-2 Differences in % change in soil bulk density after to 31 months of exclusion 
treatment ............................................................................................................ 60 

3-3 Differences in % change of the coarse fraction (>2 mm) after 31 months of 
exclusion treatment ............................................................................................ 61 

3-4 Differences in % change of the fine earth fraction (<2 mm) after 31 months of 
exclusion treatment ............................................................................................ 62 

4-1 Differences in % change of physical size fractions after 31 months of 
exclusion treatment ............................................................................................ 79 

4-2 Differences in ADEC of AOC as % of total SOC in the 2000-250 µm fraction 
after 31 months of exclusion treatment ............................................................... 80 

5-1 Estimated annual C inputs and outputs in intensively managed, mid-rotation 
loblolly pine stand growing in an Ultic Alaquod in north central Florida. ............. 91 

5-2 Plant growth patterns often take on an “S” curve shape, SOC development in 
an intensively managed loblolly pine stand may resemble a similar trend .......... 92 

 



 

9 

LIST OF ABBREVIATIONS 

ADEC  Aggregate dispersion energy curve 

AOC   Aggregate organic carbon  

C   Carbon 

CEC  Cation exchange capacity   

d  Day 

DOC   Dissolved organic carbon  

DRIFTS Diffuse reflectance infrared Fourier transform spectroscopy 

HCl  Hydrochloric acid  

LOI  Loss-on-ignition  

POC  Particulate organic carbon 

SOM   Soil organic matter  

SOC  Soil organic 

yr Year 

 

 

 



 

10 

Abstract of Thesis Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 

Requirements for the Degree of Master in Science 
 

CONTRIBUTIONS OF ABOVE- AND BELOWGROUND LITTER TO SHORT-TERM 
ACCRETION AND MAINTENANCE OF SURFACE SOIL ORGANIC CARBON IN AN 

INTENSIVELY MANAGED NORTH FLORIDA LOBLOLLY PINE STAND 
 

By 

Aja Stoppe 
 

August 2012 
 

Chair: Nicholas Comerford  
Major: Soil and Water Science 
 

The primary supply of organic carbon (C) entering the soil ecosystem originates 

from plant sources but the quantitative importance of the C source to the formation of 

SOC pools has only recently begun to be elucidated. Forest soils primarily receive C 

inputs from leaf litter and fine root turnover. The purpose of this study was to explore the 

short-term formation, maintenance, and mineralizability of SOC at the surface of a 

sandy soil supporting a fast growing, mid-rotation loblolly pine (Pinus taeda L.) in the 

southeastern United States. This study examines the SOC processes at the surface 0-

20 cm, where fine root density, macro- and microbial biomass, and the interaction 

between the mineral soil and forest floor are the greatest. This was accomplished by 

three specific objectives: 1) establish the natural short-term changes in SOC that 

occurred in whole soil and physical size fractions; 2) characterize the inherent 

mineralizability of C located in size fractions and assess aggregate stability in the soil’s 

large sand size macroaggregates; 3) use sequential exclusion of aboveground litter 

inputs and above- plus belowground inputs to investigate the importance of C sources 

to the development.  
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This short-term observation measured a mean annual accretion rate of 2.3 mg 

SOC cm-3 soil yr-1. The majority of the SOC increase occurs in the soil closest to the 

surface and primarily in two size fractions, 2000-250 µm and 150-53 µm. Carbon 

mineralization was primarily determined by the C content of the fraction and losses were 

concentrated in the largest fraction, 2000-250 µm. On a whole soil basis C derived from 

belowground sources provided the main contributions to increasing and maintaining 

SOC pools during this phase of stand development, specifically to the >2 mm and 150-

53 µm fractions. Aggregation was present but minimally affected by the exclusion 

treatments. 

Data from this study suggest SOC development was primarily dependent on 

belowground sources of C, namely fine root turnover. The substantial SOC accretion 

observed may indicate a particular phase of rapid SOC development and long-term 

SOC developmental pattern to resemble the typical “S” curve growth pattern similar to 

tree growth, needle fall and fine root growth.   
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CHAPTER 1 
INTRODUCTION TO FOREST SOIL ORGANIC CARBON FORMATION 

Although soil organic carbon (SOC) content has been a cornerstone of soil quality 

parameters and plays a significant role in the global carbon cycle, a complete 

understanding of the formation process and dynamics is still unclear. The primary 

supply of organic carbon entering the soil ecosystem originates from plant sources 

(Vogt et al. 1986) but the quantitative importance of the C source to the formation of 

SOC pools has only recently begun to be elucidated (Rasse et al. 2005). Recent 

advances in the understanding of terrestrial C cycling have come about with the 

employment of long-term exclusion studies, the use of stable isotopes, isotopic labeling 

and molecular-markers (Johnston et al. 2004; Kuzyakov 2011). 

The simple approach of prolonged forest floor removal has been useful in 

estimating the role leaf litter plays in the formation and maintenance of stable SOC 

pools. Garten (2009) used prolonged O horizon removal (4.5 years) to determine the 

aboveground litter of a Tennessee temperate hardwood forest was not a significant 

source of C maintaining SOC. Likewise, results from another litter and root manipulation 

study in place for 5 years in a northeastern hardwood forest, indicated SOC was not 

affected by aboveground litter additions or removal (Nadelhoffer et al. 2004). An 

important observation came from Froberg et al. (2007) who concluded there was a 

disconnection between the C cycling in the O horizon and the mineral soil. The authors 

traced dissolved organic carbon (DOC) leaching from C-14 enriched fresh litter through 

the soil profile and found it making limited contributions to the DOC pool at the 15 cm 

soil depth. The disconnected O horizon theory was concluded when C-14 labeled leaf 

litter was found primarily in the microbial biomass of the O horizon and only a very small 
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portion of microbial C arrived in the surface soil. Froberg et al. (2007) and other authors 

suggested that the major source of C utilized by soil microbes originated from roots or 

soil humus (Karltun et al. 2005; Garten 2009; Kramer et al. 2010).  

Potential contributions of C from forest floor and fine root turnover have been 

estimated to be approximately equal in hardwoods and 1:2 in mature loblolly pine (Pinus 

taeda L.) (Nadelhoffer et al. 2004; Richter et al. 1999). Aboveground sources of C 

contributing to SOC are limited without a mechanism for the biomass to be incorporated 

into the soil. Quideau et al. (2001) contrasted soils of two very different forest types in 

southern California, scrub oak (Quercus dumosa Nutt.) and Coulter pine (Pinus coulteri 

B. Don). Aboveground litter in the oak forest rapidly decomposed and mixed into the A 

horizon by a large earthworm population. In contrast the pine litter turned over very 

slowly, experienced no earthworm mixing and caste production. Very little aboveground 

litter was added to the A horizon. The authors speculate that roots provide the majority 

of C input to the formation of SOC under this particular pine ecosystem. In the short 

term, studies suggest the absence of aboveground litter does not affect SOC in forests 

that do not have a large influence of soil mixing agents (Quideau et al. 2001). 

The working hypothesis that the belowground C sources dominate the formation of 

SOC in some forested ecosystems centers around the opportunity of location and size. 

Large amounts of photosynthetically fixed C are drawn into the soil matrix by roots and 

deposit a variety of organic materials into the rhizosphere (Farrar et al. 2003 Godbold et 

al. 2006). Concentrations of SOC are created in the rhizosphere where root exudations 

support large microbial populations and microbial residues, predominantly lysed cell 

envelopes, have been seen to persist in soils (Kindler et al. 2006 and 2009; Simpson et 
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al. 2007a; Miltner et al. 2011). The microbial necromass has recently been argued by 

Miltner et al. (2011) and others to be a significant source of C stabilized on mineral 

surfaces or as small particulate organic matter (POM). The excretions produced by root 

tips and mycorrhizae are sticky with hydrophobic properties. These substances (e.g. 

mucilage) are an important factor in soil aggregate formation and stability (Oades 1978; 

Czarnes et al. 2000).  

Particle size matters when it comes to creating stable soil aggregates. The 

particulate organic matter that roots deposit in soil is within a size scale that can easily 

develop into aggregates capable of physical protection (Rasse et al. 2005). Aggregates 

that have small pore spaces exclude microbial activity and physically protect the organic 

C located within the aggregate (Six et al. 2000). Aboveground litter must go through a 

much longer process of decomposition to arrive at that size and has less opportunity to 

enter into intimate interactions with the mineral soil (Schmidt et al. 2011). 

Our overall objective in this thesis was to explore the formation, maintenance, and 

mineralizability of SOC at the surface of a typical sandy soil type that supports millions 

of acres of planted pine in the southeastern United States. Florida southern pine 

plantations are commonly grown on seasonally wet Spodosols. Soil OC dynamics 

change with soil depth and this study examines the SOC processes at the surface 0-20 

cm, where the fine root density, macro- and microbial biomass, and the interaction 

between the mineral soil and forest floor is the greatest (Adegbidi et al. 2004) . 

Through intensive management regimes pine plantations are successful on these 

nutrient poor soils and produce large amounts of above- and belowground C biomass 

(Jokela et al. 2010; Vogel et al. 2011). Spodosol surface soils in this subtropical region 
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are excessively sandy with low clay content and weak, crumb structure, suggesting a 

low potential for protecting SOC from decomposition. Only recently has research looked 

into this soil’s C pools. Sarkhot et al. (2007a, b) exposed the presence of sand size 

aggregates with degrees of stability and identified C pools with different chemical 

composition in pine plantation Spodosols. The authors also discovered that some SOC 

pools were responsive to management while others may only respond after long time 

periods. This suggests the importance of further understanding the development and 

maintenance of SOC under this cover type in order to capitalize not only on the 

economic worth of pine commercial products but to include the value of SOC storage 

that may be provided. 

We approach this objective by evaluating the short-term contributions and control 

made by aboveground and belowground C sources to the formation and maintenance of 

various SOC pools. This was accomplished by three specific objectives. The first 

objective was to establish the natural short-term changes in SOC occurring over a 31 

month study period (Chapter 2). The transformations of SOC over this time were 

documented in whole soil and in physical size fractions. The process of dividing soil into 

physical size fractions has been a successful method in separating C pools with 

different physical and chemical characteristics (Christensen 2001).  To characterize the 

inherent mineralizability of C located in these size fractions, a laboratory incubation 

study was conducted to measure the C mineralization rates under controlled conditions. 

Aggregate stability was also assessed in the soil’s sand size macroaggregates (2000-

250 µm size class). Aggregates in this size class have been noted for containing large 
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portions of the soil’s total SOC and for responding quickly to forest management 

changes (Sarkot et al. 2007b). 

Chapter 3 explores the second objective of this thesis, which was to investigate 

the importance of above- and belowground sources C to the development of SOC. By 

sequential exclusion of aboveground litter inputs and above- plus belowground C inputs 

to soil we were able to observe the relative importance of these source’s contributions 

to maintaining SOC content in the whole soil in the short-term.  

The third objective was to investigate the influence of the respective C source on 

the various SOC pools. This was accomplished with the same sequential exclusion 

treatments by evaluating the changes in SOC evidenced at the physical size fraction 

scale and changes to the stability of 2000-250 µm macroaggregates (Chapter 4). The 

focus of this objective was to locate the SOC pools that were most regulated by C 

originating from above- or belowground sources and estimate the short-term changes of 

these SOC pools. 

The final chapter, Chapter 5, is a summary of research on SOC formation 

accomplished in this thesis and a synthesis of the conclusions made in each chapter. 

The gaps in knowledge that remain on this subject and suggestions of further research 

were identified. 
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CHAPTER 2 
SOIL ORGANIC CARBON DISTRIBUTION, SHORT-TERM CHANGES, 

MINERALIZABILITY AND AGGREGATION IN A SPODOSOL UNDER LOBLOLLY 
PINE  

Spodosols of the lower Coastal Plain of the U.S. span approximately 5.7 million ha 

(Adegbidi et al. 2002) and have some of the highest soil organic carbon (SOC) stocks in 

the region (Stone et al. 1993). These soils commonly support intensively managed, high 

producing pine plantations with significant opportunity for above-ground C storage 

(Vogel et al. 2011). In contrast, the potential for increasing belowground C storage in 

these forests has been described as limited (Shan et al. 2001) due to acidic, sandy 

nature of the soil and subtropical climate that encourages high mineralization rates 

(Richter et al. 1999; Six et al. 2002). Turnover of surface SOC in Spodosols has been 

estimated in forested tropical soils to be between several years in active pools and 60-

70 years in more protected pools (Telles et al. 2003). Recently, various SOC pools in 

Florida Spodosols have been investigated and also indicated some SOC pools may be 

more protected from mineralization than others (Sarkhot et al. 2007a, b). Understanding 

of the processes of SOC development and the dynamics of turnover are critical to 

realizing the maximum potential of C sequestration. 

Soil is composed of C pools that have different chemical characteristics and 

different mineral soil interactions which produce a range of soil carbon residence times.  

Soil OC turnover has been linked to soil texture and aggregation (Hassink et al. 1997; 

Telles 2003; Lützow et al. 2006). Highly active SOC pools have a mean residence time 

(MRT) of 1-2 years and they often contain one-quarter to two-thirds of the initial fresh C 

input (Jenkinson and Ladd 1981). This pool is composed of labile and unprotected C. 

Other pools have a more intermediate MRT, lasting a few decades and some are much 
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more persistent with MRTs of hundreds or thousands of years (Schimel et al. 1994). 

The residence time of organic material is determined initially by its resistant chemical 

nature, while longer turnover is dictated by its mode of protection from microbial 

decomposition (e.g. incorporation into soil aggregates, complexation with soil minerals 

and metal oxides; Golchin et al. 1994; Six et al. 2002, Schmidt et al 2011).  

Subdividing soil into size fractions has become an effective analytical method for 

studying SOC pools (Christensen 1992 and 1996; Buyanovesky 1994; Sarkhot et al. 

2007b; Brunn et al. 2010). This approach is operationally defined, and not a true 

division of functionally different SOC pools (Brunn et al. 2010). However, it recognizes 

that biological processes driving SOC turnover are regulated by soil structure and that 

mineralization is limited when organic material is chemically or physically protected by 

association with soil minerals and soil aggregation, which can be related to size class 

(Christensen 2000; Conant et al. 2004) 

Carbon storage in the sandy soils of the lower Coastal Plain is particularly 

sensitive to disturbance and land management. The soil’s sandy nature, which 

dominates the first three soil horizons, lacks the cation exchange capacity (CEC) of finer 

textured soils (Harris and Carlisle 1987). This condition does not facilitate aggregation, 

while the warm subtropical climate promotes leaching, stimulates microbial activity and 

encourages rapid decomposition (Alvarez and Lavado 1998; Jabbagy and Jackson 

2000). Finer textured soils have concentrated pools of SOC associated with silt + clay 

size particles resulting in a greater concentration of SOC than soils of coarser texture, 

even when receiving the same amounts of OM inputs (Telles 2003; Torn et al. 1997). 

Soils have a SOC saturation capacity and are limited in the amount of C it can contain 
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by the ecosystem’s properties. Hassink and Whitmore’s (1997) model assumes that the 

rate of SOC mineralization is inversely proportional to a saturation deficit in the silt + 

clay fraction. A saturation deficit is created when there is still opportunity for chemical 

complexes to be formed between SOC and silt + clay minerals. It has also been 

proposed that a soil has a maximum capacity to stabilize SOC by other inherent 

mechanisms, such as biochemical resistance, physical protection and even the 

unprotected pools of SOC (Six et al., 2002).  

In sandy Coastal Plain soils, the distribution of SOC among soil size fractions has 

been shown to decrease with size fraction. When silt and clay content is low, the 

saturation capacity of the fine minerals is quickly satisfied. Sarkhot et al. (2007b) found 

that the majority of SOC content in a forested Spodosol was located in the 2000-250 µm 

size fraction (40%), while the highest SOC concentration was found in the <53 µm 

fraction ( 8% C). Sarkhot et al. (2007b) used diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFT) to describe the chemical nature of the soil’s physical 

size fraction. The authors found a C rich 2000-250 µm fraction containing large amounts 

of recently added OM. Material indicative of more decomposed material was found in 

the <53 µm fraction, along with high amounts of recently added material. Estimates of 

SOC mineralization in Coastal Plain Spodosols have been made. A study by Ahn et al. 

(2009) showed SOC mineralization rates ranging from 3.4 to 10.6 mg C kg-1 d-1 in the 

top 30 cm of whole soil. However, the mineralizability of SOC among soil size fractions 

in these soils has not been investigated, leaving open the question, are the 

mineralization rates in Spodosol’s homogeneous or are some C pools less active?  
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Within a size fraction, pools of SOC are incorporated into soil aggregates; often 

considered a mechanism of SOC protection from mineralization.  Sandy Spodosols in 

the Coastal Plain were once considered too sandy to have an aggregate hierarchy, but 

several recent studies have shown the opposite (Sarkhot et al. 2007b, Azuaje et al, 

2012). Macro sand size aggregates, defined here as aggregates >250 µm in diameter, 

are composed of small microaggregates held loosely held together by short-term 

bonding agents (e.g. roots and fungal hyphae, biotic secretions; Tisdall and Oades 

1982; Oades and Waters 1991). Sand size microaggregates (250-53 µm) are a mixture 

of small microaggregates, occluded organic matter, and primary organomineral 

complexes. Microaggregates are typically held tightly together by persistent chemical 

bonds and biotic transient binding (Tisdall and Oades 1982).  Roots, fungal hyphae, and 

the secretions roots, hyphae and bacteria products are important in the formation of 

aggregates and the protection of occluded OM (Oades 1993).  

Previous studies on Spodosols supporting southern pine species have used 

aggregate dispersion energy curves (ADEC) as a method to quantify aggregated SOC 

and to measure aggregate strength. Sarkhot et al. (2007a) reported that 45% of the 

SOC (0-10 cm soil depth) supporting a young loblolly pine (Pinus taeda L.) plantation 

was contained in aggregates. The authors also found that aggregates of different sizes 

had different dispersion energies. A later study, Azuaje et al. (2012), following similar 

methodology, found 40% of SOC aggregated in the top 30 cm of 10-20 yr-old loblolly 

and slash pine (Pinus elliottii L.) forests.  

The purpose of this study was to address three objectives that are current gaps in 

our understanding of SOC dynamics in Coastal Plain Spodosols.  The first objective 
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was to investigate the distribution and short-term changes in whole soil OC and each 

size fraction’s SOC, with the intention of better defining short-term (2.5 years) SOC 

dynamics in a mid-rotation, intensively managed loblolly pine stand.  We hypothesized 

that, based on previous studies on similar soils, the larger size classes closest to the 

soil’s surface would be the most sensitive to short-term changes under uniform 

management since it is presumably receiving the most detritus.   

The second objective was to study the specific mineralization potential of the SOC 

in each size fraction. The goal was to discover which size fractions showed the greatest 

vulnerability to short-term microbial decomposition. Since no data currently exist on the 

mineralizability of SOC in soil size fractions for these sandy Coastal Plain Spodosols, 

we hypothesized that the largest size fraction would be expected to receive the freshest 

SOC and have the highest specific mineralization rate. These data would be useful in 

interpreting results in subsequent chapters. 

The final and third objective was to investigate the amount and strength of SOC 

residing in the large sand size fraction (2000-250 µm) aggregates. Aggregates in this 

size fraction contain large portions of the total SOC and appear to be sensitive to 

management changes (Sarkhot et al. 2007a and b). This objective defines the 

characteristic aggregation in a size fraction sensitive to management changes based on 

aggregate dispersive energy, also useful in interpreting results in subsequent chapters. 

Methodology 

Experimental Site 

The study site was located within a larger field study owned by Rayonier Inc. and 

managed by the Forest Biology Research Cooperative at the University of Florida. The 
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site is located northwest of Waldo, FL (29˚48’ N lat; 82˚ 12’ W long). A full description of 

the study site was provided by Roth et al. (2007). The research was accomplished in a 

flatwoods ecosystem of the lower Coastal Plain region that was planted to loblolly pine. 

The area is a low lying ridge with deep, poorly drained, acidic soils. The soil was a 

Pomona fine sand (sandy, siliceous, hyperthermic Ultic Alaquods). A typical soil profile 

consists of a sandy, acidic surface soil with a spodic horizon from 60 to 90 cm and an 

argillic horizon from 130 to 180 cm. The water table is within 25 to 100 cm from the 

surface for 6 months or more during most years (Soil Survey Staff, 2011). During the 

study, the monthly mean temperature ranged between an average low of 13º C during 

January and February and a high of 27º C during June, July, and August (NCDC, 2011). 

At the initiation of the study, May 2007, the region was experiencing extreme drought 

and although these conditions improved over the duration of the study, it was often 

considered to be abnormally dry conditions (U.S. Drought Monitor website, 2011). 

Annual mean precipitation documented at the Gainesville Regional airport, 13 km from 

the study site, was 890, 1170, 1008, and 1191 mm for years 2006, 2007, 2008 and 

2009, respectively and a long term annual mean of 1242 mm for the years 1960-2010 

(NCDC, 2011).  

The plantation was managed under an intensive regime of fertilizer and weed 

control for optimal growth. The stand was bedded following harvest and it received 

understory competition control and 660 kg ha-1 of 10-10-10 plus micronutrients at time 

of the planting. Understory control was managed for the first two years with applications 

of imazapyr and sulfometuron methyl at labeled rates and included follow up treatments 

as needed through age three. The stand’s fertilization regime was prescribed based on 
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annual foliar analysis. At the time of and for the duration of the study the total fertilizer 

additions were (kg ha-1):  N (745), P (180), K (161), Mg (56), S (56), Ca (50), Fe (38), 

Mn (5.4), Cu (3.5), Zn (2.2), and B (1.5).  The planting density was 2990 stems ha-1 

giving 128 trees per 19.5 m x 21.9 m plot. The trees were planted at a narrower than 

normal tree spacing of 1.22 m x 2.75 m. Genetics of loblolly pine, intensive fertilization 

and narrow spacing was used in the original Roth et al. (2007) to study the tree 

response and changes in soil quality when stands are managed for maximum 

production (see Roth et al. (2007) for the mixed loblolly plots). We selected these sites 

to study SOC changes because loblolly pine grown under these conditions is a fast 

growing species which produces large amounts of biomass and will be most likely to 

show changes in SOC and treatment effects with in the shortest amount of time. 

The experimental design was a randomized complete block design in stands of 

genetically elite, full-sib loblolly pine families planted in January 2000. Our study was 

replicated in three blocks and this experiment was designed to address changes in the 

untreated control plots. However, for litter input measurements, it was necessary to also 

use the exclusion treatment plots, discussed in Chapter 3, where litterfall was measured 

periodically from these plots. The study plots were established in the interbed region of 

three center rows of the above described stands. In each interbed, untreated control 

and exclusion treatment plots, 0.5 m2 area, were permanently marked with PVC tubes. 

For this experiment, all soil samples were taken from the untreated control plots and 

within this defined area. There were three sample replications from each block. The 

soils sampled from these plots represent the soil condition under the loblolly pine 

plantation management described above.  Canopy closure in these stands had been 
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reach after approximately five years of growth. At month 0 the trees were in their 7th 

year of growth and by the end of the study, month 31, they were entering their 10th year.  

Soil and Litterfall Sampling  

Soil samples at month 0 (May 2007) were taken from the control plot to establish 

the C content at the beginning of the study. Eight sample cores per treatment plot were 

taken with a 1.9 cm diameter soil push probe at the soil’s mineral surface after removing 

the forest floor, separated into soil depths of 0 to 10 cm and 10 to 20 cm and combined 

for each block. Soil samples were subsequently collected from the control plot at 31 

months. Three soil samples were collected with a 6.5 cm diameter aluminum cylinder to 

a depth of 20 cm after removing the forest floor. Each sample was separated into soil 

from the 0 to 10 cm and 10 to 20 cm soil depths and soil from each depth was 

combined for each plot.  

Forest floor biomass was measured on the aboveground and above- plus 

belowground exclusion treatment plots. At the initiation of the study the forest floor was 

removed from all of the 0.5 m2 exclusion plots, oven dried at 70ºC and weighed.  The 

plot area was then covered with shade cloth upon which subsequent litter fell.  Litter 

was collected from all of the 0.5 m2 exclusion plots periodically, oven dried and 

weighed.  An unanticipated litter harvest took place in the fall of 2008 by a commercial 

company that did not have permission to be operating the area. All litter was removed 

from the study areas including the untreated control plots. In order to recreate the forest 

floor, forest floor material was gathered from an unraked loblolly stand of the same age 

and within a few hundred meters from the study plots. The initial forest floor mass 
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measured in May, 2007 was used to reestablish the forest floor on the untreated control 

plots.  

Laboratory Methods 

The same day the soil samples were collected, fresh soil weight was measured 

and sampled for moisture content. Bulk density was calculated from the soil volume and 

the weight of soil corrected for moisture content. The samples were subsequently air-

dried and passed through a 2 mm mesh sieve and the coarse fraction (>2 mm) was 

weighed and stored. One-hundred g of air-dry fine earth fraction soil was then dry-

sieved through a column of sieves for 5 minutes on a horizontal shaker following the 

method of Sarkhot et al. (2007a). The sieves fractionated the soil into 2000 to 250 µm, 

250 to 150 µm, 150 to 53 µm and <53 µm size fractions (Sarkhot et al., 2007a). 

Total organic carbon in the coarse size fraction, fine earth fraction and in the four 

soil size fractions was measured by Loss-on-ignition (LOI) and then converted to 

organic C based with a pedotransfer function developed from 133 soil samples taken 

from a nearby watershed study and described in Azuaje et al (2012). The model created 

between LOI and SOC, where SOC% = 0.4922*LOI% + 0.065, had a correlation 

coefficient of 0.84.  The LOI was accomplished by combusting 25 g soil sample at 

500˚C over night (at least 15 hours). The low soil pH and sandy nature (>95% sand) 

made LOI an appropriate method for estimating organic matter given that carbonates 

and loss of structural water were not issues  (Nelson and Sommers, 1996). 

Mineralization of SOC in each size fraction less than 2 mm was accomplished by 

using the soils sampled at 31 months.  Twenty grams of air-dried soil from the three 
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larger size fractions and five g of the <53 µm size fraction were brought to field capacity 

(0.33 bar tension) and placed in a microcosm made of high density polyethylene.  

 The samples were brought to field capacity by first calibrating moisture content at 

field capacity for a subset of samples. This was done by choosing samples that 

represented the range of organic matter found within size fractions. The soil size 

fractions were saturated and then vacuum filtered through a 0.22 μm membrane at 

constant suction of 0.033 Mpa. The suction was applied until no more water was 

removed. A linear relationship was developed for each size fraction based on the LOI 

and the weight of water present in the soil at 0.033 Mpa: 

0.033 Mpa water weight (g) = m*LOI (g) + b. 

This model was used to calculate the amount of water each microcosm required to 

maintain 0.033 Mpa. The soil fractions and water were well mixed and a liquid base trap 

of 0.25 M NaOH was securely placed inside the microcosm. They were then placed in a 

dark, 30˚C incubator. Moisture content was maintained throughout the study by 

monitoring the microcosms’ weight. The alkaline trap method of measuring soil 

respiration (Anderson, 1982) was used to determine the rate of C mineralization. The 

alkaline traps were exchanged for fresh traps after weeks 1, 2, 4, 6, 10, 14, 18, and 23. 

It was at these times the moisture content was adjusted and ambient air refreshed the 

microcosm. The alkaline traps were titrated with 0.1 N hydrochloric acid (HCl) and the 

following equation was used to calculate C respired while the trap was confined in the 

microcosm: 

C (mg) respired = [(B-T) x M x E]/ DF 
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Where B is the volume in mL of HCl to titrate the blank aliquot, T is the mL 

necessary to titrate a sample aliquot, M is the normality of the titrant, E represents the 

equivalent weight of C of carbon (E=6) and DF is the alkaline base trap’s dilution factor 

(Anderson, 1982). 

Aggregate dispersion energy curves were developed on the 2000 to 250 µm size 

fraction from soil sampled at 31 months. One curve was made for each of the three 

control plot replications in the three study blocks and two soil depths, 0-10 cm and 10-

20 cm. The method used to create the ADECs was based on previous studies 

conducted on similar forested Spodosols as described by Sarkhot et al. (2007a) and 

Azuaje et al. (2012) using a sonic dismembrator (Fisher Scientific, Model 500, Hampton, 

NH). Ten sub-samples, five grams each were weighed into 250 mL beakers, then 

placed in a thermally insulated container and 100 mL of deionized water were added. 

The insulated container was placed in a sound minimizing enclosure and a sonic probe 

was submerged at a constant depth of 12 mm in the center of the container. One sub-

sample was exposed to a set energy applications, each subsequent subsample was 

subjected to increasing amounts of energy. A total of 10 energy levels were used on 

each subsample, the energy ranged from 0 to 153 J mL-1. A pervious study by Azuaje et 

al. (2012) into the sonication method verified 153 J mL-1 was sufficient energy to 

completely break apart aggregates. To control rising temperature caused by the 

increasing energy, energy was pulsed with 60 seconds on and 30 seconds off. The 

actual energy applied to the water was calculated using a calibration factor developed 

by Sarkhot et al. (2007a), following the recommendations of Schmidt et al. (1999) 
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Upon completion of sonication, the sub-sample was wet sieved through a 250 µm 

mesh sieve. The portion that moved through the sieve was released by the applied 

energy and the portion that remained was AOC and SOC unbroken by the applied 

energy. The C contents of these two portions were measured by LOI and the quantity of 

SOC liberated at that specific energy level was calculated. 

Statistical Methods 

 The population distributions of the data were analyzed and the SOC 

measurements for the coarse fraction, soil size class fractions, and CO2 mineralization 

values were found to be lognormally distributed.  Data were log transformed prior to 

analysis. The log transformed data sets were evaluated for outliers and any value 

beyond three standard deviations from the mean was removed. For the purposes of 

tables and figures, the values were back transformed.  

A SAS PROC MIXED model (Littell et al., 2006) was used for statistical analysis of 

the soil bulk density, SOC, soil size class fraction C mineralization, and ADEC studies. 

Results are reported as LS Means and standard errors. In the analysis of the SOC data, 

soil depth and months of treatment were fixed effects and block was a random effect. In 

the mineralization study, soil size fraction, soil depth, and mineralization days were fixed 

effects and block was a random effect. In the ADEC study, soil depth and dispersion 

energy were used as fixed effects and block was a random effect. A p-value equal or 

less than 0.1 was considered a significant effect in the analysis of variance. When 

significant main effects and/or interactions were found, multiple mean comparisons and 

separations were identified using the ADJUST =TUKEY option of the LSMEANS 

statement. 
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Results 

At age 7, the forest floor had accumulated a total of 12.7 Mg ha-1 in dry mass. The 

rate of litterfall statistically increased (p=0.019) as the stand aged from 7 to 10 years 

old. The total mean dry litter weight collected during the first 12 months was 5.7 Mg ha-1 

and 9.6 Mg ha-1 during the last 12 months. This was a 68% increase in dry mass 

litterfall. Total litterfall over the entire 31 month study was 22.2 Mg ha-1.  

Objective 1. Determine Short-Term Changes of SOC and its Distribution among 
Size Fractions 

Soil BD was significantly different (p=0.004) among depths, where it was 0.93 g 

cm-3 in the 0-10 cm soil depth and increased with soil depth to 1.26 g cm-3 at 10-20 cm 

(Figure 2-1). The soil BD was used to express SOC on a soil volume basis.  

The SOC in the coarse soil fraction (>2 mm) had a small but significant interaction 

between time and soil depth (p=0.023).  Measurements taken at time zero were 

different at the two sampling depths. The 10-20 cm soil depth contained 3.1 mg cm-3 

SOC and there was 2.1 mg cm-3 in the 0-10 cm depth. The significant depth difference 

was lost at 31 months, when a reported 1.0 mg cm-3 gain in SOC occurred at the 0-10 

cm depth and a loss of 0.7 mg cm-3 SOC was found in the 10-20 cm depth. The same 

month by soil depth interaction was observed when SOC was expressed on a soil 

weight basis (mg g-1), with a 39% gain at 0-10 cm depth and a 52% loss at the 10-20 

cm soil depth. At the end of the study there was 3.1 mg SOC cm-3 and 3.3 mg SOC g-1 

at the 0-10 cm soil depth and 2.3 mg cm-3 and 2.0 mg g-1 at 10-20 cm.  

The SOC (mg cm-3) in the fine earth fraction (<2 mm) at the 0-10 cm soil depth 

experienced a significant 80% increase over the 31 month study period, while no 

change in SOC occurred at the 10-20 cm soil depth (Figure 2-2). The significant 
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interaction between soil depth and months in field treatment had a probably value of 

0.088 in explaining the changes observed in mg SOC cm-3 soil. The mean SOC content 

at the start of the study was 9.8 mg SOC cm-3 soil or 9.5 mg SOC g-1 on a soil weight 

basis. At the end of the study the mean SOC was 15.7 mg cm-3 or 17.5 mg g-1. 

Significantly more SOC was located in the 0-10 cm soil depth than the 10-20 cm depth 

(p<0.001). Means were 17.1 and 8.5 mg cm-3 by respective depths; and 20.0 and 7.0 

mg g-1.   

Distribution of SOC among size fractions averaged across both sampling times 

generally decreased with decreasing size class, and 80% more was found at the 0-10 

cm soil depth than the 10-20 cm depth (Figure 2-3). The significant interaction between 

soil depth and fraction size had a p-value of 0.008. Soil C was highest in the 2000-250 

µm of the 0-10 cm depth and smallest in the <53 µm of the 10-20 cm depth (Figure 2-3). 

There was a 79% difference in SOC between the highest and lowest C containing 

fractions, with the rest of the fractions ranging between 51% and 70% lower than 2000-

250 µm of the 0-10 cm depth. The 2000-250 µm of the 0-10 cm depth contained 44% of 

the total soil C in that depth and 30% at the 10-20 cm soil depth.  

Significant short-term changes were observed across all size fractions and soil 

depths during the 31 month study, months in field treatment main effect had a p=<0.001 

(Figure 2-4). The largest SOC increase of 2.5 mg cm-3 was located in the 2000-250 µm 

of the 0-10 cm depth and the lowest was 0.1 mg cm-3 in the <53 µm in the 0-10 cm 

depth (Table 2-1). The second highest gain in SOC was 1.6 mg cm-3 in the 150-53 µm 

fraction in the 0-10 cm depth. Apart from the <53 µm fraction, significantly more total 

SOC was added to the in the 0-10 cm depth. The <53 µm fraction in the 10-20 cm depth 
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added 12.7 times more SOC than in the 0-10 cm depth. At the end of the study it 

contained 21% of the total SOC at the 10-20 cm depth and 5% at the 0-10 cm soil 

depth. 

Objective 2. Assess the Potential Mineralizablity of SOC within and among Size 
Fractions from Soil Collected during the 31 Month Sampling 

The 250-150 µm fraction in the 0 to 10 cm depth expressed significantly higher 

specific mineralization rates than did the smallest two 0-10 cm fractions. All size 

fractions in the 10-20 cm depth were not different from each other or from the higher 0-

10 cm depth mineralization rates (Figure 2-5). The SOC least vulnerable to microbial 

attack resided in the <53 µm fraction of the 0-10 cm depth (Figure 2-5). The difference 

between the highest mineralization rate (250-150, 0 to 10 cm) and the lowest (<53, 0 to 

10 cm) was 40%. When specific mineralization rates are applied to the SOC in each 

size fraction one can see the importance of mineralization from each fraction that 

applies to the whole soil (Figure 2-6). In this case the 0-10 cm depth had the most 

mineralizable SOC.  

Objective 3. Quantify the AOC and Evaluate the Stability of Aggregates in the 
Large Sand Size Fraction (2000-250 µm) from Soil Collected during the 31 
Month Sampling 

Aggregate OC in the 2000-250 µm fraction was measured and expressed as a 

percent of the total SOC in that fraction (%AOC) (Figure 2-7). A small, but significant 

larger percentage of aggregated SOC was found in the 10-20 cm soil depth and it was 

concentrated in the weak, water stable aggregates. The difference between soil depths 

was 1.5%, (soil depth p-value = 0.072). Of the carbon present in this size fraction, 11% 

to 15% was released by wet sieving, depending on soil depth, leaving approximately 

20% as water stable aggregates. In total 35% of the SOC was incorporated into 
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aggregates. The shape of the aggregate dispersion curve showed a stepwise release of 

aggregated SOC. There were two thresholds of C release, one after 41 J ml-1 and the 

other after 57 J ml-1. There was no difference in aggregation between the two soil 

depths. 

Discussion 

Objective 1. Short-Term Changes and Distribution of SOC 

Changes in the surface SOC were measured during this short window of stand 

development. As a whole, this ecosystem was quickly aggrading C which was reflected 

in the increasing litterfall rate. Intensive management of genetically improved loblolly 

pines in the lower Coastal Plain produce considerable quantities of biomass through its 

rotation (Martin and Jokela, 2004; Vogel et al. 2011) and the rate of net primary 

production is thought to be peaking during the developmental age observed in this 

study. In nearby stands of similar genetic quality, receiving similar management inputs, 

aboveground net primary production was reported by Martin and Jokela (2004) to be 

producing it’s highest values (approximately 22 Mg ha-1 yr-1) between ages eight and 

ten. In addition, belowground biomass accretion increases with age, first developing at 

the soil’s surface, and then expanding laterally and vertically. Loblolly pine root 

development occupies a majority of the first 100 cm of soil within the first five years 

(Adegbidi et al. 2004). Coarse root development is thought to progressively increase at 

a liner rate into the tree’s maturity (Gholz et al. 1986) and the root system of a mature 

southern pine contributes approximately 20-25% of the tree’s biomass (Shan et al. 

2001; Vogel et al. 2011).  
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In this current study SOC accretion was observed as well. Primarily located in the 

fine earth fraction at the 0-10 cm of soil (Figure 2-2), these increases were substantial 

with an average annual rate of SOC accretion at 2.3 mg cm-3 yr-1 in the 0-20 cm soil 

depth. In very similar soils with similar stand management of loblolly pines of the same 

genetic quality, the annual rate of SOC accumulation was estimated at the end of the 

stand’s rotation to be 1.5 mg cm-3 yr-1 (Vogel et al. 2011). The planting density used in 

our study was approximately two times as dense as the aforementioned study. Although 

still higher, these measurements were taken during a unique developmental phase and 

could represent a significant portion of the long term average.  

The SOC distribution with soil depth and among fractions was similar to other 

studies on similar soils, being more concentrated at the soil’s surface and mostly 

increasing with increasing soil fraction size (Figure 2-3) (Sarkhot et al. 2007b; Haile et 

al. 2007). This exemplifies the concentration of fine roots and biological activity at the 

soil’s surface (Van Rees and Comerford 1986; Gholz et al. 1986; Sword 1998; Fierer et 

al. 2003). It also illustrates the nature of the soil’s mineralogy and the small amount of 

reactive clays and oxides. In this short-term observation, SOC additions were made 

across all size fractions and indicated that all fractions were capable of receiving and 

maintaining C additions in this short-time frame (Figure 2-4 and Table 2-1).  

Although a major site disturbance occurred due to the unplanned commercial 

needle harvesting event, the harvesting process focuses on removing the fresh needle 

fall and not the more decomposed under layers. These older, more decomposed layers 

were likely the primary source of C entering the mineral soil (see further discussion in 

the subsequent chapters). For this reason, and the quick replacement of fresh needles, 
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the unplanned litter raking event that occurred in this study likely had an insignificant 

effect on SOC development in the untreated control plots. 

Objective 2. Assess the Potential Mineralizability of SOC within and among Soil 
Size Fractions 

 As an index of maximum potential SOC loss, the specific mineralization of C 

among soil size fractions indicated that the C contained in these fractions was generally 

of the same mineralizable quality, but it also appeared that some C may be influenced 

by other factors (Figure 2-5). Sarkhot et al. (2007b) found the 2000-250 µm fraction at 

the 0-10 cm depth to be C rich, containing large amounts of recently added OM, but our 

mineralization study indicated that the C quality contained in this fraction at this depth 

was not different than nearly all of the other fractions at both depths. This was contrary 

to our hypothesis predicting the largest fraction, which likely receives the largest 

additions of fresh SOC, to have the highest specific mineralization rate. Portions of SOC 

in this fraction have also been identified as being contained in soil aggregates, which 

may be offering some C protection.  

The least mineralizable C was found in the <53 µm fraction at the 0-10 cm soil 

depth. The chemical composition of this fraction was identified in Sarkhot et al.’s 

(2007b) work. They found higher amounts of more decomposed and recalcitrant 

material along with high amounts of freshly added organic matter as well. In our study, 

this particular fraction at this depth experienced the smallest amount of net SOC 

addition, which indicated that its sources of C were not abundantly available and was 

possibly being incorporated into other size class fractions. The soil depth differences of 

SOC accrual and the mineralizability of SOC in this fraction indicate that the processes 

occurring within these depths were different.  Recent studies on SOC and aggregation 
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suggest that the activity of microorganisms, fine roots, mycorrhizal roots, and hyphae 

are important factors in building and sustaining SOC pools (Rasse et al. 2006). The 

decreasing root density and microbial population often reported with soil depth is one 

explanation of the differences seen in this study. 

Bulk soil mineralization rates of SOC respired from the various fractions were 

reflections of the total amount of SOC contained in the fractions and relatively 

homogeneous quality of the C located in the fractions (Figure 2-6). The sum of the bulk 

soil mineralization rates for all the fractions in the 0-20 cm depth, 9.5 mg kg-1 d-1, was at 

the upper end of the range reported by Ahn et al. (2009) for SOC located in the top 30 

cm of whole soil in Coastal Plain Spodosols. The authors estimated the maximum 

potential SOC loss in bulk soil mineralization ranged from 3.4 to 10.6 mg C kg-1 d-1.  

Objective 3. Quantify the AOC and Evaluate the Stability of Aggregates in the 
Large Sand Size Fraction (2000-250 µm) 

 The total amount of aggregated SOC in the 2000-250 µm fraction was similar to 

the amounts reported by Sarkhot et al. (2007a) and Azuaje et al. (2012) in north Florida 

pine stands in similar soils and displayed the same evidence of hierarchal structure 

(Figure 2-7).  

The increasing AOC in this fraction with increasing soil depth may be an indication 

of a lower proportion of particulate organic carbon (POC) being added to the subsurface 

soil. It may also suggest that POC at this depth was being preferentially mineralized 

over the AOC, thus indicating some SOC protection being provided by aggregation. 

Azuaje et al. (2012) investigation into AOC determined no protection was being 

provided by soil aggregation; however, that study was on a whole soil basis and not by 

size fraction where protection occurring in these defined SOC pools could be masked. If 
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aggregation was offering protection to SOC, it was in small quantities and will require 

investigations into the mineralizability of AOC within physically defined fractions to 

reveal its influence. 

Conclusion 

 During this short-term study, significant SOC accretion was measured in a 

quickly aggrading, mid-rotation southern pine plantation.  The SOC additions primarily 

occurred in the fine earth fraction at the 0-10 cm soil depth, which experienced an 

average annual SOC accretion rate of 2.3 mg cm-3 yr-1. A net increase of SOC was 

made in all of the size fractions and indicated that all of the fractions were capable of 

receiving and maintaining short-term C additions. Soil depth was an important factor in 

many of the SOC characteristics measured in this study. This exemplifies the significant 

effects of SOC dynamics occurring at the interface of the forest floor and the surface 

soil where fine root and microbial activities are concentrated. 

 The distribution of SOC was typical of a sandy soil, decreasing with soil depth 

and fraction size. The mineralizable quality of the C among size fractions was lowest in 

the smallest size fraction (<53 µm) in the 0-10 cm soil depth, while C mineralizability 

was unaffected by fraction size in the 10-20 cm soil depth. Increasing homogeneity of 

SOC mineralizability with soil depth may be a result of the decreasing influence of fine 

root and microorganism activity. 

 Sand size macroaggregates (2000-250 µm) were slightly more concentrated in 

the 10-20 cm soil depth but the reason for this was not clear.  Particulate OC may be 

added at a lower proportion in the subsurface soil, increasing the percentage toward 

AOC. An alternate hypothesis was that POC at this depth is being preferentially 
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mineralized over the AOC. Soil aggregation in sandy soil is not thought to offer much 

protection against mineralization, but additional studies are required to fully appreciate 

the scope of protection, or lack thereof, provided by aggregation. 
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Figure 2-1. Differences in soil bulk density in the untreated control plots at two soil 
depths of an Ultic Alaquod supporting an intensively managed loblolly pine 
stand in north central Florida. Soil bulk density in the untreated control plot did 
not significantly change during the study which spans the 7th through 9th year 
of tree growth. Values are LS means and bars represent standard error. 
Unequal letters indicate significant differences with a p-value=<0.1 

 

Figure 2-2. Differences in SOC in the fine earth fraction over time for two soil depths in 
an Ultic Alaquod supporting an intensively managed loblolly pine stand in 
north central Florida. Changes were observed during the 7th through 9th years 
of tree growth. Values are LS means and bars represent standard error. 
Unequal letters indicate significant differences with a p-value=<0.1 
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Figure 2-3. Distribution of SOC among soil size fractions averaged across time for two 
soil depths in an Ultic Alaquod supporting an intensively managed loblolly pine stand in 
north central Florida. Changes were observed during the 7th through 9th years of tree 
growth. Values are LS means and bars represent standard error. Unequal letters 
indicate significant differences with a p-value=<0.1 

  

Figure 2-4. Differences in soil size fraction SOC over time in an Ultic Alaquod 
supporting an intensively managed loblolly pine stand in north central Florida. 
Changes were observed during the 7th through 9th years of tree growth. Each 
size fraction significantly increased with time. Values are LS means and bars 
represent standard error with a p-value=<0.1 
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Figure 2-5. Differences in specific mineralization rates of cumulative C respired from 
size fraction SOC, at two soil depths, after 162 d laboratory incubation at 

30⁰C. The soil is in an Ultic Alaquod supporting a ten yr-old intensively 

managed loblolly pine stand in north central Florida. Values reported are LS 
means and standard error. Unequal letters indicate significant differences with 
a p-value=<0.1 
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Figure 2-6. Differences in bulk soil C respired from four soil size fractions, at two soil 

depths, after 162 d laboratory incubation at 30⁰C. The soil is in an Ultic 

Alaquod supporting a ten yr-old intensively managed loblolly pine stand in 
north central Florida. Values reported are LS means and standard error. 
Unequal letters indicate significant differences with a p-value=<0.1 
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Figure 2-7. Dispersion of AOC as % of the 2000-250 µm fraction’s total SOC, at two soil 
depths, as a function of increasing applied sonic energy. The soil is in an Ultic 
Alaquod supporting a ten yr-old intensively managed loblolly pine stand in 
north central Florida. Values reported are LS means and standard error. 
Unequal letters indicate significant differences with a p-value=<0.1 

Table 2-1. Mean total SOC increase among the soil size fractions at two soil depths 
from an Ultic Alaquod supporting an intensely managed loblolly pine stand in 
north central Florida. Data presented as total increase amount in mg cm-3 and 
as relative percent change that occurred over the 31 month study period, 
which span the 7th through 9th yrs of growth 

 Size Fraction 2000-250 µm 250-150 µm 150-53 µm <53 µm 

 Soil Depth (cm) 0-10    10-20   0-10    10-20  0-10  10-20  0-10  10-20  

SOC (mg cm-3) 2.46   1.28  1.15   0.16 1.62 0.61 0.11 1.27 

% Change 36%   57%  39%   7% 51% 27% 4% 110% 
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Table 2-2. ANOVA table of the specific mineralization rates of cumulative C respired 
from size fraction SOC, at two soil depths, after 162 d laboratory incubation at 

30⁰C. The soil is in an Ultic Alaquod supporting a ten yr-old intensively 

managed loblolly pine stand in north central Florida. Significant effects were 
determined with a p-value=<0.1 

Effects   df F value p 

Soil Depth 1 0 0.2676 

Size Fraction 3 1.35 0.955 

Soil Depth x Size Fraction  3 2.99 0.038 

Block 2 2.07 0.135 

Error 61   

 
Table 2-3. ANOVA table of soil size fraction bulk mineralization rates of cumulative C 

respired after 162 d laboratory incubation at 30⁰C. The soil is in an Ultic 

Alaquod supporting a ten yr-old intensively managed loblolly pine stand in 
north central Florida. Significant effects were determined with a p-value=<0.1 

Effects df F value p 

Soil Depth 1 99.59 <.001 

Size Fraction 3 29.07 <.001 

Soil Depth x Size Fraction  3 9.03 <.001 

Block 2 21.67 <.001 

Error 62   
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CHAPTER 3 
THE CONTRIBUTIONS OF ABOVE- AND BELOWGROUND SOURCES OF C 
SUSTAINING SURFACE SOIL ORGANIC C IN AN INTENSIVELY MANAGED 

LOBLOLLY PINE STAND 

Intensively managed southern pine plantations in the United States have 

dramatically increased the amount of biomass produced during a stand’s rotation, but 

most studies show soil organic carbon (SOC) remains unaffected or negatively affected 

by these practices (Shan et al. 2001; Leggett and Kelting 2006). Sources of organic 

matter that maintain and/or increase SOC pools in these ecosystems originate from 

both above and belowground sources and are primarily plant detritus. However, few 

studies have examined the mechanisms behind changes in soil C in these ecosystems. 

In particular, it is unclear what the magnitude of C input to SOC results from litterfall 

inputs or fine root inputs. Understanding the processes of SOC development and the 

dynamics of turnover are critical in order to anticipate effects of environmental and land 

management changes. 

Fertilized southern pines planted on nutrient poor soils have produced 

considerable increases in tree biomass (Martin and Jokela 2004; Jokela et al. 2010; 

Vogel et al. 2011). This includes annual litterfall rate and coarse root production. By the 

end of the rotation a well fertilized loblolly pine (Pinus taeda L.) can accrue 40-50 Mg of 

C ha-1 in the forest floor depending on management inputs (Vogel et al. 2011). The 

accumulation of mass in the forest floor is influenced by the long residence time 

characteristic of pine litter and minimal biotic mixing of litter into the soil (Thomas 1968; 

McBrayer et al. 1977; Piatek and Allen 2001). 

 The forest floor also provides habitat for soil fauna that migrate between the litter 

layer and the surface soil. Their activities accelerate the decomposition of forest floor 
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and roots, they add and may mix organic material into the soil ecosystem, and their 

waste and remains stimulate soil flora (Abbott 1989; Lussenhop 1992; Knoepp et al. 

2000). Most aboveground litter is thought to be utilized by microorganisms that produce 

enzymes which digest this recalcitrant material (Jorgensen et al. 1980; Berg and 

McClaugherty 2003; Bardgett et al. 2005). As the trees age and the forest floor 

develops to more advanced stages of decomposition, it becomes increasingly populated 

by fine roots and mycorrhizal fungi (Gholz et al. 1986; Ponge 1991).  

Southern pines such as loblolly and slash pine (Pinus elliottii L), are tap rooting 

species, yet the majority of nutrient absorbing fine roots are found within the A horizon 

(Gholz et al. 1986; Retzlaff et al. 2001; Adegbidi et al. 2004). Root biomass develops 

first in the surface soil and quickly expands horizontally and vertically. A study on early 

loblolly pine root development determined that by age 4 years, roots had occupied 60% 

of the soil to a 100 cm depth (Adegbidi et al. 2004). Throughout the life of the stand, 

roots constitute a significant portion of the total tree biomass. Coarse root development 

is thought to progressively increase at a linear rate into the tree’s maturity (Gholz et al. 

1986). The lateral root system of a mature loblolly pine can contribute 15-20% of a 

tree’s biomass (Retzlaff et al. 2001; Shan et al. 2001).  

In early stages of development, a large portion of the tree’s energy is devoted to 

an expanding root biomass. In maturity, much of the tree’s belowground primary 

production is dedicated to sustaining the large root system (Gholz et al. 1985; Wiseman 

and Seiler, 2004). In a study of 17 yr-old slash pine receiving fertilization and understory 

control, 10% of the total annual primary production was devoted to fine root production, 

which only constituted about 2% of the total tree biomass (Shan et al. 2001). On 
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average fine roots have the quickest turnover rates within the root system but studies 

have determined that not all fine roots of the same diameter have the same structure, 

function and turnover rate (Pregitzer 2002; Baddeley and Watson 2005). The use of 

radiocarbon dating of fine roots suggest that many small fine roots live longer than a 

year, and for pine species several years or more (Gaudinski et al. 2001, Matamala et al. 

2003). It has also been shown that fine roots colonized by mycorrhizal fungi have 

increased root longevity and a decreased decomposition rate. This may be occurring 

because colonized roots are less sensitive to desiccation and their structures are 

encased in chitin, a recalcitrant compound (Eissenstat et al. 2000; Fan and Guo 2010). 

Ectomycorrhizal root tips of pine are often surrounded by aggregated organic 

matter enmeshed by fungal hyphae (Burke et al. 2006). Organic matter concentrates 

around sources of rhizodeposition. Exudates produced by fine roots and associated 

mycorrhizal hyphae, along with their delicate tissues, are continually being consumed 

by soil macro- and microfauna and soil flora (Knoepp et al. 2000). Microbial biomass 

residue has been identified as an important source of material found in humus and an 

agent of soil organic matter stabilization (Simpson et al. 2007; Miltner et al. 2011.)  

Contributions of the total C input from various sources into the surface soils 

supporting loblolly pine plantations are influenced by stand conditions (i.e. genetic 

quality, stand age, planting density, site fertility, and light and water availability) 

(Albaugh et al. 1998; King et al. 1999; Burkes et al. 2003). The contributions can be 

segregated into C sources originating from aboveground and belowground sources. 

Reported annual litterfall rate at mid rotation loblolly pine stand range is between 3 and 

7 Mg ha-1, depending on management inputs (Jokela and Martin, 2000). With little soil 
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mixing occurring in these soils, the primary C contribution made by the forest floor is 

presumed to be through DOC leaching. By mid-rotation, the forest floor develops 

distinct Oi and Oe horizons. Polglase et al. (1992a) reported total labile C concentration 

in the Oi and Oe layers as 14% and 6% by weight, respectively. Fresh needlefall 

composing the Oi layer is a significant source of inorganic phosphorus and may 

accelerate the decomposition process, particularly in fertilized stands (Polglase et al. 

1992b; Sanchez 2001). Loblolly needle decomposition studies have found 

approximately 25% of the C is released within the first year, followed by a long period of 

slow release (Jorgensen et al. 1980). They are also  

In a mature southeastern loblolly forest, annual dissolved OC inputs from forest 

floor to the surface 15 cm have been reported to add 3.2 mg C cm-2 (Richter et al., 

1999). For the same soil depth, the same authors estimated an annual contribution of 

6.3 mg C cm-2 from rhizo-deposition of roots with <2mm diameter, (authors assumed a 

50% turnover rate in biomass and root C content of 50%). The largest C input 

belowground comes from fine root turnover; and as southern pines mature, the 

production of fine root biomass reaches a steady state with ephemeral patterns of 

seasonal growth (Gholz et al. 1986; King et al. 2002). Fine root biomass estimates 

(diameter <0.5 mm) in young, densely planted loblolly have been estimated (Burkes et 

al. 2003) to contribute 8.3 mg C cm-2 year-1 to the first 15 cm of surface soil in a 4 yr-old 

stand. 

Currently it is unknown how the various sources of C contribute to the net 

formation and maintenance of SOC in these forest ecosystems. In particular, it is 

unclear what the magnitude of C input to SOC is as a result of aboveground litter inputs 
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or root turnover and belowground processes. The objective of this study is to estimate 

the relative contributions of above- and belowground sources of C formation or 

enhancing the SOC in an intensively managed mid-rotation loblolly pine plantation 

growing in sandy soils of the lower Coastal Plain.  

We hypothesized that belowground sources of C dominate over aboveground 

inputs for the maintenance and development of surface SOC. Belowground sources of 

C have several advantages for developing into SOC. Specifically the aggregating 

effects created around fine roots are seen as an important mechanism for stabilizing C 

in these sandy acidic soils. Also, the large amounts of C input by belowground biomass 

and its long turnover times suggest it plays a dominating role in creating and sustaining 

SOC.  

Methodology 

Field Treatments 

This portion of the study was performed in the same stands of replicated blocks 

described in Chapter 2. A randomized complete block study design comprised of three 

study blocks with three replications of each field treatment per block. Within each block, 

the study was carried out in the middle of three center rows and utilized the interbed 

region to randomly place one replication of each of the three treatments. Each treatment 

plot was a 0.5 m2 and permanently marked with PVC tubes. The two treatments beyond 

the untreated control were designed to eliminate sources of C inputs and prohibit them 

from entering the soil.  

The first treatment excluded aboveground litter and prohibited any future C 

addition from this source. This was accomplished by removing the entire O horizon 
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present at the initiation of the study and keeping this bare soil condition for the entirety 

of the study. In addition to removing the O horizon from the designated treatment plot 

area, an extra 0.5 m surrounding the plot vicinity was also removed in order to reduce 

the O horizon’s influence at the edge. All understory vegetation present was cut at the 

soil surface and removed. The total removal area was 2 m2 and OC was removed 

leaving only the bare mineral soil surface. Shade cloth, 1 m by 2 m, was placed over the 

bare soil and held in place with metal stakes. Monthly to bimonthly the aboveground 

litter on the surface of the shade cloth was removed and any sprouting vegetation, fungi 

or moss present under the shade cloth was also removed.  

The second treatment excluded above- plus belowground litter additions. This 

treatment used the same method as the first treatment to eliminate C inputs from above 

with the addition of trenches that surrounded the treatment plot and prohibited new root 

growth from entering the plot. This was accomplished by digging a 40 cm deep trench 

0.5 m from the outline of the treatment plot, lining it with aluminum sheet metal and back 

filling with soil. The treatment plot was then covered with shade cloth tacked in place 

with metal stakes. The aboveground litter on the surface of the shade cloth was 

removed monthly to bimonthly and any sprouting vegetation, fungi or moss present 

under the shade cloth was also removed. 

The final treatment was an untreated control. A 0.5 m2 area was marked in the 

interbed and left to represent the natural soil state experiencing the full influence from 

the O horizon and belowground root growth.  
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All soil samples were taken from the 0.5 m2 plot area. There were three 

replications of each treatment in each of three blocks. In total, there were nine replicates 

of each field treatment across all three blocks. 

Soil Sampling  

Soil samples at time 0 were taken to establish the C content at the beginning of 

the study. After removing the forest floor, eight sample cores per treatment plot were 

taken with a 1.3 cm diameter soil push probe at the soil’s mineral surface and separated 

into soil depths of 0 to 10 cm and 10 to 20 cm. The soils were combined for each 

treatment by block.  Soil samples were subsequently collected at 31 months from each 

plot. Three soil samples were collected with a 6.5 cm diameter aluminum cylinder to a 

depth of 20 cm after removing the forest floor.   Each sample was separated into soil 

from the 0 to 10 cm and 10 to 20 cm soil depths and combined for each plot. 

Live Root Observations 

 To ensure the root exclusions were successful at eliminating new root growth, 

the distribution of fine roots was evaluated at the end of the study in all of the treatment 

plots. A field method described by Escamilla et al. (1991) for similar soils was used. The 

method was based on the relationship between fine root biomass, root length density, 

and the number of roots crossing a two dimensional plane. A vertical plane of soil was 

exposed in each treatment plot by trenching. Fine roots protruding from the soil face 

were counted in a 30 cm horizontal area at 5 cm vertical increments to 20 cm.  

 The root exclusion trenches were effective. Statistical analysis was run on the 

live root counts taken at the end of the study showed a significant interaction between 

field treatment and soil depth, p=0.001(Figure 3-1). At both soil depths the above- plus 



 

51 
 
 

belowground exclusion plots significantly reduced the presence of live roots relative to 

the control with a reduction of 75% and 92% at the 0-10 cm and 10-20 cm soil depths, 

respectively. 

Laboratory Methods 

The same day the soil samples were collected, weight was measured and 

sampled for moisture content. Bulk density was calculated from the soil volume and the 

weight of soil was corrected for moisture content.  The samples were subsequently air-

dried and passed through a 2 mm mesh sieve and the >2 mm fraction was weighed and 

stored. 

Total organic carbon in the whole soil and in the >2 mm size fraction was 

measured by Loss-on-ignition (LOI) and then converted to organic C based on a 

pedotransfer function developed from 133 soil samples from a nearby watershed study 

(Azuaje et al. 2012; see Chapter 2).   The LOI was accomplished by combusting 25 g 

soil samples at 500˚C over night (at least 15 hours). The low soil pH and sandy nature 

(>95% sand) made LOI an appropriate method for estimating organic C given that 

carbonates and loss of structural water were not issues  (Nelson and Sommers 1996). 

Statistical Methods 

The relative percent change over time was used to analyze the short-term 

changes in bulk density, SOC in the coarse fraction, fine earth fraction, and soil size 

class fractions, minimizing the uneven variability among treatment plots (Bonate 2000). 

The relative percent change was defined as the difference between the variable at the 

end of the study, 31 months, and time zero. The population distributions of the data 

were analyzed and the relative percent changes in SOC measurements for the coarse 
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fraction and fine earth fraction values were found to be lognormally distributed. Prior to 

analysis, these data were log transformed, in order to make the log transformation a 

constant value of one was added to the relative change in SOC to create all positive 

data points (McDonald 2009). All data sets were evaluated for outliers and any value 

beyond three standard deviations from the mean was removed. For the purposes of 

tables and figures, the data were back transformed.  

SAS PROC MIXED model (Littell et al. 2006) was used for statistical analysis of 

soil bulk density and SOC. Results are reported as LS Means and standard errors. In 

the analysis of the root counts, bulk density, and SOC data soil depth and months in 

treatment were fixed effects and block was a random effect. A p-value equal or less 

than 0.1 was considered a significant effect in the analysis of variance. When significant 

main effects and/or interactions were found, multiple mean comparisons and 

separations were identified using the ADJUST =TUKEY option of the LSMEANS 

statement. 

Results 

At the end of the 31 month study period, the field treatments had significantly 

affected the soil’s bulk density (p=0.058). The relative percent change in bulk density 

was highest in treatment plots that excluded above- plus belowground sources of C and 

lowest in the untreated control plots, which were open to all sources of C inputs (Figure 

3-2). Although the field treatments significantly affected bulk density, the changes were 

not significant increases or decreases, as they all contained 0% change in the 90% 

confidence interval and significant change cannot be determined (Appendix B-1). Soil 

depth was also a main effect in determining the relative percent change in bulk density 
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(p=<0.001). Across all treatments, soil bulk density significantly increased in the 0-10 

cm soil depth, while it significantly decreased in the 10-20 cm soil depth (Appendix B-1). 

High variability created a large margin of error reported in the relative change in soil 

bulk density. 

Among treatments, the effect of soil depth on the relative change in the coarse 

fraction SOC (mg cm-3) fraction after 31 months was significant (p=0.001). The analysis 

revealed that SOC accumulated in the 0-10 cm soil depth, which increased by 26%. Soil 

OC in the 10-20 cm depth decreased; the mean relative change was -34% (data not 

shown). Treatment was also a significant main effect, p=0.073, as the aboveground 

exclusion mean was significantly higher than the above- plus belowground exclusion 

treatment. The above- plus belowground exclusion significantly decreased during the 

study but not significant change occurred in the untreated control or aboveground 

exclusion plots. Both exclusion treatments were no different than the untreated control 

(Figure 3-3 and Appendix B-2).   

The relative percent change of SOC (mg cm-3) contained in the fine earth soil 

fraction was significantly affected by excluding C inputs (p=0.014). The above- plus 

belowground exclusion treatment plots experienced no increase in SOC content and 

were significantly different than the untreated control plots (Figure 3-4). The untreated 

control plots experienced a mean increase of 42% over the 31 month study period. Soil 

OC for the aboveground exclusion plots increased by 14% and was not statistically 

different than the untreated control. The 14% increase in SOC was not a significant 

increase, as the 90% confidence interval contained zero percent change, and was also 

not different than the above- plus belowground exclusion treatment plots (Figure 3-4 
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and Appendix B-3). Soil depth was a significant effect in predicting the relative change 

of SOC in the fine earth fraction (p=<0.001). The majority of SOC accrued during the 

study was in the 0-10 cm soil depth. The mean relative percent increase at this depth 

was 42%, while the SOC in the 10-20 cm soil depth went relatively unchanged 

(Appendix B-3). 

Discussion 

The large inherent spatial variability commonly found in the SOC distribution of 

forest soils and can make precise measurements and detection of change difficult. A 

coefficient of variation of 20% in forest soil C measurements is common (Haines and 

Cleveland 1982; Richter et al. 1999; Conant et al. 2003). By repeatedly sampling soil 

within small sample plots, the ability to detect changes in SOC over short periods of 

time is increased (Conant et al. 2003).  

Within the short time frame of this study, evidence of SOC accretion occurring in 

the untreated surface soil was detectable in the fine earth fraction. This was a product of 

the fast growth and biomass production taking place at this stage of stand development 

and the high planting density. A mid-rotation loblolly pine stand aggrades C at a higher 

rate than during any other phase of its development. Similar stands with half the 

planting density have been measured to produce 22 Mg ha-1 yr-1 of aboveground net 

primary production on very similar soils during this phase (Martin and Jokela 2004). A 

significant portion of the annual biomass production rests on the soil’s surface in the 

form of a substantial forest floor and as fine root production in the surface soil. At the 

beginning of the study, 13 Mg ha-1 of dry mass had accumulated in the forest floor. In all 

approximately 22.2 Mg ha-1 fresh litter was added to the forest floor over the 31 month 
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study period. The mean annual addition was 8.6 Mg ha-1, but it was not evenly 

distributed throughout the study, as the litterfall rate increased with time. Aboveground 

litter included needles and some coarse woody debris. 

Loblolly needles have been measured to release approximately 25% of the C 

within the first year, followed by a long period of slow release (Jorgensen et al. 1980). In 

this study, the maximum annual C release from fresh needlefall would have been 

approximately 10.8 mg C cm-2. This assumes that the entire aboveground litter mass 

was needles, which is an overestimation as a small portion of coarse woody debris was 

collected with the needlefall. Mature loblolly and mixed hardwood-coniferous forest C 

studies have reported approximately 2.5 mg C cm-2 of DOC leaching annually from the 

bottom of the O horizon and approximately <2 mg C cm-3 in the 0-15 cm soil depth, 

which then sharply decreases with soil depth (Richter et al. 1995, 1999; Dosskey and 

Bertsch 1997).  

Belowground inputs are more difficult to measure. Shan et al. (2001) estimated 

10% of the total annual primary production dedicated to fine root production in southern 

pine managed with intensive fertilization and understory control. If the aboveground 

biomass accumulation rate in this current study followed the same trend as those 

described by Martin and Jokela (2004), annual fine root net primary production would be 

estimated at 28.8 mg cm-2. During this phase of development, if half of the fine root 

production turns over, 14.4 mg C cm-2 would be added annually to the soil. With fine 

root biomass concentrated in the surface 20 cm of soil it is reasonable to assume 0.7 

mg C cm-3 annual C additions occurred from fine root turnover. This is assuming root C 

content of approximately 50% of the biomass and 22% more fine root total biomass in a 
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1.6 times more densely planted loblolly pine stand (Burkes et al. 2003). As a result, we 

estimated a 43% increase in SOC in the fine earth fraction, primarily at the 0-10 cm soil 

depth (Figure 3-4). The annual mean SOC accretion at this site was 2.3 mg C cm-3 yr-1 

which falls within the range estimated in a comparable stand (Chapter 2; Volgel et al. 

2011). 

When the forest floor was excluded from adding C to the soil, the SOC was not 

significantly different than the untreated control plots. Other forest soil studies that used 

prolonged O horizon removal reported similar results for several temperate deciduous 

forest ecosystems (Nadelhoffer et al. 2004; Garten 2009). However, the soil trenching 

method was very effective in preventing new fine root growth. By excluding 

belowground inputs, these treatment plots did not experience the SOC accretion that 

occurred in the control plots, indicating a primary dependence on subsurface processes.  

Short-term effects of eliminating above- and belowground inputs of C resulted in higher 

soil bulk density and a loss of SOC in the coarse fraction. 

Related studies that compared management strategies of southern pines have 

suggested that roots play a dominant role in SOC content. The absence of understory 

roots in stands managed with sustained understory competition control is often given as 

the probable reason for the lower SOC content (Shun et al. 2001; Echeverría et al. 

2004; Rifai et al 2010; Vogel et al. 2011).  However, there has been no research to 

directly address this issue in loblolly pine ecosystems until now.  

Although it was determined that short-term SOC accretion and maintenance in this 

forest was principally dependent on subsurface processes, it cannot be ignored that the 

aboveground exclusion plots were not statistically different than the above- plus 
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belowground exclusion either. Many litter removal and pine litter raking studies report 

SOC content was not affected by these treatments (Ross et al. 1994; Nadelhoffer et al. 

2004; Blazier et al. 2008; Garten 2009). Blazier et al. (2008) reported a small but 

significant loss of SOC in the surface five cm of soil after seven years of annual litter 

raking and application of inorganic fertilizers in a loblolly pine, while the unfertilized 

stands reported no loss in SOC with annual litter raking. The SOC loss was possibly a 

result of increased decomposition due to repeated applications of N (Khan et al. 2007).  

However, the forest floor may not be supplying the soil with as large a quantity of 

C as once thought, particularly in younger forests. A disconnection between the C of 

recently added forest litter and the mineral soil has been observed in Tennessee pine-

hardwood forests (Froberg et al. 2007b; Kramer et al. 2010).  Tracing the decay of C-14 

released into the atmosphere from a nearby incinerator, the authors determined after 

four years of various manipulations of C-14 enriched C additions that 14% of the DOC 

in the top 15 cm originated from the C-14 forest floor litter (Froberg et al. 2007b). 

Further studies revealed <6% of the recent litter C had accumulated into the soil 

microbial biomass. Similar results were found with C-13 isotope labeling to trace DOC 

from fresh C into the soil (Hagedorn et al. 2004). Hagedorn et al. (2004) found that 5-

10% of the labeled DOC at the 5-10 cm soil depth had originated from fresh litter and 

recent rhizodeposition. In addition, they reported that recently deposited DOC was 

preferentially mineralized in a soil incubation study. The majority of DOC that reached 

the mineral soil surface is thought to originate from the more decomposed Oe horizon, 

while more recently released DOC is mineralized in the forest floor (Froberg et al. 

2007a). Results of these findings correspond with radiocarbon data that identified the 
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age of DOC in forested surface soils around 20-30 yrs and its presence in the soil 

related to microbial processes (Trumbore et al. 1992; Guggenberger et al. 1994; Tegen 

& Dörr 1996) 

It is possible, to some degree, that nutrient cycling in the forest floor is discoupled 

from the mineral soil in southern pine ecosystems. By mid-rotation, the forest floor in 

loblolly pine has been reported to immobilize nitrogen and phosphorus (Piatek and Allen 

2000). This may be an indication of a microbial population in the forest floor utilizing the 

labile C released from the fresh litter inputs. In addition, litter manipulation studies have 

found fine roots to be unaffected by litter removal in tropical and temperate coniferous 

forests (Sayer et al. 2007; Okada et al. 2011), but it has been found to decrease in the 

presence of soil fauna and ectomycorrhizal hyphae in the surface soil (Ponge et al. 

1993; Okada et al. 2011). Soil fauna fecal pellets have been observed in these soils as 

a common constituent of the SOC content (Azuaje et al. 2012). Further investigations 

will be required to determine if the absence of the forest floor continues to impede SOC 

formation and maintenance in this ecosystem. 

Conclusion 

Annually, large amounts of C are released from the forest floor as DOC and fine 

root turnover in aggrading loblolly pine ecosystems. The purpose of this study was to 

determine the significance of the C contributions from above- and belowground sources 

to SOC development. It was concluded that SOC formation and maintenance was 

significantly dependent on belowground sources of C, but the large inherent spatial 

variability of forest SOC made it difficult to establish the role of the forest floor. The 

forest floor provides several conditions and opportunities to have an influence on SOC 
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development in the surface soil. It provides a habitat for soil fauna, supports 

ectomycorrhizal hyphae growth, and leaches significant amounts of DOC. How much of 

the DOC from the forest floor is reaching the soil matrix and influencing SOC 

development is in question and requires further investigation to determine it role in 

these forest ecosystems. Individually or in combination, these factors could be having a 

short term impact on the SOC content. Long term observation will be required to 

determine if this impact continues, although litter raking and litter removal studies 

suggest it will not reduce SOC in the next 5 years. 
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Figure 3-1. Evaluation of the effectiveness of root exclusion treatment through live root 

counts. A vertical profile inside each of the treatment plots was exposed and 
the numbers of live roots were counted and recorded in 30 cm across x 10 cm 
depth area increments. Counts were made January 2010, in a ten yr-old 
intensively managed loblolly pine stand growing in an Ultic Alaquod in north 
central Florida, after the last soil sampling of the study 

  
Figure 3-2. Differences in % change in soil bulk density after to 31 months of exclusion 

treatment in an intensively managed loblolly pine stand growing in an Ultic 
Alaquod in north central Florida.  The study spans the 7th yr through the 9th yr 
of growth. Values are LS means of relative percent change with standard 
error bars. Different letters signify mean separations with a p-value=<0.1 
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Figure 3-3. Differences in % change of the coarse fraction (>2 mm) after 31 months of 

exclusion treatment in an intensively managed loblolly pine stand growing in 
an Ultic Alaquod in north central Florida. The study spans the 7th yr through 
the 9th yr of growth. Values are LS means of relative percent change with 
standard error bars. Different letters signify mean separations with a p-
value=<0.1 
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Figure 3-4. Differences in % change of the fine earth fraction (<2 mm) after 31 months 

of exclusion treatment in an intensively managed loblolly pine stand growing 
in an Ultic Alaquod in north central Florida . The study spans the 7th yr 
through the 9th yr of growth. Values are LS means of relative % change with 
standard error bars. Different letters signify mean separations with a p-
value=<0.1 
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CHAPTER 4 
THE RELATIVE IMPROTANCE OF CARBON SOURCES CONTIRBUTING TO SOIL 

ORGANIC CARBON POOLS IN AN INTENSIVLY MANAGED LOBLOLLY PINE 
STAND 

Intensively managed loblolly pine (Pinus taeda L.) forests are productive and 

commonly planted on southeastern U.S. Coastal Plain Spodosols. Despite frequent 

fresh carbon (C) additions of aboveground leaf litter and subsurface root turnover, soil 

organic carbon (SOC) storage has been considered limited and not a significant factor 

for C sequestration management (Shan et al. 2001). The warm/humid climate and very 

acidic nature has weathered the soil, creating a sandy, weak structured surface horizon 

(Soil Survey Staff 2011) and a clay fraction primarily consisting of quartz and some 

kaolinite (Harris and Carlisle 1986). Ultimately, large portions of SOC are vulnerable to 

persistent microbial consumption.  

The two major sources of C entering soil in a loblolly pine forest are from 

aboveground plant biomass C and belowground root/hyphae C. Each has its own 

physiochemical and distribution properties that influence its potential to form SOC pools 

(Oades 1988). Pine needle litter and coarse woody debris rest on the soil’s surface. In 

order for this material to contribute to SOC it must be reduced in size through 

decomposition and incorporated into the soil. Soil mixing and incorporation of 

aboveground C residues is a function of soil fauna (Brussaard et al 1997). In the 

absence of appropriate soil fauna, aboveground litter has little opportunity to participate 

in SOC forming processes (Phillips and Fitzpatrick 1999). Carbon from the forest floor 

can also enter soil as dissolved organic C, although C cycling between the forest floor 

and mineral soil may not always be significantly coupled (Piatek and Allen 2000; 

Froberg et. al. 2007; Kramer et al. 2010).  
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In contrast, belowground sources of C are produced and enter directly into the soil 

matrix primarily as residues of root and mycorrhizal hyphae turnover, root and 

microflora exudations, root cap cells, and root epidermis (Farrar et al. 2003; Nguyen 

2003; Godbold et al. 2006). Root residues persist longer in soils than shoot residues 

(Bird et al. 2007; Kong et al. 2010) and root turnover has been seen to be  intimately 

involved in the creation of sand size soil aggregates (Gale et al. 2000).  

Several forest soil studies have used litter exclusion to study SOC formation and 

concluded that SOC depends more on belowground C inputs than the aboveground 

forest floor (Nadelhoffer et al. 2004; Garten 2009). A previous litter exclusion study in a 

managed southern pine Spodosol found belowground C to be the dominant source for 

the formation of SOC (Chapter 3), but the influence of C sources on different SOC pools 

in Coastal Plain Spodosols was not investigated. The purpose of this study was to 

identify the importance of C sources to the short-term assimilation, maintenance and 

stability of SOC pools in a Spodosol supporting an intensively managed loblolly pine 

stand. This land cover and soil type define large areas in the southeastern U.S.A. In this 

region loblolly pine, an important commercial species, covers approximately 12 million 

ha in planted and natural stands (Baker and Langdon 1990), and Spodosols, a 

dominate soil order, occupies an estimated 5.7 million ha (Adegbidi et al. 2002). Yet, 

until the importance of the different C sources is defined, our capacity to predict SOC 

responses to management and climate change will be limited. 

Physical size fractionation of these sandy soils has been successful in separating 

SOC pools of different physical and chemical characteristics (Sarkhot et al. 2007a, b, 

and 2008; Haile et al. 2008; Chapter 2). Thus the first objective was to observe the 
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changes over time in SOC within these size fractions and evaluate the importance of 

the C source to the formation and maintenance of SOC. We hypothesized that SOC 

formation in these soils were primarily dependent on belowground sources of C, mainly 

in the form of fine root turnover. These C sources have the advantage of being directly 

incorporated into the soil matrix, as opposed to aboveground source; which must go 

through some process of initial entry into the soil (i.e. physical soil mixing or leaching).  

The large sand size fractions are described as containing substantial amounts of 

freshly added particulate organic carbon (POC) and aggregates of varying strength 

(Sarkhot et al. 2007a). We expect these pools to be the most dynamic in gains and 

losses of SOC through the field treatments, in part due to new additions of POC in 

treatments receiving new C additions, but also to the role that fine roots and hyphae 

play in aggregate stabilization.    

The smaller size fractions define the very fine root size classes which are 

characterized by ephemeral growth and rapid turnover rates (King et al. 2002), and we 

hypothesized belowground exclusion of C will have a negative effect on these C pools. 

The smaller size fractions, specifically those in the 150-53 µm range, appear to contain 

more stable aggregate organic carbon (AOC) (Sarkhot et al. 2007a; Azuaje et al. 2012). 

Formation of these smaller aggregates has been linked to formation process occurring 

within macroaggregates (Gale et al. 2000; Six et al. 2000; Rasse 2005; Kong et al. 

2010). Destabilization of larger aggregates may enrich the smaller size fractions with 

POC and AOC. 

The second objective of this study was to evaluate the effect that C sources have 

on the formation and stability of the large sand size microaggregates. We hypothesized  
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that aggregates in the 2000-250 µm fraction would require continuous inputs to maintain 

aggregated OC, particularly for the low energy aggregates. Fresh inputs have been 

reported to enrich aggregates in this size class and are cited as a probable reason for 

their stability (Angers and Giroux 1996; Puget et al. 1995). 

Methods 

Field Treatments 

This portion of the study was performed in the same stands of replicated blocks 

described in Chapter 2. A randomized complete block study design comprised of three 

study blocks with three replications of each field treatment per block. Within each block, 

the study was carried out in the middle of three center rows and utilized the interbed 

region to randomly place one replication of each of the three treatments. Each treatment 

plot was a 0.5 m2 and permanently marked with PVC tubes. The two treatments beyond 

the untreated control were designed to eliminate sources of C inputs and prohibit them 

from entering the soil.  

The first treatment excluded aboveground litter and prohibited any future C 

addition from this source. This was accomplished by removing the entire O horizon 

present at the initiation of the study and keeping this bare soil condition for the entirety 

of the study. In addition to removing the O horizon from the designated treatment plot 

area, an extra 0.5 m surrounding the plot vicinity was also removed in order to reduce 

the O horizon’s influence at the edge. All understory vegetation present was cut at the 

soil surface and removed. The total removal area was 2 m2 and organic material was 

removed leaving only the bare mineral soil surface. Shade cloth, 1 m by 2 m, was 

placed over the bare soil and held in place with metal stakes. Monthly to bimonthly the 
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aboveground litter on the surface of the shade cloth was removed and any sprouting 

vegetation, fungi or moss present under the shade cloth was also removed.  

The second treatment excluded above- plus belowground litter additions. This 

treatment used the same method as the first treatment to eliminate C inputs from above 

with the addition of trenches that surrounded the treatment plot and prohibited new root 

growth from entering the plot. This was accomplished by digging a 40 cm deep trench 

0.5 m from the outline of the treatment plot, lining it with aluminum sheet metal and back 

filling with soil. The treatment plot was then covered with shade cloth tacked in place 

with metal stakes. The aboveground litter on the surface of the shade cloth was 

removed monthly to bimonthly and any sprouting vegetation, fungi or moss present 

under the shade cloth was also removed. 

The final treatment was an untreated control. A 0.5 m2 area was marked in the 

interbed and left to represent the natural soil state experiencing the full influence from 

the O horizon and belowground root growth.  

All soil samples were taken from the 0.5 m2 plot area. There were three 

replications of each treatment in each of three blocks. In total, there were nine replicates 

of each field treatment across all three blocks. 

Soil Sampling  

Soil samples at time 0 were taken to establish the C content at the beginning of 

the study. Eight sample cores per treatment plot were taken with a 1.3 cm diameter soil 

push probe at the soil’s mineral surface after removing the forest floor and separated 

into soil depths of 0 to 10 cm and 10 to 20 cm and bulked.  Soil samples were 

subsequently collected after 31 months from each plot. Three soil samples were 
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collected with a 6.5 cm diameter aluminum cylinder to a depth of 20 cm after removing 

the forest floor. Each sample was separated into soil from the 0 to 10 cm and 10 to 20 

cm soil depths and combined for each plot. 

Laboratory Methods 

 On the same day that the soil samples were collected, they were measured for 

fresh weight and moisture content. Bulk density was calculated from the soil volume and 

the weight of soil corrected for moisture content.  The samples were subsequently air-

dried and passed through a 2 mm mesh sieve. The coarse and fine earth fractions were 

weighed and stored. One-hundred g of air-dry soil was then dry-sieved through different 

sized sieves for 5 minutes on a horizontal shaker following the method of Sarkhot et al. 

(2007a). The sieves fractionated the soil into 2000 to 250 µm, 250 to 150 µm, 150 to 53 

µm and < 53µm size fractions. Total organic carbon in the four fine earth fractions were 

measured by loss-on-ignition (LOI) and then converted to organic C based on a 

pedotransfer function developed from 133 soil samples taken from a nearby watershed 

study (Azuaje et al. 2012).  The model created between LOI and SOC, where SOC% = 

0.4922*LOI% + 0.065, had a correlation coefficient of 0.84. The LOI was accomplished 

by combusting 25 g soil samples at 500˚C over night (at least 15 hours). The low soil pH 

and sandy nature (>95% sand) made LOI and conversion by pedotransfer function an 

appropriate method for estimating organic C given that carbonates and loss of structural 

water were not issues  (Nelson and Sommers 1996) and the strong correlation of the 

pedotransfer function (Azuaje et al. 2012). 

Aggregate dispersion energy curves (ADEC) were developed on the 2000 to 250 

µm size fraction from soil sampled after 31 months of field treatment. One curve was 
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made for each of the three field treatment replications per study block at two soil depths, 

0-10 cm and 10-20 cm. In total there were nine replications for each field treatment at 

each soil depth. The method used to create the ADECs was based on previous studies 

conducted on forested Spodosols as described by Sarkhot et al. (2007a) and Azuaje et 

al. (2012) using a sonic dismembrator (Fisher Scientific, Model 500, Hampton, NH). Ten 

sub-samples, five grams each, were weighed into 250 mL beakers, then placed in a 

thermally insulated container and 100 mL of deionized water were added. The insulated 

container was placed in a sound minimizing enclosure and a sonic probe was 

submerged at a constant depth of 12 mm in the center of the container. One sub-

sample was exposed to a set energy application. Each subsequent subsample was then 

subjected to increasing amounts of energy. A total of 10 energy levels were used on 

each sub-sample, with the energy ranging from 0 to153 J mL-1. A pervious study by 

Azuaje et al. (2012) into the sonication method suggested that 153 J mL-1 was a useful 

maximum energy level. To control increasing temperature caused by the increasing 

energy inputs, the energy was pulsed with 60s on and 30s off. The actual energy 

applied to the water was calculated using a calibration factor developed by Sarkhot et 

al. (2007a), following the recommendations of Schmidt et al. (1999). 

Upon completion of sonication, the sub-sample was wet sieved through a 250 µm 

mesh sieve. The portion that moved through the sieve was released by the applied 

energy and the portion that remained was AOC and SOC unbroken by the applied 

energy. The C contents of these two portions were measured by LOI and the quantity of 

SOC liberated at that specific energy level was calculated as described above. 
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Statistical Methods 

 The population distributions of the data were analyzed. Evaluation of the field 

treatment effects on SOC focused on the relative change of SOC occurring between 

sampling times and between two soil depths. The effect of the field treatments on the 

size fractions was evaluated on each individual fraction. The change occurring over time 

was evaluated relative to the initial SOC measured at month 0. The population 

distribution was found to be lognormally distributed. In order to use the log value, a 

constant value of one was added to the relative change in SOC to create all positive 

data points (McDonald 2009). The log values were used in the statistical analysis but for 

the purposes of tables and figures, the values were back transformed. The ADEC data 

was found to be normally distributed. The data sets were evaluated for outliers and any 

value beyond three standard deviations from the mean was removed. 

A SAS PROC MIXED model (Littell et al. 2006) was used for statistical analysis of 

the size fraction SOC and ADEC studies. Results are reported as LS Means and 

standard errors. In the analysis of the size fraction SOC data, soil depth and months of 

treatment were fixed effects and block was a random effect. In the ADEC, soil depth 

and dispersion energy were used as fixed effects and block was a random effect. A p-

value equal to or less than 0.1 was considered a significant effect. When significant 

main effects and/or interactions were found, multiple mean comparisons and 

separations were identified using the ADJUST =TUKEY option of the LSMEANS 

statement. 
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Results 

Objective 1. Assess the Contribution of Above- and Belowground Sources to SOC 
Pools Defined by Size Fraction 

The field treatments had no significant effect on the net change of SOC in the 

2000-250 µm size fraction. Positive LSmeans were reported for each of the field 

treatments. Although all treatments were not significantly different, the untreated control 

was the only one to have a mean different from zero (Figure 4-1). The untreated control 

experienced a mean net gain of 3.0 mg C cm-3; the aboveground exclusion treatment 

gained 1.2 mg C cm-3, and the above- plus belowground exclusion treatment gained 1.8 

mg C cm-3 (Table 4-1). There was not a significant soil depth main effect.  

The SOC in the 250-150 µm was also not affected by the field treatments. In this 

size fraction all of the field treatment LSmeans were positive but contained zero in the 

90% confidence interval and cannot be defined as increasing in SOC. The LSmeans 

were very simlar in value among treatments and range between 21.1% and 29.8% 

(Figure 4-1). The untreated control experienced a net gain of 0.2 mg C cm-3, 

aboveground exclusion gained 0.8 mg C cm-3, and above- plus belowground exclusion 

gained 0.7 mg C cm-3 (Table 4-1). The net change in SOC was significantly affected by 

soil depth, p=0.006), with a significant 40% increase in SOC at the 0-10 cm soil depth 

and no net change at the 10-20 cm soil depth. 

The field treatment was highly significant main effect in the 150-53 µm size fraction 

(p-value=0.004). Soil OC was lost in the treatment plots that excluded above- plus 

belowground sources of C, but the change in SOC was not different than zero in the 

untreated control and aboveground exclusion treatment plots (Figure 4-1). The 

untreated control experienced a net gain of 1.2 mg C cm-3, aboveground exclusion a 
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loss of -0.1 mg C cm-3, and above- plus belowground exclusion a loss of -0.4 mg C cm-3 

(Table 4-1). There was not a significant soil depth main effect. 

Net change in SOC in the study’s smallest soil size fraction class, the <53 µm 

fraction, experienced a significant treatment by soil depth interaction (p=0.025). There 

was no significant treatment effect at the 0-10 cm soil depth and all of the treatments 

were not different than zero. The untreated control experienced a net loss of -0.1 mg C 

cm-3, aboveground exclusion gained 0.9 mg C cm-3, and the above- plus belowground 

exclusion gained 0.2 mg C cm-3 (Table 4-1). In the 10-20 cm soil depth, the untreated 

control plot more than doubled its SOC content over the 31 month study period (Figure 

4-1). The two exclusion treatments were not different than zero but the means were 

positive. The untreated control experienced a net gain of 1.3 mg C cm-3, the 

aboveground exclusion gained 0.5 mg C cm-3, and the above- plus belowground 

exclusion gained 0.5 mg C cm-3 (Table 4-1). 

The >2mm data were discussed in Chapter 3; however, in summary treatment was 

also a significant main effect, p=0.073. The aboveground exclusion mean was 

significantly higher than the above- plus belowground exclusion. The above- plus 

belowground exclusion significantly decreased during the study, but no significant 

change occurred in the untreated control or the aboveground exclusion plots. Both 

exclusion treatments were not different than the untreated control. The untreated control 

experienced a net loss of -0.2 mg C cm-3, aboveground exclusion gained 1.1 mg C cm-3, 

and the above- plus belowground exclusion lost -1.3 mg C cm-3 (Table 4-1). 
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Objective 2. Determining the Effect of Limiting C Sources on the Stability of 
Macroaggregates 

Statistical analysis of the AOC as a % of total SOC in the 2000-250 µm fraction 

revealed a significant  treatment by soil depth interaction, p=0.002 (Figure 4-2). 

Excluding aboveground C inputs significantly decreased the overall proportion of AOC 

as a % of total SOC in the 0-10 cm soil depth. The above- plus belowground exclusion 

treatment had the second lowest amount of AOC but was not different than the 

untreated control at the 0-10 cm soil depth. There was a difference of 4.1% AOC as a % 

of total fraction SOC between the untreated control and aboveground exclusion plot in 

this soil depth. A 4.1% loss of AOC from the untreated control plots would equate to 

0.23 mg g-1 of total fraction SOC. Aggregated OC at the 10-20 cm soil depth was 

unaffected by treatment.  

Aggregated OC measurement as a result of the energy level applied was also a 

significant main effect (p-value=<0.001). The effect of treatment was uniform across the 

energy curve. The stepwise pattern of AOC being released with increasing energy level 

illustrates the progression of AOC of similar strength, being broken apart by a range of 

energies. At some point of increasing energy, a threshold wa s reached and higher 

strength AOC were destabilized by a range of energies. After a continual liberation of 

AOC, starting at zero through 8 J mL-1, the first order of stable aggregates was 

observed in the range of 25 to 29 J mL-1. Then, soil aggregates were continually 

released until the 94 J mL-1 energy level was reached, beyond which no higher strength 

aggregates were thought to remain. 
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Discussion 

Objective 1. Assess the Contribution of Above- and Belowground Sources to SOC 
Pools Defined by Size Fraction 

Aside from the coarse fraction, SOC generally increased across all of the fractions 

in the untreated control plots, but significant increases were located in the 2000-250 µm 

in both soil depths and the10-20 cm soil depth >53 µm fraction. This forest system is in 

a developmental phase characterized by a climatic rate of biomass accretion (Martin 

and Jokela 2004). During the short-term observation period of this study, approximately 

26.6 Mg ha-1 in dry weight of new litter was added to the forest floor and fine root 

primary production was estimated to contribute approximately 28.8 g C m-2 annually 

(Chapter 3).  

The increases of SOC among the 2000-250 µm and 250-150 µm sand size 

fractions were expected in the control and aboveground litter exclusion plots as 

indication of new C inputs from both sources, and as an indication of the importance of 

subsurface influences in the aboveground exclusion treatment. These fractions have 

been characterized as containing large amounts of recently added organic material, 

significant amounts of particulate matter, and aggregates combined with fine roots and 

fungal hyphae (Oades 1988; King et al. 2002; Sarkhot et al. 2007a, b). The diameter of 

loblolly pine ephemeral fine roots occurred within the range of 2000-400 µm, whose 

turnover rate has been estimated to be 166-300 days depending on root diameter and 

water availability (King et al. 2002). Mycorrhizal associated fine roots fall within this 

range, 600-200 µm, but observed turnover rates where a much slower at 507days (King 

et al 2002).  
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The chemical composition of the >53 µm fraction was described by Sarkhot et al. 

(2007a) as containing large amounts of aromatics, esters, and amides. The aromatic 

compounds indicate more decomposed material, while the esters and amides may 

originate from microbial, fine root, and root tip cells. The specific mineralization rate of 

this fraction in the 10-20 cm soil depth indicated that it was more mineralizable than the 

0-10 cm depth (Chapter 2). The source of the net gain of SOC in the untreated plots 

was unknown, but based on the high mineralizability it was likely a flux in root and/or 

microbial activity. 

Eliminating aboveground sources of C had a marginal effect on SOC; it was never 

significantly different than the untreated control, but its mean was typically lower. Many 

prolonged forest floor removal and repeated litter raking studies reported that SOC 

content was not affected by these treatments after 4-7 years (Ross et al. 1994; 

Nadelhoffer et al. 2004;, Blazier et al. 2008, Garten 2009). Fine root growth has also 

been observed to be unaffected by litter removal in tropical and temperate coniferous 

forests (Sayer et al. 2007; Okada et al. 2011). Research into newly liberated DOC 

leaching from the forest floor suggest that it is preferentially mineralized and constitutes 

only 5% to 10% of the total DOC in the surface soil (Trumbore et al. 1992; 

Guggenberger et al. 1994; Tegen & Dörr 1996; Hagedorn et al. 2002, 2003). The forest 

floor removal has been found to have a negative effect on soil fauna and 

ectomycorrhizal hyphae in the surface soil and represents a strong hypothesis to 

explain the depressed SOC content among these treatment plots (Ponge et al. 1993; 

Okada et al. 2011).  
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 The significant loss of SOC observed in the above- plus belowground treatment 

plots of the 150-53 µm fraction revealed the dependence of SOC development on 

subsoil processes. The shortest turnover rate occurred in small fine roots <1 mm 

diameter (King et al. 2002). The loss of SOC in this size fraction was likely a reflection 

of the ephemeral fine root decomposition, which was not replenished by new growth. In 

addition to the contribution of fine root POC, significant amounts of this fraction’s SOC 

was aggregated (Sarkhot et al. 2007a, Azuaje et al. 2012). The formation of these sand 

size microaggregates was thought to be a process occurring inside larger aggregates, a 

process stimulated by addition of fresh organic material and bound together by the 

associated microbial activity (Oades 1984; Golchin et al. 1994; Angers et al. 1997; Six 

et al. 2000; Gale et al. 2000). Fine root turnover has been identified as an important 

source of fresh organic material stimulating the development aggregates (Gale et al. 

2000; Angers et al. 1997). Aggregate formation in this size fraction class should be 

impacted by the absence of fresh root material.  

Objective 2. Determining the Effect of Limiting C Sources on the Stability of 
Macroaggregates 

In the absence of the forest floor, the proportion of AOC in the 0-10 cm soil 

suffered a significant loss of 4.1%, indicating the role played by the aboveground C in 

AOC formation and/or stability. In terms of SOC, this would impact the AOC in the 

untreated control by a loss of 0.2 mg of AOC g-1 of the total fraction SOC. If the loss of 

AOC continued, this could become detrimental to this C pool in the long term.  Reasons 

for this require more investigation. Microbial activity stimulated by the labile DOC from 

the forest floor may be an influential factor in sand size macroaggregate stability. As 

stated before, the forest floor provides habitat for soil fauna, which should play a role in 
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stimulating AOC processes. Forest floor removal has also negatively affected fungal 

biomass and ectomycorrhizal hyphae (Nadelhoffer et al. 2004; Okada et al. 2011) and 

the link between fungi and AOC in large sand size soil aggregates has been well 

documented (Tisdall and Oades 1982; Oades and Waters 1991; Oades 1993; Sarkhot 

et al. 2007a; Azuaje et al 2012;)  

A recent study by Azuaje et al. (2012) determined that C protection offered by soil 

aggregation in these soils was poor and insignificant. Azuaje et al. (2012) observed C 

mineralization in whole soil after a range of aggregate disrupting energy was applied. 

The complex nature of the whole soil, large whole soil POM content and shorter 

incubation time may have obscured protection being offered by aggregation. The in situ 

mineralization that occurred in the above- plus belowground exclusion treatment plots 

contradicts these findings. The AOC as a % of total SOC maintained their integrity and 

did not suffer SOC losses after 31 months of receiving no new C inputs. Protection of 

SOC with aggregates may be a reality to some degree in the soils. 

Conclusion 

Eliminating aboveground sources of C had insignificant effects on short-term SOC 

accretion occurring in this ecosystem’s surface soil. In contrast, excluding subsurface 

processes had a significant negative affect on the surface SOC. In particular it was the 

SOC pools in the >2 mm and 150-53 µm size fractions that were most dependent on 

belowground sources of C in the short-term. We hypothesized that fine root activity was 

the significant loss in the >2 mm and 150-53 µm size fractions. We concluded that 

subsurface processes are the primary driver of short-term SOC formation and 

maintenance at the soil’s surface of this mid-rotation loblolly pine forest. To a small 



 

78 
 
 

degree, soil aggregation was impacted by the absence of a forest floor, yet it was 

questionable if the impact would become substantial in the long term. Dissolved OC 

supplied from the litter layer and the presence of soil fauna or ectomycorrhizal hyphae 

may be significant factors affecting aggregation stability in these sandy soils, and further 

study is warranted. 
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Figure 4-1. Differences in % change of physical size fractions after 31 months of exclusion treatment in an intensively 
managed loblolly pine stand growing in an Ultic Alaquod in north central Florida. The study spans the 7th yr 
through the 9th yr of growth. Values are LS means of relative percent change with standard error bars. Different 
letters signify mean separations with a p-value=<0.1 
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Figure 4-2. Differences in ADEC of AOC as % of total SOC in the 2000-250 µm fraction 

after 31 months of exclusion treatment in a 10 yr-old intensively managed 
loblolly pine stand growing in an Ultic Alaquod in north central Florida. Values 
are LS means of AOC as % of total SOC with standard error bars. Energy 
curves followed by different letters are significantly different at p<0.1 but 
graphically the data has been segregated by soil depth, (A) 0-10 cm depth, 
(B) 10-20 cm depth, for clarity
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Table 4-1. Sample means and standard deviations of changes in SOC (mg cm-3) among soil size fractions after 31 
months of exclusion treatment in an intensively managed loblolly pine stand growing in an Ultic Alaquod. The 
study spans the 7th yr through the 9th yr of growth of a stand in north central Florida.  

 
Untreated control Aboveground exclusion Above- plus belowground excl. 

Size Fraction mean stdv 

 
  mean stdv  mean stdv 

>2 mm* -0.16 2.77   1.06 3.01   -1.34 3.08 

2000-250 µm 2.96 4.66   1.23 5.65   1.76 4.04 

250-150 µm 0.19 1.96   0.83 1.12   0.69 1.04 

150-53 µm 1.21 1.19   -0.11 2.81   -0.44 1.59 

<53 µm 0-10 cm -0.06 1.49   0.88 1.39   0.24 0.67 

<53 µm 10-20 cm 1.27 0.47   0.54 1.65   0.49 1.14 
* <2mm data from Chapter 3 
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CHAPTER 5  
SYNTHESIS 

The overall objective of this thesis was to explore the short-term formation, 

maintenance, and mineralizability of SOC at the surface of a sandy Spodosol, 

supporting intensively managed planted loblolly pine. This is a dominate soil order in the 

southeastern United States occupying an estimated 5.7 million ha and commonly 

supports loblolly pine, an important commercial species, covering approximately 12 

million ha in this region as planted and natural stands (Baker and Langdon 1990; 

Adegbidi et al. 2002). This was addressed by three specific objectives: (1) investigate 

the natural short-term whole soil changes in SOC to set a baseline for treatment 

changes while also  determining the distribution and changes of SOC by size fraction, 

including SOC specific mineralization rates and aggregate stability; (2) investigate the 

importance of above- and belowground C sources to the development of SOC through a 

sequential exclusion experiment; and (3) investigate the influence of the above- and 

belowground sources C on the size fraction SOC pools and aggregation. The study was 

designed to determine the relative importance of litter and root turnover on the 

maintenance of SOC and soil aggregates in this specific, yet important soil/vegetation 

type. 

The high net primary production rate of this rapidly growing mid-rotation loblolly 

pine (Pinus taeda L.) stand provided the opportunity to measure significant short-term 

changes in surface SOC. This study measured a mean annual accretion rate of 2.3 mg 

SOC cm-3 soil yr-1. The annual SOC accretion rates estimated in this study were similar 

to estimations based on the cumulative rotation accretion rate of a mature loblolly stand 

(Vogel et al. 2011). The majority of net gain occurred in the 0-10 cm soil depth (Figure 
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2-2) and more specifically, short-term changes were most significant in the 2000-250 

µm and 150-53 µm size fractions (Figure 2-3 and Figure 4-1). The combined accretion 

measured in these two fractions at the 0-10 cm soil depth accounted for almost half of 

the total net SOC additions. Regardless, almost all size fractions received and 

maintained SOC additions and indicated that these soils were capable of accruing and 

sustaining SOC on a short-term scale. The exceptions to the SOC increases 

experienced by size fractions were the >2 mm and the <53 µm fraction in the 0-10 cm 

soil depth. Over 31 months, both fractions showed a lack of SOC accretion the in 

control plots (Figure 4-1). The lack of change in the >2 mm fraction may reflect more 

intense partitioning to fine root development as a response to the alleviation of drought 

stress, which occurred during the first 12 months of the study. The chemical 

composition of the <53 µm fraction has been defined as a combination of labile and 

recalcitrant C (Sarkhot et al. 2007b). This fraction may be incorporated into larger size 

fraction aggregates and although an increase was not measured during this study, the 

long term changes may be more uniform. 

Specific mineralization of SOC in the 0-10 cm soil depth was affected by size 

fraction. Mineralization rates tended to be higher in the larger fraction sizes, with as 

much as a 40% difference between the highest and lowest rates; suggesting another 

potential reason for lower net accumulation in the <53 µm fraction, 0-10 cm soil depth. 

When the fraction SOC content was examined, the largest size fraction (2000-250 µm) 

in the 0-10 cm soil depth contained the greatest quantity of SOC. This, in combination 

with its labile mineralization quality, indicated the greatest potential quantity of SOC to 

participate in change. It was not clear to what degree mineralizability played a role in the 
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overall understanding of short term changes since SOC enhancement, not loss, 

represented this stage of stand/SOC development.  

The size classes used in this study are known to have different chemical 

compositions and varying degrees of soil aggregation stability (Sarkhot et al. 2007a, b; 

Azuaje et al. 2012). It was still unclear how much SOC protection was being offered by 

aggregation. In this study, evaluation of aggregation in the 2000-250 µm fraction 

revealed that the proportion of AOC was not diminished when new C inputs were 

eliminated for 31 months. Azuaje et al. (2012) found whole soil mineralization to be 

unaffected by aggregate dispersion. Due to the large proportion of labile SOC, these 

questions can only be answered by focusing on the C pools that contain the largest 

portions of aggregated C.  

It was clear on a whole soil basis that C derived from belowground sources 

provided the main contributions to increasing and maintaining SOC pools during this 

short-term study conducted in a loblolly plantation. Several studies in hardwood forests 

have suggested the same dependence on belowground C sources for SOC 

development and maintenance (Nadelhoffer et al. 2004; Froberg et al. 2007; Garten 

2009; Kramer et al. 2010). In addition, southern pine litter raking studies have reported 

surface SOC to be unaffected after 5-7 consecutive years of litter removal (Ross et al. 

1994; Blazier et al. 2008). 

Eliminating new sources of C for an extended period of time revealed a SOC 

dependence of root inputs to the >2 mm and 150-53 µm fractions. Lateral coarse roots 

and associated root branches are the primary constituent of the >2 mm size class in 

these sandy soils that developed from marine deposit parent material. Roots are also 
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suspected as the principle source of C in the 150-53 µm fraction. Very fine roots (<1 

mm) have been identified as ephemeral with seasonal patterns of growth. They are 

dynamic but not uniform in function and morphology (King et al. 2002). First order roots, 

the smallest fine roots, experience the highest rate of turnover and high concentrations 

of nitrogen at the root tip (Pregitzer et al. 2002b). First order root activity appeared to be 

significant in maintaining SOC in the 150-53 µm fraction, possibly as these small roots 

turnover.  

This study’s perspective of SOC dynamics is limited, as only the net changes in 

total SOC and litter fall were measured; but because loblolly pine is one of the most 

studied trees species, a wealth of information is available on diverse aspects of its C 

cycle. Utilizing literature and data from this current study, a flow diagram was 

constructed with estimations of annual C inputs and outputs to the surface soil (Figure 

5-1). Fine root turnover, the primary belowground source of C to SOC development, 

was estimated to contribute 14.4 mg C cm-2 soil annually to the surface 20 cm of soil. 

This was based on estimated fine root biomass production at this developmental stage, 

management, and stems ha-1. It also assumed half of the fine root biomass would 

turnover in that time and half of the mass is C. 

Annual C released from fresh needle fall was approximately 10.8 mg C cm-2, 

assuming an initial 25% C loss in the first year followed by a slow gradual release 

thereafter. It was suspected that C liberated from freshly fallen needles was not a large 

C source entering the soil. A growing collection of research suggests that it is primarily 

integrated into C cycling confined to the forest floor, DOC leaching from the forest floor 

and into the surface soil has been linked to more decomposed needle litter. The annual 
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contribution of DOC leaching from the bottom of the O horizon was estimated to be 2.5 

mg C cm-2 of DOC from limited available literature from mature loblolly pine stands. By 

mid-rotation, the forest floor of southern pines is only beginning to develop discrete 

levels of decomposition. If indeed the source of forest floor DOC is from more 

decomposed material, this may be an over estimation of C input.  

The majority of the SOC increase occurred in the soil closest to the surface 

(Figure 2-2) and primarily in two size fractions, 2000-250 µm and 150-53 µm (Figure 4-

1). Although it was not validated, fine root activity is thought to be concentrated in these 

two size fractions. Carbon mineralization is primarily determined by the C content of the 

fraction and losses were concentrated in the largest fraction, 2000-250 µm. Soil OC 

content decreasing with fraction size is the normal distribution in sandy soils. 

The estimate of total annual soil microbial C respiration was an average of several 

studies of soil respiration in mid-rotation Florida pine plantations (Ewel et al. 1986; Clark 

et al. 2004; Samuelson et al. 2009). The 30% portion attributed to soil microbial 

respiration, was based on root respiration measurements in mid-rotation, fertilized 

loblolly pine study by Maier and Kress (2000).  

At this phase in ecosystem development, C is aggrading not only in tree and forest 

floor biomass, but SOC as well. Soil OC accretion in this study was twice as high as the 

estimated annual accretion of SOC in an end of rotation loblolly pine stand,  under 

similar management, soil type, and genetic quality (Vogel et al. 2010). The estimated 

long-term accretion rate reported by Vogel et al. (2010) was approximately 1.5 mg cm-3 

yr-1 in the 0-20 cm of soil. The phase of development the pine stand studied in this 

thesis is described as one of rapid growth and biomass development and it is probable 
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that more SOC yr-1 would be added during this phase as opposed to any other phase of 

development. The highest annual needle fall rate occurs during this mid-rotation phase 

and the production rate measured in this study is similar to loblolly pine stands at this 

age (Jokela and Martin 2000). The needle fall rate levels off around age 10, with a 

correlation between needle production and fine root growth, it too eventually enters into 

steady state production. Data from this study suggest SOC development is primarily 

dependent on fine root turnover and therefore may anticipate the long-term SOC 

developmental pattern to resemble the typical “S” curve growth pattern similar to tree 

growth, needle fall and fine root growth (Figure 5-2). This would explain the higher SOC 

accretion rate at the mid-ration stage than the long-term average and indicates this as a 

critical time in SOC development. The litterfall and SOC accretion rates measured in 

this study also indicate that if SOC development is entirely dependent on fine root 

turnover, as suspected, annual fine root turnover at this phase of stand development 

was higher than annual needlefall.  

This study observed short-term changes in SOC development through a brief 

window of time, how these changes fit in the context of this forest’s life time and forest 

SOC development in general requires further study. Climate variations, specifically 

periods of significant drought like those observed immediately prior to the initiation of 

this study likely had a significant impact on the C dynamics and SOC changes 

measured during the study. What portions of the SOC accretion measured was due to 

the alleviation of water stress and normal SOC development is not entirely clear. The 

effects of the severe and prolonged drought from 2006 through 2007 on C dynamics in 

slash pine stands growing in close proximity to this study were reported in 9 year study 
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by Bracho et al. (2012). The authors observed significant negative effects on net 

ecosystem C accumulation compared to previous wet years, where drought reduced net 

ecosystem C exchange by 25%. Water stress negatively impacted needle growth and 

induced early needle drop. It also affected radiation-use efficiency by closing stomata 

opening and decreasing the uptake of C. Although belowground growth responses were 

not measured, it is probable that it too was affected considering the intensive C 

investment required by fine root respiration and maintenance. As the drought conditions 

were alleviated during our study, net primary production would convert from a 

contracting state into a biomass production state. In addition to the change in climate, 

the SOC accretion measured in this study would be augmented through stand 

fertilization management and through the combination of increased belowground 

biomass and decreased soil respiration (Johnsen et al. 2001).  

The inherent spatial variably of SOC in forested soils make it difficult to detect 

short-term changes. The employment of resampling microplots and measurement of 

initial SOC state greatly increases the capacity to detect small divergence of SOC 

contents over short periods of time (Conant et al. 2003). Statistical analysis of detecting 

SOC change in a forested soil by Conant et al. (2003) would suggest that several more 

microplots and another year of field treatment would have increased the power of 

detecting SOC change. It is recommend that this study could be repeated with the use 

of larger plots and more replicates to better contrast the role of above and below-ground 

inputs on SOC. 

Studies on the effect of management and land use changes on SOC have 

identified various C pools more sensitive to change than others. This study began to 
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narrow the focus on changes of SOC in physical fractions but it is unclear what C pools 

within those fractions are most affected by C development and input restriction. Analysis 

of AOC in all the fractions and how it was affected by the field treatments would add 

insight into the development and protective capacity of AOC in forested, sandy soils. It 

would also add depth to the questions surrounding the effects of prolonged litter raking 

activities on SOC pools.  

Future studies of this nature would benefit by measuring the actual C inputs and 

outputs entering and exiting the soil instead of relying on literature sources. Most 

specifically focusing on capturing input estimates of DOC leaching in from the forest 

floor and C additions from fine root and mycorrhizal hyphae turnover, and the C outputs 

of in situ soil microbial respiration and soil DOC leaching away from the surface soil. 

Additional factors influencing SOC development at the soil’s surface that warrant 

consideration in future studies are the role of soil fauna, fine root/ectomycorrhizal 

biomass residing in the litter layer, and possibly most importantly, the role soil moisture 

plays in connecting C cycling in the forest floor to the mineral soil through elevated 

microbial activity. Hass et al. (2010) found drainage class to be a significant factor of 

forest floor biomass in loblolly pine stands, where forest floor biomass was significantly 

higher in the excessively drained sites and decomposition was inhibited by lack of 

consistent moisture. In more poorly drained landscapes, where the forest floor litter is 

more consistently moist under persistent decomposition, aboveground litter may have a 

greater opportunity as a C source in SOC development. Although data were not 

presented by block in this thesis, it was noticed that this study’s most poorly drained 
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block showed the largest negative affect on SOC development in the aboveground 

exclusion treatment plots.      

The results of this simple, short-term study revealed its methods were effective in 

the investigation of SOC development processes. It has also identified opportunities in 

future studies to illuminate more definitive insights into the complex processes involved 

in SOC development. The applications of these methods are not only useful in studies 

of monoculture plantings of intensively managed pine forests, but may be used to 

investigate naturally forested soils in the southeast US, and across other regions. 
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Figure 5-1. Estimated annual C inputs in intensively managed, mid-rotation loblolly pine 
stand growing in an Ultic Alaquod in north central Florida. Inputs included fine 
root turnover and forest floor DOC. Estimated inputs were compared to the 
measured net change of SOC in the fine earth fraction with the percent net 
contributions by size fractions at two soil depths. The estimated annual C 
outputs from microbial mineralization* with projected percentages of  C 
mineralized from four size fractions, at two soil depths, were estimated from a 
162 d laboratory incubation. *Note: Annual soil microbial respiration was 
without root respiration and was estimated from literature sources. 
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Figure 5-2. Plant growth patterns often take on an “S” curve shape, with the highest rate 
of biomass accumulation concentrated in-between the young and mature 
stages of growth. Soil OC development in an intensively managed loblolly 
pine stand may resemble a similar trend   
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APPENDIX A 
STATISTICAL OUTPUT FROM SAS 

Abbreviations Definition           
  D Soil Depth; 0-10 cm, 10-20 cm 

     M Months in Field Treatment; 0, 31 
     F Physical Size Fraction; 2000-250 µm, 250-150 µm, 150-53 µm, <53 µm  

  DE Dispersion Energy; 0 ,8, 25, 29, 41 ,49, 57, 94, 119, 153 
    T Field Treatment 

      a 2000-250 µm Fraction Size 
      b 250-150 µm Fraction Size 
      c 150-53 µm Fraction Size 
      d <53 µm Fraction Size 
      Control Untreated Control Field Treatment 

     Abv Aboveground Exclusion Field Treatment 
     Abv+Blw Above- plus Below-ground Exclusion Field Treatment 

    Adj P Tukey-Kramer mean saturations 
     

          
Table A-1. Chapter 2 Statistical output from SAS 

      Control Plot Soil Bulk Density g cm-3 soil 

n=12 
         Type 3 Tests of Fixed Effects 

     Effect Num DF Den DF F Value Pr > F 
     D 1 6 19.69 0.0044 
     M 1 6 0.99 0.3581 
     D*M 1 6 2.18 0.1907 
     Least Squares Means 
     Effect Depth Months Estimate s.e. 
     M 

 
0 1.14 0.07 

     M 
 

31 1.06 0.07 
     D 0-10 

 
0.93 0.07 
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Table A-1. Continued      

Effect Depth Months Estimate s.e.      

D 10-20 
 

1.26 0.07 
     D*M 0-10 0 0.9145 0.08727 
     D*M 0-10 31 0.9504 0.08727 
     D*M 10-20 0 1.3564 0.08727 
     D*M 10-20 31 1.1718 0.08727 
     Differences of Least Squares Means 

    Effect Depth _Depth t Value Pr > |t| Adj P 
    D 0-10 10-20 -4.44 0.0044 0.0044 
    

          Control Plot on Coarse Fraction (>2 mm) mg C cm-3 soil 

n=36 
         Log Transformed data 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     M 1 30 0.09 0.7659 
     D 1 30 0.7 0.4094 
     D*M 1 30 5.73 0.0231 
     Least Squares Means 
     Effect Depth Months Estimate s.e. 
     M 

 
12 0.4502 0.1448 

     M 
 

31 0.4279 0.1448 
     D 0-10 

 
0.408 0.1448 

     D 10-20 
 

0.4701 0.1448 
     D*M 0-10 12 0.3303 0.154 
     D*M 0-10 31 0.4857 0.154 
     D*M 10-20 12 0.5701 0.154 
     D*M 10-20 31 0.3701 0.154 
     Differences of Least Squares Means 

  Effect Depth Months _Depth _Months t Value Pr > |t| Adj P 
  D*M 0-10 12 0-10 31 -1.48 0.1492 0.4614 
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Table A-1. Continued   

Effect Depth Months _Depth _Months t Value Pr > |t| Adj P   

D*M 0-10 12 10-20 12 -2.28 0.0296 0.1004 
  D*M 0-10 12 10-20 31 -0.38 0.7072 0.9811 
  D*M 0-10 31 10-20 12 -0.8 0.4277 0.852 
  D*M 0-10 31 10-20 31 1.1 0.2795 0.6915 
  D*M 10-20 12 10-20 31 1.91 0.0664 0.2473 
   

Control Plot >2 mm mg C g-1 soil 

n=36 
         Log Transformed data 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     M 1 30 0.08 0.7764 
     D 1 30 0.57 0.455 
     D*M 1 30 4.41 0.0443 
     Least Squares Means 
     Effect Depth Months Estimate s.e. 
     M 

 
12 0.4354 0.1799 

     M 
 

31 0.4135 0.1799 
     D 0-10 

 
0.4535 0.1799 

     D 10-20 
 

0.3954 0.1799 
     D*M 0-10 12 0.384 0.1879 
     D*M 0-10 31 0.523 0.1879 
     D*M 10-20 12 0.4869 0.1879 
     D*M 10-20 31 0.304 0.1879 
     Differences of Least Squares Means 

  Effect Depth Months _Depth _Months t Value Pr > |t| Adj P 
  D*M 0-10 12 0-10 31 -1.28 0.2098 0.5814 
  D*M 0-10 12 10-20 12 -0.95 0.3502 0.7789 
  D*M 0-10 12 10-20 31 0.74 0.4663 0.881 
  D*M 0-10 31 10-20 12 0.33 0.7417 0.9871 
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Table A-1. Continued  

Effect Depth Months _Depth _Months t Value Pr > |t| Adj P   

D*M 0-10 31 10-20 31 2.02 0.0525 0.2035 
  D*M 10-20 12 10-20 31 1.69 0.102 0.3481 
  

          Control Plot Fine Earth Fraction (<2 mm) mg C cm-3 soil 

n=12 
         Log Transformed data 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     D 1 6 20.09 0.0042 
     M 1 6 9.37 0.0222 
     D*M 1 6 4.14 0.0881 
     Least Squares Means 
     Effect Months Depth Estimate s.e. 
     D 

 
0-10 17.0633 2.5004 

     D 
 

10-20 8.4859 2.5004 
     M 0 

 
9.8456 2.5004 

     M 31 
 

15.7036 2.5004 
     D*M 0 0-10 12.1875 2.8431 
     D*M 0 10-20 7.5037 2.8431 
     D*M 31 0-10 21.9391 2.8431 
     D*M 31 10-20 9.468 2.8431 
     Differences of Least Squares Means 

  Effect Months Depth _Months _Depth t Value Pr > |t| Adj P 
  D*M 0 0-10 0 10-20 1.73 0.1342 0.3862 
  D*M 0 0-10 31 0-10 -3.6 0.0113 0.0425 
  D*M 0 0-10 31 10-20 1 0.3537 0.7529 
  D*M 0 10-20 31 0-10 -5.33 0.0018 0.0071 
  D*M 0 10-20 31 10-20 -0.73 0.4953 0.8835 
  D*M 31 0-10 31 10-20 4.61 0.0037 0.0144 
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Table A-1. Continued  

Control Plot Fine Earth Fraction (<2 mm) mg C g-1 soil 

n=12 
         Type 3 Tests of Fixed Effects 

     Effect Num DF Den DF F Value Pr > F 
     D 1 6 8.83 0.0249 
     M 1 6 3.33 0.1178 
     D*M 1 6 1.43 0.2769 
     Least Squares Means 
     Effect Months Depth Estimate s.e. 
     D 

 
0-10 19.9944 4.4841 

     D 
 

10-20 6.9646 4.4841 
     M 0 

 
9.4788 4.4841 

     M 31 
 

17.4801 4.4841 
     D*M 0 0-10 13.3729 5.4512 
     D*M 0 10-20 5.5848 5.4512 
     D*M 31 0-10 26.6158 5.4512 
     D*M 31 10-20 8.3444 5.4512 
     Differences of Least Squares Means 

  Effect Depth _Depth t Value Pr > |t| Adj P 
  D 0-10 10-20 2.97 0.0249 0.0249 
  

          Control Plot Physical Size Fractions mg C cm-3 soil 

Log Transformed data 
        n=96 

         Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     M 1 78 17.74 <.0001 
     D 1 78 59.16 <.0001 
     F 3 78 18.27 <.0001 
     D*M 1 78 0.47 0.4964 
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Table A-1. Continued         

Effect Num DF Den DF F Value Pr > F      

F*M 3 78 0.33 0.8053 
     D*F 3 78 4.19 0.0083 
     D*F*M 3 78 2.03 0.1169 
     Least Squares Means 

    Effect Depth Fraction Months Estimate s.e. 
    M 

  
0 0.4218 0.07074 

    M 
  

31 0.5622 0.0667 
    D 0-10 

  
0.6202 0.06875 

    D 10-20 
  

0.3638 0.06875 
    F 

 
a 

 
0.6762 0.07268 

    F 
 

b 
 

0.4579 0.07268 
    F 

 
c 

 
0.5024 0.07268 

    F 
 

d 
 

0.3317 0.07268 
    D*M 0-10 

 
0 0.5614 0.07641 

    D*M 0-10 
 

31 0.679 0.06875 
    D*M 10-20 

 
0 0.2823 0.07641 

    D*M 10-20 
 

31 0.4454 0.06875 
    F*M 

 
a 0 0.5939 0.08663 

    F*M 
 

b 0 0.4147 0.08663 
    F*M 

 
c 0 0.4321 0.08663 

    F*M 
 

d 0 0.2467 0.08663 
    F*M 

 
a 31 0.7585 0.07268 

    F*M 
 

b 31 0.5011 0.07268 
    F*M 

 
c 31 0.5728 0.07268 

    F*M 
 

d 31 0.4166 0.07268 
    D*F 0-10 a 

 
0.9052 0.07996 

    D*F 0-10 b 
 

0.5388 0.07996 
    D*F 0-10 c 

 
0.5956 0.07996 

    D*F 0-10 d 
 

0.4414 0.07996 
    D*F 10-20 a 

 
0.4471 0.07996 
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Table A-1. Continued         

Effect Depth Fraction Months Estimate s.e.     

D*F 10-20 b 
 

0.377 0.07996 
    D*F 10-20 c 

 
0.4093 0.07996 

    D*F 10-20 d 
 

0.2219 0.07996 
    D*F*M 0-10 a 0 0.8389 0.1041 
    D*F*M 0-10 b 0 0.4672 0.1041 
    D*F*M 0-10 c 0 0.5067 0.1041 
    D*F*M 0-10 d 0 0.433 0.1041 
    D*F*M 0-10 a 31 0.9715 0.07996 
    D*F*M 0-10 b 31 0.6104 0.07996 
    D*F*M 0-10 c 31 0.6845 0.07996 
    D*F*M 0-10 d 31 0.4497 0.07996 
    D*F*M 10-20 a 0 0.3489 0.1041 
    D*F*M 10-20 b 0 0.3623 0.1041 
    D*F*M 10-20 c 0 0.3575 0.1041 
    D*F*M 10-20 d 0 0.0604 0.1041 
    D*F*M 10-20 a 31 0.5454 0.07996 
    D*F*M 10-20 b 31 0.3918 0.07996 
    D*F*M 10-20 c 31 0.461 0.07996 
    D*F*M 10-20 d 31 0.3835 0.07996 
    Differences of Least Squares Means 

Effect Depth Fraction Months _Depth _Fraction _Months t Value Pr > |t| Adj P 

M 
  

0 
  

31 -4.21 <.0001 <.0001 

D*F 0-10 a 
 

0-10 b 
 

5.5 <.0001 <.0001 

D*F 0-10 a 
 

0-10 c 
 

4.64 <.0001 0.0004 

D*F 0-10 a 
 

0-10 d 
 

6.96 <.0001 <.0001 

D*F 0-10 a 
 

10-20 b 
 

6.87 <.0001 <.0001 

D*F 0-10 a 
 

10-20 c 
 

7.92 <.0001 <.0001 

D*F 0-10 a 
 

10-20 d 
 

7.44 <.0001 <.0001 

D*F 0-10 a 
 

10-20 d 
 

10.25 <.0001 <.0001 

D*F 0-10 b 
 

0-10 c 
 

-0.85 0.3971 0.9893 
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Table A-1. Continued          

Effect Depth Fraction Months _Depth _Fraction _Months t Value Pr > |t| Adj P 

D*F 0-10 b 
 

0-10 d 
 

1.46 0.1479 0.8252 

D*F 0-10 b 
 

10-20 a 
 

1.38 0.1731 0.8657 

D*F 0-10 b 
 

10-20 b 
 

2.43 0.0176 0.2436 

D*F 0-10 b 
 

10-20 c 
 

1.94 0.0556 0.5265 

D*F 0-10 b 
 

10-20 d 
 

4.75 <.0001 0.0002 

D*F 0-10 c 
 

0-10 d 
 

2.31 0.0234 0.3001 

D*F 0-10 c 
 

10-20 a 
 

2.23 0.0289 0.3478 

D*F 0-10 c 
 

10-20 b 
 

3.28 0.0016 0.032 

D*F 0-10 c 
 

10-20 c 
 

2.79 0.0065 0.1114 

D*F 0-10 c 
 

10-20 d 
 

5.6 <.0001 <.0001 

D*F 0-10 d 
 

10-20 a 
 

-0.09 0.9315 1 

D*F 0-10 d 
 

10-20 b 
 

0.96 0.3375 0.978 

D*F 0-10 d 
 

10-20 c 
 

0.48 0.6315 0.9997 

D*F 0-10 d 
 

10-20 d 
 

3.29 0.0015 0.0308 

D*F 10-20 a 
 

10-20 b 
 

1.05 0.2964 0.9647 

D*F 10-20 a 
 

10-20 c 
 

0.57 0.5718 0.9992 

D*F 10-20 a 
 

10-20 d 
 

3.38 0.0011 0.0241 

D*F 10-20 b 
 

10-20 c 
 

-0.48 0.6301 0.9997 

D*F 10-20 b 
 

10-20 d 
 

2.33 0.0226 0.293 

D*F 10-20 c 
 

10-20 d 
 

2.81 0.0063 0.1074 

          

Control Plot Physical Size Fraction mg C g-1 soil 

Log Transformed data 
        n=96 

         Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     M 1 78 21.9 <.0001 
     D 1 78 117.88 <.0001 
     F 3 78 15.57 <.0001 
     D*M 1 78 2.57 0.1127 
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Table A-1. Continued    
     Effect Num DF Den DF F Value Pr > F      

F*M 3 78 0.28 0.8401      

D*F 3 78 3.57 0.0177 
     D*F*M 3 78 1.73 0.1681 
     Least Squares Means 

    Effect Depth Fraction Months Estimate s.e. 
    M 

  
0 0.3759 0.1012 

    M 
  

31 0.5448 0.09795 
    D 0-10 

  
0.6564 0.0996 

    D 10-20 
  

0.2643 0.0996 
    F 

 
a 

 
0.6445 0.1028 

    F 
 

b 
 

0.4262 0.1028 
    F 

 
c 

 
0.4707 0.1028 

    F 
 

d 
 

0.3 0.1028 
    D*M 0-10 

 
0 0.6008 0.1059 

    D*M 0-10 
 

31 0.7119 0.0996 
    D*M 10-20 

 
0 0.1509 0.1059 

    D*M 10-20 
 

31 0.3778 0.0996 
    F*M 

 
a 0 0.5479 0.1148 

    F*M 
 

b 0 0.3687 0.1148 
    F*M 

 
c 0 0.3861 0.1148 

    F*M 
 

d 0 0.2007 0.1148 
    F*M 

 
a 31 0.7411 0.1028 

    F*M 
 

b 31 0.4837 0.1028 
    F*M 

 
c 31 0.5554 0.1028 

    F*M 
 

d 31 0.3992 0.1028 
    D*F 0-10 a 

 
0.9413 0.109 

    D*F 0-10 b 
 

0.5749 0.109 
    D*F 0-10 c 

 
0.6317 0.109 

    D*F 0-10 d 
 

0.4775 0.109 
    D*F 10-20 a 

 
0.3476 0.109 
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Table A-1. Continued         

Effect Depth Fraction Months Estimate s.e.     

D*F 10-20 b  0.2775 0.109     

D*F 10-20 c 
 

0.3098 0.109 
    D*F 10-20 d 

 
0.1224 0.109 

    D*F*M 0-10 a 0 0.8783 0.1307 
    D*F*M 0-10 b 0 0.5066 0.1307 
    D*F*M 0-10 c 0 0.5461 0.1307 
    D*F*M 0-10 d 0 0.4724 0.1307 
    D*F*M 0-10 a 31 1.0044 0.109 
    D*F*M 0-10 b 31 0.6433 0.109 
    D*F*M 0-10 c 31 0.7173 0.109 
    D*F*M 0-10 d 31 0.4826 0.109 
    D*F*M 10-20 a 0 0.2175 0.1307 
    D*F*M 10-20 b 0 0.2309 0.1307 
    D*F*M 10-20 c 0 0.2261 0.1307 
    D*F*M 10-20 d 0 -0.07097 0.1307 
    D*F*M 10-20 a 31 0.4778 0.109 
    D*F*M 10-20 b 31 0.3242 0.109 
    D*F*M 10-20 c 31 0.3934 0.109 
    D*F*M 10-20 d 31 0.3159 0.109 
    Differences of Least Squares Means 

Effect Depth Fraction Months _Depth _Fraction _Months t Value Pr > |t| Adj P 

M 
  

0 
  

31 -4.68 <.0001 <.0001 

D*F 0-10 a 
 

0-10 b 
 

5.07 <.0001 <.0001 

D*F 0-10 a 
 

0-10 c 
 

4.29 <.0001 0.0013 

D*F 0-10 a 
 

0-10 d 
 

6.42 <.0001 <.0001 

D*F 0-10 a 
 

10-20 a 
 

8.22 <.0001 <.0001 

D*F 0-10 a 
 

10-20 b 
 

9.19 <.0001 <.0001 

D*F 0-10 a 
 

10-20 c 
 

8.75 <.0001 <.0001 

D*F 0-10 a 
 

10-20 d 
 

11.34 <.0001 <.0001 

D*F 0-10 b 
 

0-10 c 
 

-0.79 0.4342 0.9934 
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Table A-1. Continued         

Effect Depth Fraction Months _Depth _Fraction _Months t Value Pr > |t| Adj P 

D*F 0-10 b 
 

0-10 d 
 

1.35 0.1812 0.8768 

D*F 0-10 b 
 

10-20 a 
 

3.15 0.0023 0.0458 

D*F 0-10 b 
 

10-20 b 
 

4.12 <.0001 0.0023 

D*F 0-10 b 
 

10-20 c 
 

3.67 0.0004 0.0099 

D*F 0-10 b 
 

10-20 d 
 

6.27 <.0001 <.0001 

D*F 0-10 c 
 

0-10 d 
 

2.14 0.0359 0.4022 

D*F 0-10 c 
 

10-20 a 
 

3.93 0.0002 0.0043 

D*F 0-10 c 
 

10-20 b 
 

4.9 <.0001 0.0001 

D*F 0-10 c 
 

10-20 c 
 

4.46 <.0001 0.0007 

D*F 0-10 c 
 

10-20 d 
 

7.05 <.0001 <.0001 

D*F 0-10 d 
 

10-20 a 
 

1.8 0.076 0.6229 

D*F 0-10 d 
 

10-20 b 
 

2.77 0.007 0.1181 

D*F 0-10 d 
 

10-20 c 
 

2.32 0.0228 0.2949 

D*F 0-10 d 
 

10-20 d 
 

4.92 <.0001 0.0001 

D*F 10-20 a 
 

10-20 b 
 

0.97 0.3347 0.9773 

D*F 10-20 a 
 

10-20 c 
 

0.52 0.6016 0.9995 

D*F 10-20 a 
 

10-20 d 
 

3.12 0.0025 0.0495 

D*F 10-20 b 
 

10-20 c 
 

-0.45 0.6566 0.9998 

D*F 10-20 b 
 

10-20 d 
 

2.15 0.0348 0.3946 

D*F 10-20 c 
 

10-20 d 
 

2.59 0.0113 0.1739 

          Total Cumulative Fraction Mineralization (162d) Respired mg C g-1 Fraction SOC 

Inverse Transformed data 
        n=71; 1 outlier removed 
        Type 3 Tests of Fixed Effects 

     Effect Num DF Den DF F Value Pr > F 
     F 3 61 1.35 0.2676 
     D 1 61 0 0.955 
     D*F 3 61 2.99 0.0378 
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Table A-1. Continued      

Least Squares Means 
     Effect Fraction Depth Estimate s.e. 
     F a 

 
0.01792 0.001676 

     F b 
 

0.0159 0.001636 
     F c 

 
0.01883 0.001636 

     F d 
 

0.01987 0.001636 
     D 

 
10 0.01817 0.001287 

     D 
 

20 0.01809 0.001274 
     D*F a 10 0.01575 0.002306 
     D*F b 10 0.01426 0.002187 
     D*F c 10 0.01943 0.002187 
     D*F d 10 0.02325 0.002187 
     D*F a 20 0.02008 0.002187 
     D*F b 20 0.01755 0.002187 
     D*F c 20 0.01824 0.002187 
     D*F d 20 0.01648 0.002187 
     Differences of Least Squares Means 

  Effect Fraction Depth _Fraction _Depth t Value Pr > |t| Adj P 
  D*F a 10 b 10 0.5 0.6198 0.6198 
  D*F a 10 c 10 -1.23 0.2238 0.2238 
  D*F a 10 d 10 -2.51 0.0149 0.0149 
  D*F a 10 a 20 -1.45 0.153 0.153 
  D*F a 10 b 20 -0.6 0.55 0.55 
  D*F a 10 c 20 -0.83 0.4089 0.4089 
  D*F a 10 d 20 -0.24 0.8073 0.8073 
  D*F b 10 c 10 -1.78 0.0798 0.0798 
  D*F b 10 d 10 -3.1 0.0029 0.0029 
  D*F b 10 a 20 -2.01 0.0492 0.0492 
  D*F b 10 b 20 -1.13 0.2611 0.2611 
  D*F b 10 c 20 -1.37 0.1751 0.1751 
  D*F b 10 d 20 -0.77 0.4461 0.4461 
  



 

105 

Table A-1. Continued          

Effect Fraction Depth _Fraction _Depth t Value Pr > |t| Adj P   

D*F c 10 d 10 -1.32 0.1931 0.1931 
  D*F c 10 a 20 -0.22 0.8228 0.8228 
  D*F c 10 b 20 0.65 0.5198 0.5198 
  D*F c 10 c 20 0.41 0.6834 0.6834 
  D*F c 10 d 20 1.01 0.3142 0.3142 
  D*F d 10 a 20 1.09 0.2795 0.2795 
  D*F d 10 b 20 1.96 0.0542 0.0542 
  D*F d 10 c 20 1.73 0.0894 0.0894 
  D*F d 10 d 20 2.33 0.0231 0.0231 
  D*F a 20 b 20 0.87 0.3865 0.3865 
  D*F a 20 c 20 0.63 0.528 0.528 
  D*F a 20 d 20 1.24 0.2199 0.2199 
  D*F b 20 c 20 -0.24 0.813 0.813 
  D*F b 20 d 20 0.37 0.7146 0.7146 
  D*F c 20 d 20 0.6 0.5475 0.5475 
  

          Total Cumulative Soil Fraction Mineralization (162d) Respired C mg g-1 Fine Earth Fraction (<2mm)  

Log Transformed data 
        n=72 

         Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     F 3 62 29.07 <.0001 
     D 1 62 99.59 <.0001 
     D*F 3 62 9.03 <.0001 
     Least Squares Means 
     Effect Fraction Depth Estimate s.e. 
     F 

 
a -0.5799 0.1003 

     F 
 

b -0.813 0.1003 
     F 

 
c -0.81 0.1003 

     F 
 

d -1.111 0.1003 
     



 

106 

Table A-1. Continued          

Effect Fraction Depth Estimate s.e.      

D 0-10 
 

-0.627 0.09612 
     D 10-20 

 
-1.0299 0.09612 

     D*F 0-10 a -0.2437 0.1081 
     D*F 0-10 b -0.568 0.1081 
     D*F 0-10 c -0.6336 0.1081 
     D*F 0-10 d -1.0628 0.1081 
     D*F 10-20 a -0.9161 0.1081 
     D*F 10-20 b -1.058 0.1081 
     D*F 10-20 c -0.9865 0.1081 
     D*F 10-20 d -1.1592 0.1081 
     Differences of Least Squares Means 

  Effect Depth Fraction _Depth _Fraction t Value Pr > |t| Adj P 
  D*F 0-10 a 0-10 b 4.02 0.0002 0.0038 
  D*F 0-10 a 0-10 d 10.14 <.0001 <.0001 
  D*F 0-10 a 10-20 c 9.2 <.0001 <.0001 
  D*F 0-10 a 10-20 a 8.33 <.0001 <.0001 
  D*F 0-10 a 10-20 b 10.08 <.0001 <.0001 
  D*F 0-10 a 10-20 d 11.34 <.0001 <.0001 
  D*F 10-20 a 10-20 b 1.76 0.0837 0.6499 
  D*F 10-20 a 10-20 d 3.01 0.0038 0.0689 
  D*F 0-10 b 0-10 d 6.13 <.0001 <.0001 
  D*F 0-10 b 10-20 c 5.18 <.0001 <.0001 
  D*F 0-10 b 10-20 a 4.31 <.0001 0.0015 
  D*F 0-10 b 10-20 b 6.07 <.0001 <.0001 
  D*F 0-10 b 10-20 d 7.32 <.0001 <.0001 
  D*F 10-20 b 10-20 d 1.25 0.2151 0.9124 
  D*F 0-10 c 0-10 a -4.83 <.0001 0.0002 
  D*F 0-10 c 0-10 b -0.81 0.4199 0.9918 
  D*F 0-10 c 0-10 d 5.32 <.0001 <.0001 
  D*F 0-10 c 10-20 c 4.37 <.0001 0.0012 
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Table A-1. Continued          

Effect Depth Fraction _Depth _Fraction t Value Pr > |t| Adj P   

D*F 0-10 c 10-20 a 3.5 0.0009 0.0185 
  D*F 0-10 c 10-20 b 5.26 <.0001 <.0001 
  D*F 0-10 c 10-20 d 6.51 <.0001 <.0001 
  D*F 10-20 c 10-20 a -0.87 0.3865 0.9875 
  D*F 10-20 c 10-20 b 0.89 0.3792 0.9863 
  D*F 10-20 c 10-20 d 2.14 0.0365 0.4029 
  D*F 0-10 d 10-20 c -0.94 0.3485 0.9802 
  D*F 0-10 d 10-20 a -1.82 0.0741 0.6113 
  D*F 0-10 d 10-20 b -0.06 0.9533 1 
  D*F 0-10 d 10-20 e 1.19 0.2372 0.9308 
  

          AOC as % of Total 2000-250 µm Fraction SOC   

n=173; 7 outliers removed 
        Type 3 Tests of Fixed Effects 

     Effect Num DF Den DF F Value Pr > F 
     D 1 151 3.28 0.0721 
     DE 9 151 56.28 <.0001 
     D*DE 9 151 0.79 0.6272 
     Least Squares Means 
     Effect Depth DispEngy Estimate s.e. 
     D 0-10 

 
22.5191 2.516 

     D 10-20 
 

23.9783 2.5221 
     DE 

 
0 13.5089 2.7505 

     DE 
 

8 14.0883 2.7505 
     DE 

 
25 15.442 2.7683 

     DE 
 

29 16.6749 2.7906 
     DE 

 
41 17.2878 2.7906 

     DE 
 

49 23.0934 2.7906 
     DE 

 
57 25.0567 2.7505 

     DE 
 

94 34.6667 2.7505 
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Table A-1. Continued          

Effect Depth DispEngy Estimate s.e.      

DE 
 

119 35.4 2.7505 
     DE 

 
153 37.2683 2.7505 

     D*DE 0-10 0 11.6567 3.0182 
     D*DE 0-10 8 13.0233 3.0182 
     D*DE 0-10 25 13.5733 3.0182 
     D*DE 0-10 29 14.6611 3.0182 
     D*DE 0-10 41 16.4856 3.0182 
     D*DE 0-10 49 21.5111 3.0182 
     D*DE 0-10 57 25.6344 3.0182 
     D*DE 0-10 94 34.5211 3.0182 
     D*DE 0-10 119 36.09 3.0182 
     D*DE 0-10 153 38.0344 3.0182 
     D*DE 10-20 0 15.3611 3.0182 
     D*DE 10-20 8 15.1533 3.0182 
     D*DE 10-20 25 17.3106 3.0823 
     D*DE 10-20 29 18.6886 3.162 
     D*DE 10-20 41 18.09 3.162 
     D*DE 10-20 49 24.6757 3.162 
     D*DE 10-20 57 24.4789 3.0182 
     D*DE 10-20 94 34.8122 3.0182 
     D*DE 10-20 119 34.71 3.0182 
     D*DE 10-20 153 36.5022 3.0182 
     Differences of Least Squares Means 

  Effect Depth DispEngy _Depth _DispEngy t Value Pr > |t| Adj P 
  D 0-10 

 
10-20 

 
-1.81 0.0721 0.0721 

  DE 
 

0 
 

8 -0.33 0.7421 1 
  DE 

 
0 

 
25 -1.08 0.2806 0.9857 

  DE 
 

0 
 

29 -1.74 0.0839 0.7708 
  DE 

 
0 

 
41 -2.08 0.0395 0.5467 

  DE 
 

0 
 

49 -5.27 <.0001 <.0001 
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Table A-1. Continued         

Effect Depth DispEngy _Depth _DispEngy t Value Pr > |t| Adj P   

DE 
 

0 
 

57 -6.57 <.0001 <.0001 
  DE 

 
0 

 
94 -12.04 <.0001 <.0001 

  DE 
 

0 
 

119 -12.46 <.0001 <.0001 
  DE 

 
0 

 
153 -13.52 <.0001 <.0001 

  DE 
 

8 
 

25 -0.76 0.4494 0.999 
  DE 

 
8 

 
29 -1.42 0.1572 0.9187 

  DE 
 

8 
 

41 -1.76 0.0807 0.7598 
  DE 

 
8 

 
49 -4.95 <.0001 <.0001 

  DE 
 

8 
 

57 -6.24 <.0001 <.0001 
  DE 

 
8 

 
94 -11.71 <.0001 <.0001 

  DE 
 

8 
 

119 -12.13 <.0001 <.0001 
  DE 

 
8 

 
153 -13.19 <.0001 <.0001 

  DE 
 

25 
 

29 -0.67 0.5052 0.9996 
  DE 

 
25 

 
41 -1 0.3189 0.9919 

  DE 
 

25 
 

49 -4.15 <.0001 0.0022 
  DE 

 
25 

 
57 -5.39 <.0001 <.0001 

  DE 
 

25 
 

94 -10.77 <.0001 <.0001 
  DE 

 
25 

 
119 -11.18 <.0001 <.0001 

  DE 
 

25 
 

153 -12.23 <.0001 <.0001 
  DE 

 
29 

 
41 -0.33 0.7447 1 

  DE 
 

29 
 

49 -3.42 0.0008 0.0272 
  DE 

 
29 

 
57 -4.61 <.0001 0.0004 

  DE 
 

29 
 

94 -9.89 <.0001 <.0001 
  DE 

 
29 

 
119 -10.29 <.0001 <.0001 

  DE 
 

29 
 

153 -11.32 <.0001 <.0001 
  DE 

 
41 

 
49 -3.09 0.0024 0.0701 

  DE 
 

41 
 

57 -4.27 <.0001 0.0014 
  DE 

 
41 

 
94 -9.55 <.0001 <.0001 

  DE 
 

41 
 

119 -9.95 <.0001 <.0001 
  DE 

 
41 

 
153 -10.98 <.0001 <.0001 
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Table A-1. Continued         

Effect Depth DispEngy _Depth _DispEngy t Value Pr > |t| Adj P   

DE 
 

49 
 

57 -1.08 0.2823 0.9861 
  DE 

 
49 

 
94 -6.36 <.0001 <.0001 

  DE 
 

49 
 

119 -6.76 <.0001 <.0001 
  DE 

 
49 

 
153 -7.79 <.0001 <.0001 

  DE 
 

57 
 

94 -5.47 <.0001 <.0001 
  DE 

 
57 

 
119 -5.89 <.0001 <.0001 

  DE 
 

57 
 

153 -6.95 <.0001 <.0001 
  DE 

 
94 

 
119 -0.42 0.6771 1 

  
DE 

 
94 

 
153 -1.48 0.1409 0.8979 

  DE 
 

119 
 

153 -1.06 0.2894 0.9874 
  

          Table A-2. Chapter 3 Statistical output from SAS 
      Live Root Counts Number of Roots cm-2 

n=54 
         Type 3 Tests of Fixed Effects 

     Effect Num DF Den DF F Value Pr > F 
     T 2 46 37.29 <.0001 
     D 1 46 108.21 <.0001 
     T*D 2 46 13.19 <.0001 
     Least Squares Means 

     Effect Treatment Depth Estimate s.e 
     T Control 

 
0.05111 0.006146 

     T Abv 
 

0.05426 0.006146 
     T Abv+Blw 

 
0.009072 0.006146 

     D 
 

0-10 cm 0.06296 0.005664 
     D 

 
10-20 cm 0.01333 0.005664 

     T*D Control 0-10 0.08297 0.007405 
     T*D Control 10-20 0.01926 0.007405 
     T*D Abv 0-10 0.08926 0.007405 
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Table A-2. Continued          

Effect Treatment Depth Estimate s.e      

T*D Abv 10-20 0.01926 0.007405 
     T*D Abv+Blw 0-10 0.01666 0.007405 
     T*D Abv+Blw 10-20 0.001489 0.007405 
     Differences of Least Squares Means 

   Effect Treatment Depth _Treatment _Depth t Value Pr > |t| 
   T*D Control 0-10 Control 10-20 7.71 <.0001 
   T*D Control 0-10 Abv 0-10 -0.76 0.4505 
   T*D Control 0-10 Abv 10-20 7.71 <.0001 
   T*D Control 0-10 Abv+Blw 0-10 8.03 <.0001 
   T*D Control 0-10 Abv+Blw 10-20 9.86 <.0001 
   T*D Control 10-20 Abv 0-10 -8.47 <.0001 
   T*D Control 10-20 Abv 10-20 0 1 
   T*D Control 10-20 Abv+Blw 0-10 0.31 0.7544 
   T*D Control 10-20 Abv+Blw 10-20 2.15 0.0368 
   T*D Abv 0-10 Abv 10-20 8.47 <.0001 
   T*D Abv 0-10 Abv+Blw 0-10 8.79 <.0001 
   T*D Abv 0-10 Abv+Blw 10-20 10.62 <.0001 
   T*D Abv 10-20 Abv+Blw 0-10 0.31 0.7544 
   T*D Abv 10-20 Abv+Blw 10-20 2.15 0.0368 
   T*D Abv+Blw 0-10 Abv+Blw 10-20 1.84 0.0729 
             

          

          Field Treatment Effect on Soil Bulk Density g soil cm-³ as Relative % Change 

n=54 
         Type 3 Tests of Fixed Effects 

     Effect Num DF Den DF F Value Pr > F 
     T 2 46 3.02 0.0584 
     D 1 46 20.22 <.0001 
     T*D 2 46 2.48 0.095 
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Table A-2. Continued       

Least Squares Means 
     Effect Treatment Depth Estimate s.e 
     C Control 

 
-0.04509 0.05575 

     T Abv 
 

0.04743 0.05575 
     T Abv+Blw 

 
0.07296 0.05575 

     D 
 

0-10 0.1178 0.05179 
     D 

 
10-20 -0.06763 0.05179 

     T*D Control 0-10 0.042 0.06621 
     T*D Control 10-20 -0.132 0.06621 
     T*D Abv 0-10 0.087 0.06621 
     T*D Abv 10-20 0.008 0.06621 
     T*D Abv+Blw 0-10 0.225 0.06621 
     T*D Abv+Blw 10-20 -0.079 0.06621 
     Differences of Least Squares Means 

    Effect Treatment _Treatment t Value Pr > |t| Adj P 
    T Control Abv -1.83 0.0735 0.1708 
    T Control Abv+Blw -2.34 0.0239 0.0607 
    T Abv Abv+Blw -0.51 0.6158 0.8691 
    

          Field Treatment Effect on Coarse Fraction (>2 mm) mg C cm-³ soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=53; 1 outlier removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 45 2.78 0.0729 
     D 1 45 12.43 0.001 
     T*D 2 45 0.46 0.6363 
     Least Squares Means 

     Effect Treatment Depth Estimate s.e 
     T Control 

 
-0.02197 0.06809 

     T Abv 
 

0.06382 0.07015 
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Table A-2. Continued         

Effect Treatment Depth Estimate s.e      

T Abv+Blw 
 

-0.1619 0.06809 
     D 

 
0-10 0.09883 0.05582 

     D 
 

10-20 -0.1789 0.05695 
     T*D Control 0-10 0.1389 0.09589 
     T*D Control 10-20 -0.1829 0.09589 
     T*D Abv 0-10 0.2334 0.09589 
     T*D Abv 10-20 -0.1058 0.1017 
     T*D Abv+Blw 0-10 -0.07589 0.09589 
     T*D Abv+Blw 10-20 -0.248 0.09589 
     Differences of Least Squares Means 

  Effect Treatment Depth _Treatment _Depth t Value Pr > |t| Adj P 
  T Control 

 
Abv 

 
-0.88 0.3811 0.6527 

  T Control 
 

Abv+Blw 
 

1.47 0.1497 0.3169 
  T Abv 

 
Abv+Blw 

 
2.33 0.0245 0.0621 

  D 
 

0-10 
 

10-20 3.53 0.001 0.001 
  

          Field Treatment Effect on Coarse Fraction (>2 mm) mg C g-1 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=52; 2 outliers removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 44 2.43 0.1001 
     D 1 44 18.12 0.0001 
     T*D 2 44 0.25 0.783 
     Least Squares Means 

     Effect Treatment Depth Estimate s.e. 
     T Control 

 
-0.1334 0.162 

     T Abv 
 

-0.09597 0.1673 
     T Abv+Blw 

 
-0.4274 0.162 

     D 
 

0-10 0.0692 0.149 
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Table A-2. Continued         

Effect Treatment Depth Estimate s.e.      

D 
 

10-20 -0.5071 0.149 
     T*D Control 0-10 0.195 0.1986 
     T*D Control 10-20 -0.4619 0.1986 
     T*D Abv 0-10 0.2174 0.207 
     T*D Abv 10-20 -0.4094 0.207 
     T*D Abv+Blw 0-10 -0.2048 0.1986 
     T*D Abv+Blw 10-20 -0.6499 0.1986 
     Differences of Least Squares Means 

  Effect Treatment Depth _Treatment _Depth t Value Pr > |t| Adj P 
  T Control 

 
Abv 

 
-0.22 0.8243 0.9729 

  T Control 
 

Abv+Blw 
 

1.81 0.0772 0.1783 
  T Abv 

 
Abv+Blw 

 
1.98 0.0545 0.1303 

  D 
 

0-10 
 

10-20 4.26 0.0001 0.0001 
  

          Field Treatment Effect on Fine Earth Fraction (<2mm) mg C cm-³ soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=53; 1 outlier removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 45 4.71 0.0139 
     D 1 45 15.44 0.0003 
     T*D 2 45 0.47 0.6266 
     Least Squares Means 

     Effect depth Treatment Estimate s.e. 
     T Control 

 
0.1538 0.04572 

     T Abv 
 

0.05821 0.04471 
     T Abv+Blw 

 
-0.01221 0.04471 

     D 
 

0-10 0.1531 0.03956 
     D 

 
10-20 -0.01992 0.03904 

     T*D Control 0-10 0.244 0.06155 
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Table A-2. Continued         

Effect depth Treatment Estimate s.e.      

T*D Control 10-20 0.06362 0.05852 
     T*D Abv 0-10 0.1687 0.05852 
     T*D Abv 10-20 -0.05223 0.05852 
     T*D Abv+Blw 0-10 0.04673 0.05852 
     T*D Abv+Blw 10-20 -0.07115 0.05852 
     Differences of Least Squares Means 

    Effect Treatment _Treatment t Value Pr > |t| Adj P 
    T Control Abv 1.76 0.0847 0.1936 
    T Control Abv+Blw 3.06 0.0037 0.0102 
    T Abv Abv+Blw 1.32 0.1938 0.3921 
    

          Field Treatment Effect on Fine Earth Fraction (<2 mm) mg C g-1 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=53; 1 outlier removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 45 5.94 0.0051 
     D 1 45 3.36 0.0735 
     T*D 2 45 1.36 0.2665 
     Least Squares Means 

     Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.1713 0.051 

     T Abv 
 

0.04149 0.04988 
     T Abv+Blw 

 
-0.03513 0.04988 

     D 
 

0-10 0.1042 0.04415 
     D 

 
10-20 0.01427 0.04358 

     T*D Control 0-10 0.2137 0.06862 
     T*D Control 10-20 0.1289 0.06524 
     T*D Abv 0-10 0.1367 0.06524 
     T*D Abv 10-20 -0.05376 0.06524 
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Table A-2. Continued          

Effect Treatment Depth Estimate s.e.      

T*D Abv+Blw 0-10 -0.03792 0.06524 
     T*D Abv+Blw 10-20 -0.03234 0.06524 
     Differences of Least Squares Means 

  Effect Treatment Depth _Treatment _Depth t Value Pr > |t| Adj P 
  T Control 

 
Abv 

 
2.15 0.037 0.0914 

  T Control 
 

Abv+Blw 
 

3.42 0.0014 0.0038 
  T Abv 

 
Abv+Blw 

 
1.29 0.2042 0.409 

  D 
 

0-10 
 

10-20 1.83 0.0735 0.0735 
  

          Table A-3. Chapter 4 Statistical output from SAS 
      Field Treatment Effect on 2000-250 µm Size Fraction mg C cm-³ soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=52; 2 outliers removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 44 1.87 0.1667 
     D 1 44 0.15 0.6966 
     T*D 2 44 0.62 0.5437 
     Least Squares Means 

     Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.1646 0.07524 

     T Abv 
 

0.04133 0.07622 
     T Abv+Blw 

 
0.06235 0.07622 

     D 
 

0-10 0.1005 0.07002 
     D 

 
10-20 0.07837 0.07098 

     T*D Control 0-10 0.1327 0.0891 
     T*D Control 10-20 0.1965 0.0891 
     T*D Abv 0-10 0.06641 0.0891 
     T*D Abv 10-20 0.01625 0.09235 
     T*D Abv+Blw 0-10 0.1023 0.0891 
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Table A-3. Continued         

Effect Treatment Depth Estimate s.e.      

T*D Abv+Blw 10-20 0.02236 0.09235 
     

          Field Treatment Effect on 2000-250 µm Size Fraction mg C g-1 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=52; 2 outliers removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 44 3.19 0.0509 
     D 1 44 0.85 0.3608 
     T*D 2 44 0.5 0.611 
     Least Squares Means 
     Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.1932 0.09447 

     T Abv 
 

0.01988 0.09541 
     T Abv+Blw 

 
0.04136 0.09541 

     D 
 

0-10 0.05631 0.08951 
     D 

 
10-20 0.1133 0.09042 

     T*D Control 0-10 0.1261 0.108 
     T*D Control 10-20 0.2603 0.108 
     T*D Abv 0-10 0.02768 0.108 
     T*D Abv 10-20 0.01208 0.1112 
     T*D Abv+Blw 0-10 0.0151 0.108 
     T*D Abv+Blw 10-20 0.06763 0.1112 
     Differences of Least Squares Means 

    Effect Treatment _Treatment t Value Pr > |t| Adj P 
    T Control Abv 2.31 0.0259 0.0655 
    T Control Abv+Blw 2.02 0.0495 0.1193 
    T Abv Abv+Blw -0.28 0.7795 0.9572 
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Table A-3. Continued  

Field Treatment Effect on 250-150 µm Size Fraction mg C cm-3 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=51; 3 outliers removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 43 0.26 0.7691 
     D 1 43 8.24 0.0063 
     T*D 2 43 0.25 0.7808 
     Least Squares Means 
     Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.08639 0.08402 

     T Abv 
 

0.1134 0.0849 
     T Abv+Blw 

 
0.08327 0.08439 

     D 
 

0-10 0.147 0.08215 
     D 

 
10-20 0.04173 0.08274 

     T*D Control 0-10 0.1433 0.08941 
     T*D Control 10-20 0.0295 0.08941 
     T*D Abv 0-10 0.1483 0.08941 
     T*D Abv 10-20 0.07858 0.09265 
     T*D Abv+Blw 0-10 0.1494 0.08941 
     T*D Abv+Blw 10-20 0.01711 0.09077 
     Differences of Least Squares Means 

  Effect Treatment Depth _Treatment _Depth t Value Pr > |t| Adj P 
  Depth 

 
0-10 

 
10-20 2.87 0.0063 0.0063 
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Table A-3. Continued  

Field Treatment Effect on 250-150 µm Size Fraction mg C g-1 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=51; 3 outliers removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 43 0.7 0.5042 

     D 1 43 0.83 0.3661 
     T*D 2 43 0.5 0.6089 
     Least Squares Means 
     Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.115 0.06996 

     T Abv 
 

0.07522 0.07173 
     T Abv+Blw 

 
0.06996 0.06996 

     D 
 

0-10 0.1028 0.06791 
     D 

 
10-20 0.07063 0.06872 

     T*D Control 0-10 0.1367 0.07577 
     T*D Control 10-20 0.09325 0.07577 
     T*D Abv 0-10 0.1095 0.07577 
     T*D Abv 10-20 0.04091 0.08213 
     T*D Abv+Blw 0-10 0.06219 0.07577 
     T*D Abv+Blw 10-20 0.07773 0.07577 
     

          Field Treatment Effect on 150-53 µm Size Fraction mg C cm-3 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=53; 1 outliers removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 45 6.23 0.0041 
     D 1 45 0.54 0.4683 
     T*D 2 45 1.35 0.2704 
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Table A-3. Continued         

Least Squares Means      

Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.1407 0.1402 

     T Abv 
 

-0.02216 0.1402 
     T Abv+Blw 

 
-0.2694 0.1417 

     D 
 

0-10 -0.01561 0.1328 
     D 

 
10-20 -0.08497 0.1321 

     T*D Control 0-10 0.1778 0.162 
     T*D Control 10-20 0.1036 0.162 
     T*D Abv 0-10 0.1071 0.162 
     T*D Abv 10-20 -0.1514 0.162 
     T*D Abv+Blw 0-10 -0.3317 0.1672 
     T*D Abv+Blw 10-20 -0.2071 0.162 
     Differences of Least Squares Means 

    Effect Treatment _Treatment t Value Pr > |t| Adj P 
    T Control Abv 1.42 0.1632 0.3406 
    T Control Abv+Blw 3.51 0.001 0.0029 
    T Abv Abv+Blw 2.12 0.0397 0.0975 
    

          Field Treatment Effect on 150-53 µm Size Fraction mg C g-1 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=54 

         Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 46 8 0.001 
     D 1 46 1.66 0.2035 
     T*D 2 46 3.56 0.0366 
     Least Squares Means 
     Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.1693 0.11 

     T Abv 
 

0.01488 0.11 
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Table A-3. Continued          

Effect Treatment Depth Estimate s.e.      

T Abv+Blw 
 

-0.2977 0.11 
     D 

 
0-10 -0.1005 0.09866 

     D 
 

10-20 0.02479 0.09866 
     T*D Control 0-10 0.1713 0.1384 
     T*D Control 10-20 0.1673 0.1384 
     T*D Abv 0-10 0.06835 0.1384 
     T*D Abv 10-20 -0.0386 0.1384 
     T*D Abv+Blw 0-10 -0.5411 0.1384 
     T*D Abv+Blw 10-20 -0.05434 0.1384 
     Differences of Least Squares Means 

  Effect Treatment Depth _Treatment _Depth t Value Pr > |t| Adj P 
  T*D Control 0-10 Control 10-20 0.02 0.9813 1 
  T*D Control 0-10 Abv 0-10 0.61 0.5436 0.9896 
  T*D Control 0-10 Abv 10-20 1.25 0.2185 0.811 
  T*D Control 0-10 Abv+Blw 0-10 4.24 0.0001 0.0014 
  T*D Control 0-10 Abv+Blw 10-20 1.34 0.1864 0.7607 
  T*D Control 10-20 Abv 0-10 0.59 0.5592 0.9913 
  T*D Control 10-20 Abv 10-20 1.22 0.2271 0.8228 
  T*D Control 10-20 Abv+Blw 0-10 4.21 0.0001 0.0015 
  T*D Control 10-20 Abv+Blw 10-20 1.32 0.1941 0.7738 
  T*D Abv 0-10 Abv 10-20 0.64 0.5281 0.9877 
  T*D Abv 0-10 Abv+Blw 0-10 3.62 0.0007 0.0089 
  T*D Abv 0-10 Abv+Blw 10-20 0.73 0.4695 0.9773 
  T*D Abv 10-20 Abv+Blw 0-10 2.99 0.0045 0.0483 
  T*D Abv 10-20 Abv+Blw 10-20 0.09 0.9259 1 
  T*D Abv+Blw 0-10 Abv+Blw 10-20 -2.89 0.0058 0.0605 
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Table A-3. Continued  

Field Treatment Effect on <53 µm Size Fraction mg C cm-3 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=52; 2 outliers removed 

        Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 44 0.88 0.4235 
     D 1 44 10.92 0.0019 
     T*D 2 44 4.01 0.0252 
     Least Squares Means 
     Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.1699 0.1053 

     T Abv 
 

0.1192 0.1057 
     T Abv+Blw 

 
0.1033 0.1057 

     D 
 

0-10 0.0593 0.1031 
     D 

 
10-20 0.2023 0.1035 

     T*D Control 0-10 0.01665 0.1115 
     T*D Control 10-20 0.3231 0.1115 
     T*D Abv 0-10 0.1114 0.1115 
     T*D Abv 10-20 0.1271 0.113 
     T*D Abv+Blw 0-10 0.04985 0.1115 
     T*D Abv+Blw 10-20 0.1568 0.113 
     Differences of Least Squares Means 

  Effect Treatment Depth _Treatment _Depth t Value Pr > |t| Adj P 
  T*D Control 0-10 Control 10-20 -4.18 0.0001 0.0018 
  T*D Control 0-10 Abv 0-10 -1.29 0.2032 0.7878 
  T*D Control 0-10 Abv 10-20 -1.46 0.1517 0.6914 
  T*D Control 0-10 Abv+Blw 0-10 -0.45 0.653 0.9974 
  T*D Control 0-10 Abv+Blw 10-20 -1.85 0.0708 0.4445 
  T*D Control 10-20 Abv 0-10 2.89 0.006 0.0624 
  T*D Control 10-20 Abv 10-20 2.59 0.013 0.1214 
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Table A-3. Continued          

Effect Treatment Depth _Treatment _Depth t Value Pr > |t| Adj P   

T*D Control 10-20 Abv+Blw 0-10 3.73 0.0006 0.0069 
  T*D Control 10-20 Abv+Blw 10-20 2.2 0.0334 0.26 
  T*D Abv 0-10 Abv 10-20 -0.21 0.8369 0.9999 
  T*D Abv 0-10 Abv+Blw 0-10 0.84 0.4059 0.9584 
  T*D Abv 0-10 Abv+Blw 10-20 -0.6 0.5514 0.9905 
  T*D Abv 10-20 Abv+Blw 0-10 1.02 0.3132 0.9087 
  T*D Abv 10-20 Abv+Blw 10-20 -0.38 0.7039 0.9989 
  T*D Abv+Blw 0-10 Abv+Blw 10-20 -1.41 0.1646 0.7189 
  

          Field Treatment Effect on <53 µm Size Fraction mg C cm-3 soil as Relative % Change 

Log(1+ Relative % Change in mg SOC) Transformed  
      n=54 

         Type 3 Tests of Fixed Effects 
     Effect Num DF Den DF F Value Pr > F 
     T 2 46 3.04 0.0576 
     D 1 46 25.2 <.0001 
     T*D 2 46 5.11 0.0099 
     Least Squares Means 
     Effect Treatment Depth Estimate s.e. 
     T Control 

 
0.1985 0.09353 

     T Abv 
 

0.09258 0.09353 
     T Abv+Blw 

 
0.0796 0.09353 

     D 
 

0-10 0.01513 0.091 
     D 

 
10-20 0.232 0.091 

     T*D Control 0-10 0.01011 0.1007 
     T*D Control 10-20 0.3868 0.1007 
     T*D Abv 0-10 0.07266 0.1007 
     T*D Abv 10-20 0.1125 0.1007 
     T*D Abv+Blw 0-10 -0.03739 0.1007 
     T*D Abv+Blw 10-20 0.1966 0.1007 
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Table A-3. Continued          

Differences of Least Squares Means 
  Effect Treatment Depth _Treatment _Depth t Value Pr > |t| Adj P 
  T*D Control 0-10 Control 10-20 -5.03 <.0001 0.0001 
  T*D Control 0-10 Abv 0-10 -0.84 0.4075 0.9591 
  T*D Control 0-10 Abv 10-20 -1.37 0.1778 0.7452 
  T*D Control 0-10 Abv+Blw 0-10 0.63 0.5287 0.9877 
  T*D Control 0-10 Abv+Blw 10-20 -2.49 0.0164 0.1476 
  T*D Control 10-20 Abv 0-10 4.2 0.0001 0.0016 
  T*D Control 10-20 Abv 10-20 3.67 0.0006 0.0079 
  T*D Control 10-20 Abv+Blw 0-10 5.67 <.0001 <.0001 
  T*D Control 10-20 Abv+Blw 10-20 2.54 0.0144 0.1331 
  T*D Abv 0-10 Abv 10-20 -0.53 0.5969 0.9945 
  T*D Abv 0-10 Abv+Blw 0-10 1.47 0.1481 0.684 
  T*D Abv 0-10 Abv+Blw 10-20 -1.66 0.1045 0.5667 
  T*D Abv 10-20 Abv+Blw 0-10 2 0.051 0.3562 
  T*D Abv 10-20 Abv+Blw 10-20 -1.12 0.2669 0.869 
  T*D Abv+Blw 0-10 Abv+Blw 10-20 -3.13 0.0031 0.034 
  

          Field Treatment Effect on AOC as % of 2000-250 µm Fraction SOC 

n=508; 32 outliers removed 
       Type 3 Tests of Fixed Effects 

     Effect Num DF Den DF F Value Pr > F 
     T 2 446 3.8 0.0231 
     D 1 446 51.47 <.0001 
     DE 9 446 152.21 <.0001 
     T*DE 18 446 0.39 0.9889 
     T*D 2 446 6.18 0.0022 
     T*D*DE 27 446 0.65 0.9164 
     Least Squares Means 

    Effect Treatment Depth EngLevel Estimate s.e. 
    T Control 

  
23.2609 3.5356 
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Table A-3. Continued         

Effect Treatment Depth EngLevel Estimate s.e.     

T Abv 
  

21.8485 3.5359 
    T Abv+Blw 

  
23.171 3.5369 

    D 
 

0-10 
 

21.074 3.5281 
    D 

 
10-20 

 
24.4462 3.5285 

    DE 
  

0 12.3803 3.5884 
    DE 

  
8 13.6553 3.5919 

    DE 
  

25 15.6384 3.5914 
    DE 

  
29 15.8049 3.5918 

    DE 
  

41 18.1665 3.5952 
    DE 

  
49 22.0558 3.5903 

    DE 
  

57 25.7525 3.5868 
    DE 

  
94 33.88 3.5884 

    DE 
  

119 34.1233 3.5898 
    DE 

  
153 36.1443 3.5899 

    T*DE Control 
 

0 13.5089 3.7266 
    T*DE Control 

 
8 14.0883 3.7266 

    T*DE Control 
 

25 15.3609 3.7396 
    T*DE Control 

 
29 16.7425 3.7562 

    T*DE Control 
 

41 17.3555 3.7562 
    T*DE Control 

 
49 23.1611 3.7562 

    T*DE Control 
 

57 25.0567 3.7266 
    T*DE Control 

 
94 34.6667 3.7266 

    T*DE Control 
 

119 35.4 3.7266 
    T*DE Control 

 
153 37.2683 3.7266 

    T*DE Abv 
 

0 10.4387 3.7396 
    T*DE Abv 

 
8 13.1886 3.7564 

    T*DE Abv 
 

25 15.0884 3.7396 
    T*DE Abv 

 
29 15.1322 3.7266 

    T*DE Abv 
 

41 18.3353 3.7396 
    T*DE Abv 

 
49 21.1422 3.7266 

    



 

126 

Table A-3. Continued         

Effect Treatment Depth EngLevel Estimate s.e.     

T*DE Abv 
 

57 25.1856 3.7266 
    T*DE Abv 

 
94 32.8555 3.7396 

    T*DE Abv 
 

119 32.7281 3.7396 
    T*DE Abv 

 
153 34.3909 3.7527 

    T*DE Abv+Blw 
 

0 13.1932 3.7396 
    T*DE Abv+Blw 

 
8 13.689 3.7527 

    T*DE Abv+Blw 
 

25 16.4659 3.7527 
    T*DE Abv+Blw 

 
29 15.54 3.7525 

    T*DE Abv+Blw 
 

41 18.8089 3.7692 
    T*DE Abv+Blw 

 
49 21.8641 3.7396 

    T*DE Abv+Blw 
 

57 27.0153 3.7396 
    T*DE Abv+Blw 

 
94 34.118 3.7396 

    T*DE Abv+Blw 
 

119 34.2418 3.7525 
    T*DE Abv+Blw 

 
153 36.7737 3.7396 

    T*D Control 0-10 
 

22.5191 3.5564 
    T*D Control 10-20 

 
24.0027 3.5607 

    T*D Abv 0-10 
 

19.106 3.5575 
    T*D Abv 10-20 

 
24.5911 3.5604 

    T*D Abv+Blw 0-10 
 

21.597 3.5628 
    T*D Abv+Blw 10-20 

 
24.745 3.5591 

    T*D*DE Control 0-10 0 11.6567 3.9289 
    T*D*DE Control 0-10 8 13.0233 3.9289 
    T*D*DE Control 0-10 25 13.5733 3.9289 
    T*D*DE Control 0-10 29 14.6611 3.9289 
    T*D*DE Control 0-10 41 16.4856 3.9289 
    T*D*DE Control 0-10 49 21.5111 3.9289 
    T*D*DE Control 0-10 57 25.6344 3.9289 
    T*D*DE Control 0-10 94 34.5211 3.9289 
    T*D*DE Control 0-10 119 36.09 3.9289 
    T*D*DE Control 0-10 153 38.0344 3.9289 
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Table A-3. Continued        

Effect Treatment Depth EngLevel Estimate s.e.     

T*D*DE Control 10-20 0 15.3611 3.9289 
    T*D*DE Control 10-20 8 15.1533 3.9289 
    T*D*DE Control 10-20 25 17.1484 3.9781 
    T*D*DE Control 10-20 29 18.824 4.0402 
    T*D*DE Control 10-20 41 18.2254 4.0402 
    T*D*DE Control 10-20 49 24.8111 4.0402 
    T*D*DE Control 10-20 57 24.4789 3.9289 
    T*D*DE Control 10-20 94 34.8122 3.9289 
    T*D*DE Control 10-20 119 34.71 3.9289 
    T*D*DE Control 10-20 153 36.5022 3.9289 
    T*D*DE Abv 0-10 0 7.7978 3.9289 
    T*D*DE Abv 0-10 8 9.1622 3.9289 
    T*D*DE Abv 0-10 25 11.2478 3.9289 
    T*D*DE Abv 0-10 29 11.9789 3.9289 
    T*D*DE Abv 0-10 41 14.8478 3.9289 
    T*D*DE Abv 0-10 49 18.1667 3.9289 
    T*D*DE Abv 0-10 57 22.5744 3.9289 
    T*D*DE Abv 0-10 94 30.3389 3.9289 
    T*D*DE Abv 0-10 119 30.9884 3.9781 
    T*D*DE Abv 0-10 153 33.9572 3.9781 
    T*D*DE Abv 10-20 0 13.0797 3.9781 
    T*D*DE Abv 10-20 8 17.2149 4.0411 
    T*D*DE Abv 10-20 25 18.929 3.9781 
    T*D*DE Abv 10-20 29 18.2856 3.9289 
    T*D*DE Abv 10-20 41 21.8228 3.9781 
    T*D*DE Abv 10-20 49 24.1178 3.9289 
    T*D*DE Abv 10-20 57 27.7967 3.9289 
    T*D*DE Abv 10-20 94 35.3722 3.9781 
    T*D*DE Abv 10-20 119 34.4678 3.9289 
    T*D*DE Abv 10-20 153 34.8247 3.9781 
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Table A-3. Continued        

Effect Treatment Depth EngLevel Estimate s.e.     

T*D*DE Abv+Blw 0-10 0 10.5997 3.9781 
    T*D*DE Abv+Blw 0-10 8 11.3297 3.9781 
    T*D*DE Abv+Blw 0-10 25 13.3622 3.9781 
    T*D*DE Abv+Blw 0-10 29 14.1622 3.9781 
    T*D*DE Abv+Blw 0-10 41 17.6456 4.0402 
    T*D*DE Abv+Blw 0-10 49 19.7872 3.9781 
    T*D*DE Abv+Blw 0-10 57 25.8684 3.9781 
    T*D*DE Abv+Blw 0-10 94 33.0659 3.9781 
    T*D*DE Abv+Blw 0-10 119 33.8597 3.9781 
    T*D*DE Abv+Blw 0-10 153 36.2897 3.9781 
    T*D*DE Abv+Blw 10-20 0 15.7867 3.9289 
    T*D*DE Abv+Blw 10-20 8 16.0484 3.9781 
    T*D*DE Abv+Blw 10-20 25 19.5697 3.9781 
    T*D*DE Abv+Blw 10-20 29 16.9178 3.9781 
    T*D*DE Abv+Blw 10-20 41 19.9722 3.9781 
    T*D*DE Abv+Blw 10-20 49 23.9411 3.9289 
    T*D*DE Abv+Blw 10-20 57 28.1622 3.9289 
    T*D*DE Abv+Blw 10-20 94 35.17 3.9289 
    T*D*DE Abv+Blw 10-20 119 34.624 3.9781 
    T*D*DE Abv+Blw 10-20 153 37.2578 3.9289 
    Differences of Least Squares Means 

Effect Treatment Depth EngLevel _Treatment _Depth _EngLevel t Value Pr > |t| Adj P 

DE 
  

1 
  

2 -1.22 0.2248 0.9697 

DE 
  

1 
  

3 -3.11 0.002 0.0612 

DE 
  

1 
  

4 -3.26 0.0012 0.0387 

DE 
  

1 
  

5 -5.46 <.0001 <.0001 

DE 
  

1 
  

6 -9.27 <.0001 <.0001 

DE 
  

1 
  

7 -12.96 <.0001 <.0001 

DE 
  

1 
  

8 -20.73 <.0001 <.0001 

DE 
  

1 
  

9 -20.86 <.0001 <.0001 
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Table A-3. Continued       

Effect Treatment Depth EngLevel _Treatment _Depth _EngLevel t Value Pr > |t| Adj P 

DE 
  

1 
  

10 -22.8 <.0001 <.0001 

DE 
  

2 
  

4 -2.03 0.0433 0.5808 

DE 
  

2 
  

5 -4.21 <.0001 0.0013 

DE 
  

2 
  

6 -7.96 <.0001 <.0001 

DE 
  

2 
  

7 -11.59 <.0001 <.0001 

DE 
  

2 
  

8 -19.28 <.0001 <.0001 

DE 
  

2 
  

9 -19.41 <.0001 <.0001 

DE 
  

2 
  

10 -21.34 <.0001 <.0001 

DE 
  

3 
  

4 -0.16 0.8752 1 

DE 
  

3 
  

5 -2.36 0.0186 0.352 

DE 
  

3 
  

6 -6.09 <.0001 <.0001 

DE 
  

3 
  

7 -9.7 <.0001 <.0001 

DE 
  

3 
  

8 -17.41 <.0001 <.0001 

DE 
  

3 
  

9 -17.56 <.0001 <.0001 

DE 
  

3 
  

10 -19.48 <.0001 <.0001 

DE 
  

4 
  

5 -2.2 0.0281 0.4564 

DE 
  

4 
  

6 -5.92 <.0001 <.0001 

DE 
  

4 
  

7 -9.53 <.0001 <.0001 

DE 
  

4 
  

8 -17.23 <.0001 <.0001 

DE 
  

4 
  

9 -17.38 <.0001 <.0001 

DE 
  

4 
  

10 -19.29 <.0001 <.0001 

DE 
  

5 
  

6 -3.64 0.0003 0.0111 

DE 
  

5 
  

7 -7.19 <.0001 <.0001 

DE 
  

5 
  

8 -14.82 <.0001 <.0001 

DE 
  

5 
  

9 -14.97 <.0001 <.0001 

DE 
  

5 
  

10 -16.87 <.0001 <.0001 

DE 
  

6 
  

7 -3.56 0.0004 0.0149 

DE 
  

6 
  

8 -11.33 <.0001 <.0001 

DE 
  

6 
  

9 -11.5 <.0001 <.0001 

DE  
  

6 
  

10 -13.43 <.0001 <.0001 
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Table A-3. Continued         

Effect Treatment Depth EngLevel _Treatment _Depth _EngLevel t Value Pr > |t| Adj P 

DE 
  

7 
  

9 -8.07 <.0001 <.0001 

DE 
  

7 
  

10 -10.02 <.0001 <.0001 

DE 
  

8 
  

9 -0.23 0.8156 1 

DE 
  

8 
  

10 -2.17 0.0304 0.4775 

DE 
  

9 
  

10 -1.93 0.0543 0.649 

T*D Control 0-10 
 

Control 10-20 
 

-1.84 0.0665 0.4413 

T*D Control 0-10 
 

Abv 0-10 
 

4.31 <.0001 0.0003 

T*D Control 0-10 
 

Abv 10-20 
 

-2.57 0.0104 0.106 

T*D Control 0-10 
 

Abv+Blw 0-10 
 

1.13 0.2587 0.8684 

T*D Control 0-10 
 

Abv+Blw 10-20 
 

-2.78 0.0056 0.0618 

T*D Control 10-20 
 

Abv 0-10 
 

6.04 <.0001 <.0001 

T*D Control 10-20 
 

Abv 10-20 
 

-0.71 0.4754 0.9802 

T*D Control 10-20 
 

Abv+Blw 0-10 
 

2.89 0.0041 0.0468 

T*D Control 10-20 
 

Abv+Blw 10-20 
 

-0.91 0.3649 0.9446 

T*D Abv 0-10 
 

Abv 10-20 
 

-6.77 <.0001 <.0001 

T*D Abv 0-10 
 

Abv+Blw 0-10 
 

-3.04 0.0025 0.0301 

T*D Abv 0-10 
 

Abv+Blw 10-20 
 

-7.01 <.0001 <.0001 

T*D Abv 10-20 
 

Abv+Blw 0-10 
 

3.6 0.0004 0.0048 

T*D Abv 10-20 
 

Abv+Blw 10-20 
 

-0.19 0.8507 1 

T*D Abv+Blw 0-10 
 

Abv+Blw 10-20 
 

-3.81 0.0002 0.0022 
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APPENDIX B 
CONFIDENCE INTERVALS OF RELATIVE PERCENT CHANGE ANALYSIS 

Table B-1. The 90% confidence limits of the relative percent change in soil bulk density 
after 31 months of exclusion treatments in an intensively managed loblolly 
pine stand growing in an Ultic Alaquod in north central Florida 

Treatment Soil depth cm Lower 90%CI Upper 90% CI 

Untreated control  -13.9% 4.8% 

Aboveground exclusion  -4.6% 14.1% 

Above- plus   -2.1% 16.6% 

belowground exclusion 
 

  

 0-10 3.09% 20.5% 

 10-20 -15.5% 1.9% 

 
Table B-2. The 90% confidence limits of the relative percent change in coarse fraction 

SOC (mg cm-3) after 31 months of exclusion treatments in an intensively 
managed loblolly pine stand growing in an Ultic Alaquod in north central 
Florida 

Treatment Soil depth cm Lower 90%CI Upper 90% CI 

Untreated control  -26.9% 23.7% 

Aboveground exclusion  -11.7% 51.9% 

Above- plus   -47.1% -10.4% 

belowground exclusion    

 0-10  1.2% 55.8% 

 10-20 -46.8% -17.4% 

 
Table B-3. The 90% confidence limits of the relative percent change in fine earth 

fraction SOC (mg cm-3) after 31 months of exclusion treatments in an 
intensively managed loblolly pine stand growing in an Ultic Alaquod in north 
central Florida 

Treatment Soil depth cm Lower 90%CI Upper 90% CI 

Untreated control  19.4% 70.1% 

Aboveground exclusion  -3.8% 35.9% 

Above- plus   -18.2% 15.6% 

belowground exclusion    

 0-10  22.1% 65.8% 

 10-20 -17.9% 11.1% 
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Table B-4. The 90% confidence limits of the relative percent increase in SOC (mg cm-3) among the soil size fractions by 
significant main effect or interactions after 31 months of exclusion treatments in an intensively managed loblolly 
pine stand growing in an Ultic Alaquod in north central Florida * <2mm data from Chapter 3 

 
Untreated control Aboveground exclusion Above- plus belowground excl. 

Size Fraction 
Lower 
90%CI 

Upper 
90% CI 

 
 

Lower 
90%CI 

Upper  
90% CI  

Lower  
90%CI 

Upper  
90% CI 

>2 mm* -26.9% 23.7% 
 

 -11.7% 51.9% 
 

 -47.1% -10.4% 

2000-250 µm 9.2% 95.4% 
 

 -18.1% 47.7% 
 

 -14.0%  55.0% 

250-150 µm -11.9% 68.9% 
 

 -6.5% 80.3% 
 

 -12.6%  67.9% 

150-53 µm -19.6% 137.7% 
 

 -44.7% 63.4% 
 

 -68.9%  -7.0% 

<53 µm 0-10 cm -32.5% 59.9% 
 

 -16.0% 98.9% 
 

 -27.1%  72.6% 

<53 µm 10-20 cm 36.7% 223.9%    -13.5% 107.5%    -7.3% 122.2% 
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After graduating high school and leaving the high altitude Wet Mountain Valley of 

Colorado, the author began on a winding tour through interesting colleges, courses, and 

part-time jobs. Finding her heart in the landscape, her formal post-secondary education 

began at the University of Florida’s Department of Landscape Architecture. A desire to 

understand the landscape as the functioning ecosystem it is began to surface and lead 

her to the Soil and Water Science Department and into Dr. Willie Harris’s office in the. 

That is where she hit “pay dirt”.  

 The Soil and Water Science Department became her home for the completion of 

her Bachelor of Science degree which included a scholarship for undergraduate 

research and a part-time tech position in the UF Forest Soils Laboratory. The 

graduation was followed by a promotion to become the Forest Soils Laboratory full-time 

chemist and general manager. This was soon followed by acceptance to graduate 

school in the Soil and Water Science Department to study soil carbon development in 

forest soils. The Forest Soils Lab was a hub of collaboration between students, 

professors and visiting scientists and offered an uncountable number of exceptional 

professional and personal experiences under the leadership of Dr. Comerford. Most 

notable accomplishments were an intense watershed soil nutrient characterization, a 

soil carbon study insulation in southern Brazil, and a statewide soil collection and soil 

carbon analysis of over 1,000 locations spanning Florida’s major land use/soil suborder 

combinations.  

Upon closure of the Forest Soils Lab, her adventure continued with a move to the 

UF/IFAS North Florida Research and Education Center and a position assisting soil 
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research/extension scientist, Dr. Mackowiak. The focus moved from forest soils to 

agricultural and environmental topics pertaining to the Big Bend and Panhandle areas of 

north Florida. The unique setting of UF/IFAS research centers fosters interactions with a 

wide range of scientific disciplines and proved to be a wonderful opportunity to 

encounter other areas of research.   

Choosing to focus on finishing the graduate program, the author became a full-

time student with an internship with the Alachua County Environmental Protection 

Department’s Water Resources Division. This has proven to be a beneficial addition to 

her base of knowledge and rounds out her soil and water degree.   

 

 


