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ABSTRACT 

Bioenergy cropping systems play a crucial role in reducing carbon (C) emissions, and particularly 

with perennial vegetation, which enhances soil C sequestration. The fundamental principles of the C 

sequestration involve stabilizing C within the soil matrix and promoting additional C inputs into the matrix, 

with soil pores having a key role in creating micro-environments that influence the sequestration. However, 

without an in-depth understanding of the soil’s physical structure and its association with the plant roots 

and soil C processing, it will be challenging to optimize bioenergy cropping systems to effectively mitigate 

climate change. The goal of my Ph.D. dissertation research was to explore the complex interactions among 

plant roots, soil structure, and soil C processing in different perennial vegetation.  

In Chapter 1, I evaluated the associations among soil texture, pore structure, and C characteristics 

in two perennial vegetation, monoculture switchgrass and polyculture restored prairie, across diverse soil 

types in the Upper Midwest of the USA. This study employed X-ray computed micro-tomography (X-ray 

μCT) and structural equation modeling to assess their interactions, revealing increases in the volume of 

medium-sized (50-150 µm diameter) pores and microbial biomass as well as their positive implication on 

soil C accumulation positive particularly in the prairie vegetation.   

In Chapter 2, I examined the pore structure within the detritusphere of soils under the switchgrass 

and restored prairie vegetation. By investigating soil texture, minerology, and vegetation influences on soil 

biopores, particulate organic matter (POM) within biopores, and pore structures in close proximity to the 

POM, this study highlighted that soil texture and mineralogy played a major, while vegetation a modest, 

role in defining the pore structure in root detritusphere. 

In Chapter 3, I focused on the switchgrass, particularly the differences in very fine roots among 

switchgrass cultivars and their effects on soil pores and C processes. Using flatbed scanner for roots and X-

ray μCT for pores, I demonstrated how pore structures altered by very fine roots positively impact increases 

in soil microbial biomass and C accrual, with their notable variations across different cultivars.   

In Chapter 4, I explored belowground C and nitrogen (N) transfer between plants and its association 

with soil C and N inputs and pore structure formation. This study provided insights into the variation in 



 
 

root- and mycorrhizae-based C and N transfers by different plant combinations and their implications for 

potential soil C storage, emphasizing the fine pore (8-30 µm diameter) formation. 

In Chapter 5, I investigated how spatial soil N variability, achieved by partial N application or 

legume planting, alters root distribution and affects belowground C and N transfer and soil pore structure. 

This study showed that roots grew towards N enriched locations, promoting C and N transfer and their 

subsequent inputs into soil to those locations, emphasizing the formation of fine pores via root-based 

transfer mechanism.   

My dissertation contributed to the understanding of how two bioenergy cropping systems: 

monoculture switchgrass and polyculture prairie can be optimized for maximum C sequestration. By 

elucidating the interactions among roots, soil structure, and C processes, this work provides valuable 

insights for developing sustainable bioenergy cropping that mitigate climate change and enhance soil 

health. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 
JIN HO LEE 
2024 
 



 
 

v 

ACKNOWLEDGEMENTS 

It has been an honor to conduct my doctoral research under the guidance of Dr. Alexandra 

Kravchenko. Without her patience and unwavering support, I would not have been able to achieve this far. 

She consistently provided me with the best research opportunities and encouraged collaborations across 

various disciplines and organizations. I would also like to extend my deepest gratitude to Dr. Andrey Guber. 

A number of discussions with him have always pushed me to learn more and improve my research 

positively. His support in designing the experimental setup has been invaluable to my dissertation. I am 

grateful for Dr. Phil Robertson’s generous guidance, expanding my narrow insight into general soil and 

agricultural sciences while allowing me to maintain my focus on climate change mitigation. His outstanding 

expertise and experience in soil science have been a significant source of inspiration. I am equally grateful 

to Dr. Gregory Bonito for helping me to expand my background in soil microorganisms, another crucial 

driver for soil carbon sequestration. His guidance has been pivotal in understanding the microbial aspects 

of my research. I appreciate very much that Dr. Yakov Kuzyakov joined my dissertation committee. He has 

greatly contributed to my understanding of soil carbon cycling processes. His suggestions, numerous 

papers, and insightful comments have been essential in helping me develop a correct and comprehensive 

view of soil carbon dynamics. Having such distinguished guidance committee members has been an honor, 

and I am profoundly thankful for their support, encouragement, and invaluable contributions to my 

academic and research journey. 

I would like to thank all members of the Kravchenko Lab. Maxwell Oerther, who is indispensable 

to our lab, provided invaluable assistance with fieldwork and all laboratory experiments. His support and 

friendship were essential to completing the experiments required for this thesis. Dr. Tayler Ulbrich was not 

only a research collaborator but also one of the best friends I made during the Ph.D. program. My senior, 

Dr. Alyssa Kim, helped me adjust to the new environment and offered practical advice on surviving Ph.D. 

life. I am rooting for her new challenge in Korea! I am also grateful to Dr. Archana Juyal, Dr. Maik Lucas, 

Dr. James O’Sullivan, Dr. Maoz Dor, and Dr. Poulamee Chakraborty, the best postdoctoral researchers in 

our lab. Special thanks to my fellow doctoral students, Sukhdeep Singh and Goutham Thotakuri, who have 



 
 

vi 

always encouraged me. I also extend special thanks to Dr. Michelle Quigley, Ovya Venkat, and Lizabeth 

Dotzlaf for their help with X-ray micro-CT scanning and various laboratory experiments. Additionally, I 

thank Dr. Linh Nguyen, Dr. Hongbing Zheng, Dr. Weiqing Zhang, Dr. Ricardo Bordonal, Dr. Majid 

Mahmoudabadi, and many other researchers who have passed through the Kravchenko Lab. There are many 

other colleagues from Kellogg Biological Station and the Great Lakes Biological Research Center, and I 

appreciate their support and collaboration as well. 

I would like to express my deepest gratitude to my wife, Nari Kang. Her unwavering support and 

understanding have been my greatest source of strength throughout this journey. Her patience and 

encouragement have been invaluable, allowing me to pursue my dreams with confidence. To my parents, 

thank you for your unconditional love and for instilling in me the values of perseverance and hard work. 

Your belief in my abilities has always motivated me to strive for excellence. Thanks to my two brothers, 

who have supported our parents in my absence. Finally, to my daughter Evelyn Moah Lee, you are my 

inspiration and my joy. Your smiles and laughter have been a constant reminder of the beauty and purpose 

in life, driving me to achieve my best. This accomplishment would not have been possible without the love 

and support of my family, and I am forever grateful for their presence in my life. 



vii 
 

TABLE OF CONTENTS 

Introduction ................................................................................................................................................... 1 
REFERENCES .......................................................................................................................................... 3 

CHAPTER 1: Interactions among soil texture, pore structure, and labile carbon influence soil carbon 
gains .............................................................................................................................................................. 7 

Abstract ..................................................................................................................................................... 7 
1.1  Introduction ........................................................................................................................................ 8 
1.2  Materials and Methods ....................................................................................................................... 9 
1.3.  Results ............................................................................................................................................. 19 
1.4  Discussion ........................................................................................................................................ 28 
1.5  Conclusions ...................................................................................................................................... 33 
1.6  Acknowledgements .......................................................................................................................... 33 
REFERENCES ........................................................................................................................................ 34 

CHAPTER 2: Pore structure in detritusphere of soils under switchgrass and prairie vegetation ............... 44 
Abstract ................................................................................................................................................... 44 
2.1  Introduction ...................................................................................................................................... 45 
2.2  Materials and Methods ..................................................................................................................... 47 
2.3  Results .............................................................................................................................................. 53 
2.4  Discussion ........................................................................................................................................ 66 
2.5  Conclusions ...................................................................................................................................... 69 
2.6  Acknowledgements .......................................................................................................................... 70 
REFERENCES ........................................................................................................................................ 71 

CHAPTER 3: Root size distributions of switchgrass cultivars, soil pores, and implications for soil carbon 
processes ...................................................................................................................................................... 77 

Abstract ................................................................................................................................................... 77 
3.1  Introduction ...................................................................................................................................... 78 
3.2  Materials and Methods ..................................................................................................................... 80 
3.3. Results .............................................................................................................................................. 89 
3.4  Discussion ........................................................................................................................................ 98 
3.5  Conclusions .................................................................................................................................... 103 
3.6  Acknowledgements ........................................................................................................................ 103 
REFERENCES ...................................................................................................................................... 104 

CHAPTER 4: Belowground carbon and nitrogen plant transfer and its association with soil carbon and 
nitrogen inputs and pore structure formation ............................................................................................ 114 

Abstract ................................................................................................................................................. 114 
4.1  Introduction .................................................................................................................................... 115 
4.2  Materials and Methods ................................................................................................................... 117 
4.3  Results ............................................................................................................................................ 126 
4.4  Discussion ...................................................................................................................................... 142 
4.5  Conclusions .................................................................................................................................... 147 
4.6  Acknowledgements ........................................................................................................................ 147 
REFERENCES ...................................................................................................................................... 148 

CHAPTER 5: Root distributions altered by spatial nitrogen availability affects belowground carbon and 
nitrogen transfer and soil pore structure .................................................................................................... 157 

Abstract ................................................................................................................................................. 157 



viii 
 

5.1  Introduction .................................................................................................................................... 158 
5.2  Materials and Methods ................................................................................................................... 160 
5.3  Results ............................................................................................................................................ 168 
5.4  Discussion ...................................................................................................................................... 182 
5.5  Conclusions .................................................................................................................................... 188 
5.6  Acknowledgements ........................................................................................................................ 188 
REFERENCES ...................................................................................................................................... 189 

Conclusion ................................................................................................................................................. 197 

  



1 
 

Introduction 

Conversion from fossil fuels to bioenergy is a part of the global endeavors of combatting climate 

change (IPCC, 2014). Considering concerns of food security and land availability, cultivating perennial 

bioenergy plants on lands unsuitable for food production is a promising option for the bioenergy production 

(Sang and Zhu, 2011; Mehmood et al., 2017; Robertson et al., 2017). Microbial pathways of sugar 

catabolism and fermentation produce ethanol from lignocellulosic feedstocks of bioenergy plants (Fortman 

et al., 2008), and yields of such ethanol from a number of perennial plants are comparable to those of annual 

crops (Varvel et al., 2008; David and Ragauskas, 2010). Perennial vegetation can also reduce carbon (C) 

losses due to soil disturbance by tillage, often necessary when growing annual crops, and can lead to soil C 

gains (Lal, 2001; Mosier et al., 2021). Benefits of the bioenergy cropping can be further amplified if the 

crops can capture atmospheric carbon dioxide and store it as soil organic matter resulting in soil C 

sequestration (Robertson et al., 2008; Robertson et al., 2011). Diverse perennial vegetation is particularly 

promising to enhance soil C accumulation (Lange et al., 2015; Sprunger & Robertson, 2018) and increase 

overall nitrogen (N) availability (Mulder et al., 2002; Lee et al., 2003; Lange et al., 2019), subsequently 

improving soil health and fostering plant growth (Lal, 2016). Such beneficial synergies for C accumulation 

and plant productivity, arising as a function of plant diversity, are often reported in perennial grass mixtures 

(Thilakarathna et al., 2012; Lange et al., 2015; Yang et al., 2019; Lee et al., 2023). 

The fundamental principles of soil C sequestration involve promoting C inputs into the soil and 

stabilizing added C against immediate losses (Six and Jastrow, 2002), where physical and chemical 

protections of C within the soil matrix drive soil C stabilization (Clough and Skjemstad, 2000; Six et al., 

2002). Plant roots and residues are major sources of soil C, while elevated soil biological activity stimulates 

C accumulation via the enhanced production and processing of the added C (Lange et al., 2015; Chen et al., 

2018).  

Pore structure, i.e., shapes, connectivity, size and spatial distributions of soil pores, defines many 

functions and processes of the soil (Rabot et al., 2018; Lucas, 2022). It regulates availability of O2, water, 

and nutrients to soil microorganisms and influences processing of soil organics (Thomsen et al., 1999; 
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Bouckaert et al., 2013). Pore connectivity is especially important for providing a suitable habitat for soil-

dwelling organisms and enabling microorganisms to access soil organic matter (SOM) (Negassa et al., 

2015; Rabbi et al., 2016). Pores of different size ranges have differential effects on the activity and 

abundance of microorganisms. Specifically, micro-environments associated with higher enzyme activities 

and greater microbial abundance are found in pores ranging from tens to hundreds μm Ø (Kravchenko et 

al., 2019; Strong et al., 2004). The proximity between nearest pores governs microbial accessibility to C 

sources located on soil particles and regulates aeration for soil microorganisms (Dungait et al., 2012; 

Schlüter and Vogel, 2016; Rohe et al., 2021), subsequently influencing their abundance and activity 

(Ekschmitt et al., 2008; Schlüter et al., 2019). 

Switchgrass (Panicum virgatum L.) is recognized as a viable biofuel feedstock due to its high 

biomass yield produced across a wide range of environmental and climatic conditions and thus a greater 

energy production potential compared to many other native perennial grasses (Parrish and Fike, 2005; 

Sanderson and Adler, 2008; Gelfand et al., 2020). However, very slow to negligible soil C gains were often 

reported in this deep-root perennial (Garten Jr. and Wullschleger, 2000; Liebig et al., 2005; Bates et al., 

2022). Moreover, a number of recent field experiments have demonstrated that monoculture switchgrass 

lags behind other candidate perennial bioenergy cropping systems in its C gains, including mixtures of 

native grasses or restored prairie systems that involve switchgrass as one of the plant species (Yang et al., 

2019; Lee et al., 2023; Perry et al., 2023). The goal of my Ph.D. research was to explore possible factors 

for enhancing switchgrass's capacity for soil C sequestration, comparing its effectiveness to other 

polyculture perennial bioenergy cropping systems. 
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CHAPTER 1: Interactions among soil texture, pore structure, and labile carbon influence soil carbon 

gains1 

Abstract 

Perennial vegetation with high plant diversity, e.g., restored prairie, is known for stimulation of soil 

carbon (C) gains, due in part to enhanced formation of pore structure beneficial for long-term C storage. 

However, the prevalence of this phenomenon across soils of different types remains poorly understood. The 

aim of the study was to assess the associations between pore structure, soil C, and their differences in 

monoculture switchgrass and polyculture restored prairie vegetation across a wide range of soils dominating 

the Upper Midwest of the USA. Six experimental sites were sampled, representing three soil types with 

texture ranging from sandy to silt loams. The two vegetation systems studied at each site were (i) 

monoculture switchgrass (Panicum virgatum L.), and (ii) polyculture restored prairie, also containing 

switchgrass as one of its species. X-ray computed micro-tomography (µCT) was employed to analyze soil 

pore structure. Structural equation modeling and multiple path analyses were used to assess direct and 

indirect effects of soil texture and pore characteristics on microbial biomass C (MBC), particulate organic 

matter (POM), dissolved organic C (DOC), short-term respiration (CO2), and, ultimately, soil organic C 

(SOC). Across studied sites, prairie increased fractions of medium (50–150 µm Ø) pores by 11–45 %, SOC 

by 3–69 %, and MBC by 18–59 % (except for one site). The greater were the prairie-induced increases in 

the medium pore volumes, the greater were the prairie-induced SOC gains. Greater C losses via CO2 and 

DOC contributed to slower C accumulation in the prairie soil. We surmise that the interactive feedback 

loop relating medium pores and soil C acts across a wide range of soil textures and is an important 

mechanism through which perennial vegetation with high plant diversity, such as restored prairie, promotes 

rapid SOC gains. 

 
1 Originally published as: Lee, J. H., Lucas, M., Guber, A. K., Li, X., & Kravchenko, A. N. (2023). Interactions 
among soil texture, pore structure, and labile carbon influence soil carbon gains. Geoderma, 439, 116675. doi: 
10.1016/j.geoderma.2023.116675  
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1.1  Introduction 

Cropping systems influence soil pore characteristics (Helliwell et al., 2019, Lucas, 2022) due in 

part to differences in root architectures and biomass, quantities and qualities of C inputs, and rhizosphere 

microbial community composition (Pagliai and De Nobili, 1993, Sprunger et al., 2017, Lucas et al., 2022). 

Of particular relevance for microbial activity and, thus, for processing and protection of the newly added C 

are the pores in the tens to hundreds micrometer size range, which we will refer to here as medium pores. 

Such pores are often associated with greater mineralization of newly added C (Strong et al., 2004, Quigley 

et al., 2018), higher microbial activity (Wright et al., 1995, Kravchenko et al., 2019a, Liang et al., 2019), 

and faster and greater microbial turnover (Ruamps et al., 2011, Kravchenko et al., 2021). The chemical 

composition of dissolved organic matter residing in pores of different size ranges also differs, leading to 

differential decomposition rates (Bailey et al., 2017). Previous work by our team (Kravchenko et al., 2019b) 

demonstrated that bioenergy cropping systems with high plant diversity developed greater volumes of 

medium pores than low diversity systems. This finding is important for elucidating the drivers through 

which diverse assemblages of perennial bioenergy plants can generate significant soil C gains (Sanford, 

2014, Sprunger and Philip Robertson, 2018), thus for developing strategies to maximize the climate 

mitigation benefits of biofuel production. However, Kravchenko et al. (2019b) study was based on only a 

single soil (sandy loam Alfisol), raising questions regarding universality of the observed phenomenon. 

Pore formation and characteristics also depend on inherent soil physical properties, especially soil 

texture. Generally, the volume and size of pores increases with increasing size of soil particles, as larger 

particles are likely to give rise to larger pores in-between them (Nimmo, 2013, Ding et al., 2016, Fan et al., 

2021). Thus, the formation of medium pores in soils of contrasting textures may differ in their contribution 

to the decomposition of soil organic matter and plant residues and to the stabilization of the processed C. 

Indeed, greater decomposition of soil-incorporated root and leaf residues was observed when the residues 

were surrounded by soil with a greater abundance of > 30 μm Ø pores compared to that of the soil with 

prevalence of smaller pores (Negassa et al., 2015, Kim et al., 2020). Also, greater amount of the 

decomposed substrates was found to be occluded and subsequently protected in fine-textured soils than that 
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in coarse-textured soils (Kölbl and Kögel-Knabner, 2004, Schweizer et al., 2019, Haddix et al., 2020). 

Furthermore, Shen (1999) found that finer textured soils had a higher capacity for sorption of dissolved 

organic matter, likely caused by slow water movement and greater microbial processing of the dissolved 

organic matter (Don and Schulze, 2008, Kaiser and Kalbitz, 2012). Thus, we surmise that soil texture can 

modify the contribution of plant community composition to formation and size-distribution of soil pores 

and modulate the importance of pore structure for soil C processing. Modifications in pore structure may 

subsequently lead to changes in labile organic matter and then influence soil organic C (SOC) contents. 

The first objective of this chapter is to compare pore size distributions (PSD), labile C 

characteristics, and organic C contents of the soils from two bioenergy cropping systems, a monoculture 

switchgrass and a polyculture restored prairie which includes switchgrass as one of the species after their 

multiple years of implementation at six experimental sites with disparate soil characteristics. I hypothesize 

that increases in volumes of medium pores and SOC in prairie vegetation, previously observed in the sandy 

loam Alfisol soil (Kravchenko et al., 2019b), would also be present across a range of soil types and textures. 

The second objective is to explore the joint influences of the cropping systems and pore 

characteristics on microbial biomass C (MBC) and other forms of labile C (i.e., particulate organic matter 

(POM), dissolved organic C (DOC), and short-term CO2 respiration (CO2)) along with the potential 

contributions of such influences to the long-term soil C accumulation. I hypothesize that greater formation 

of medium pores under prairie vegetation will contribute to greater MBC and other labile C forms and will 

lead to increases in SOC contents.   

1.2  Materials and Methods 

1.2.1  Experimental design and soil sample collections 

The six experimental sites from Great Lakes Bioenergy Center used for this experiment were 

established in 2013 at Lux Arbor (LA), Lake City (LC), and Escanaba (ES) locations in Michigan and 

Hancock (HA), Rhinelender (RH), and Oregon (OR) locations in Wisconsin (Table 1) (Kasmerchak and 

Schaetzl, 2018). In three of the sites, namely LA, ES and OR, the soils belonged to Alifisol, in two, i.e., LC 
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and RH, to Spodosols, and in HA to Entisol types, and were regarded as overall low fertility soils unsuitable 

for food production. 

Table 1.1. Soil taxonomy, geographical locations, and texture of the six studied sites. 
Experimental site Soil taxonomy Location  

(Lat., Long.) 
Texture Sand  

(%) 
Silt  
(%) 

Clay  
(%) 

Oregon (OR), WI Typic Hapludalf 
(Alfisol) 42.97, -89.36 Silt loam 9.9d 73.3a 16.8a 

Lux Arbor (LA), MI Typic Hapludalf 
(Alfisol) 42.48, -85.45 Loam 51.9c 38.8b 9.3b 

Escanaba (ES), MI Inceptic Hapludalf 
(Alfisol) 45.76, -87.19 Sandy loam 65.9b 31.5bc 2.6d 

Rhinelender (RH), WI Entic Haplorthod 
(Spodosol) 45.67, -89.22 Sandy loam 65.9b 27.4c 6.7c 

Hancock (HA), WI Typic Udipsamment 
(Entisol) 44.12, -89.53 Loamy sand 82.3a 12.9d 4.8cd 

Lake City (LC), MI Oxyaquic Haplorthod 
(Spodosol) 44.30, -85.20 Loamy sand 86.8a 9.2d 4.0d 

Note: different letters within the same column indicate significant differences (p < 0.05) among the studied 
sites (OR, LA, ES, and RH sites: n = 4 and HA and LC sites: n = 3). 
 

Two bioenergy cropping systems selected for the study were monoculture switchgrass (Panicum 

virgatum L.) and polyculture restored prairie. The restored prairie consisted of 18 plant species of grasses 

(including switchgrass), forbs, and legumes. At each site the experiment was set up as a randomized 

complete block design with four (LA, ES, RH, and OR) or three (LC and HA) replicated blocks. The two 

cropping systems were randomly assigned to the plots within each block. Both cropping systems shared the 

same managing and harvesting practices since the establishment of the six sites, that is, both were not 

fertilized and not tilled. Soil from the first five sites was sampled in November of 2019, and samples from 

OR site were collected a year later. 

Two types of soil samples were collected from each replicated plot. First, three intact soil cores (5 

cm in height and 5 cm in diameter) were taken from 5 to 10 cm depth to be further used for µCT scanning. 

Then, loose soil surrounding the cores was collected for subsequent bulk soil measurements of soil texture 

and C characteristics. All collected samples were stored at 4 °C until the measurements and scanning.  

Two types of soil samples were collected from each replicated plot. First, three intact soil cores 

(5 cm in height and 5 cm in diameter) were taken from 5 to 10 cm depth to be used for X-ray computed 
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micro-tomography (µCT) scanning. This specific depth was chosen because it represents the portion of the 

soil profile most significantly affected by the root systems. The loose soil surrounding the cores was 

collected for subsequent measurements of soil texture and C characteristics (MBC, POM, DOC, CO2, and 

SOC contents). All collected samples were stored at 4 °C until the measurements and scanning. 

1.2.2  Soil measurements 

The following chemical properties were measured in soil passes through 2-mm sieve at the MSU 

Soil & Plant Nutrient Laboratory (East Lansing, Michigan, USA): soil pH was measured in a 1:1 soil: water 

slurry; available phosphorus (Bray-P) was determined by Bray-Kurtz P1 (weak acid) test; concentrations 

of potassium, calcium, magnesium for cation exchange capacity (CEC), and metals including: zinc (Zn), 

manganese (Mn), iron (Fe), and copper (Cu) were measured using inductively coupled plasma (ICP) 

spectrophotometers after extracting these cations from soil samples (Warncke et al., 2009). Soil texture was 

determined using the hydrometer method (Gee and Or, 2002). 

Chloroform fumigation-incubation method was used to determine soil MBC (Paul et al., 1999). 

Two sets of 10 g soil samples were prepared, and water was added to the samples with a pipette to achieve 

50 % of their water holding capacity. Then, the samples were preincubated for five days. After the 

preincubation, one set of the samples was fumigated for 24 h by ethanol-free chloroform vapor, while the 

other set of the samples remained unfumigated. After that, both sets of soils were subjected to a ten-day 

incubation at 20 °C in the dark. Emitted CO2 was measured using Infrared Photoacoustic Spectroscopy 

(1412 Photoacoustic multi-gas monitors, INNOVA Air Tech Instruments, Ballerup, Denmark) in the gas 

circulation mode. Differences between quantities of CO2 emitted from fumigated and non-fumigated 

samples were used to calculate MBC. The quantities of CO2 emitted from unfumigated samples were 

reported as measures of the short-term respiration. This respiration indicates the amount of decomposed C 

substrates from soils during the incubation period (Adviento-Borbe et al., 2006, Haney et al., 2008). 

Soil POM contents were determined using physical fractionation (53–2000 μm) method 

(Cambardella and Elliott, 1992). Specifically, 30 g of air-dried soil was passed through 2-mm sieve and 

dispersed with 70 ml of sodium hexametaphosphate solution. Then, all organic debris including roots in a 
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53 μm sieve were rinsed by distilled water and collected. The organic debris were oven-dried at 40 °C for 

two days and weighed. Dried debris were combusted using a benchtop Maffle's Furnace (OMEGA 

Engineering Inc., Norwalk, USA) at 500 °C for three hours and weighed again. The amount of POM was 

determined by calculating differences between weights before and after combustion. For SOC, sieved and 

ground soil samples were analyzed by a CHNSO Elemental Analyzer (Costech Analytical Technologies, 

Valencia, USA).  

Rhizosphere soil was used for the DOC measurements. Plants from both systems were carefully 

uprooted and manually shaken, and the soil adhering to roots, regarded as rhizosphere soil, was collected. 

Six grams of the rhizosphere soil was extracted by 30 ml of 0.5 M K2SO4 by shaking at 200 rpm for one 

hour, and the extracts were filtered with Whatman grade 202 filter paper. Concentration of DOC was 

determined using a vario TOC cube (Elementar Americas Inc., New York, USA). Means of three-year DOC 

concentrations were used as one of the labile C characteristics in this study, besides MBC, POM, and CO2.  

1.2.3  Soil core scanning and image analysis 

Microscale quantification of soil pore size distributions was obtained via X-ray µCT, a tool that 

can provide visualization of soil in its intact state (Udawatta et al., 2008, Vogel et al., 2010). Prior to X-ray 

μCT scanning, all soil cores were brought to the matric potential of 28 kPa, which ensured that pores larger 

than 5 μm Ø were air-filled and thus easily detectable on the μCT images. For that, the cores were first 

saturated for 24 h in a water filled sand bath, and then transferred to a pressure chamber (5 bar pressure 

plate extractor, Soilmoisture Equipment Corp., Goleta, CA, USA) and kept there for two days at 28 kPa. 

Bringing all cores to the same matric potential enabled comparisons of detectable via X-ray μCT pore 

volumes among experimental sites and plant systems. 

The cores were scanned using X-ray μCT instrument (North Star Imaging, X3000, Rogers, USA) 

at the Department of Horticulture facility, Michigan State University. The scanning resolution and projected 

energy level were 18.2 μm and 75 kV with 450 μA, respectively. The high resolution was achieved using 

the Subpi-mode of the scanner, combining four individual scanning’s. Scanned images from 3014 

projections were reconstructed by efX software (North Star, Rogers, USA).  
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Image analyses for size distributions of pore volumes were performed using ImageJ-Fiji software 

(Schindelin et al., 2012) and SimpleITK in Python (Beare et al., 2018). The following image pre-processing 

steps were conducted to remove artifacts and noises. First, the images were cropped into squares (2.7 cm 

in length, 2.7 cm in width, and 4.1 cm height corresponded to 1500 × 1500 × 2240 pixels) from the center 

to exclude sampling artifacts near the soil core walls. Then, ‘Remove Background’ tool in Xlib/Beat plugin 

of ImageJ software was used to remove shadowing effects from the images, and removal of ring artifacts 

was conducted on the image polar domain using a stripe filter of the Xlib/Beat plugin. Finally, 2-D non-

local mean filter (σ = 0.1) was applied to reduce the noise (Darbon et al., 2008, Buades et al., 2011).   

The pre-processed grayscale images were segmented into pore and solid binary images. Mean 

threshold values were obtained by averaging the thresholds derived from eight segmentation methods (Otsu, 

Kittler, Triangle, Huang, ISO, Li, Renyi, and Moments) using SimpleITK (Lucas et al., 2022a). The 

rationale for averaging thresholds is to mitigate biases of the individual methods, thus enhancing accuracy 

in pore threshold calculation (Schlüter et al., 2014). Pore size distributions of 3D stacked images were 

determined by the ‘Local Thickness’ approach in ImageJ, based on the maximum inscribed sphere method 

(Hildebrand and Rüegsegger, 1997, Vogel et al., 2010). The volumes of pores of different size classes were 

expressed as fractions of the total soil volume (mm3/mm3).  

Pores larger than 500 μm Ø were not included in further analyses as they were rarely related to soil 

C cycling (Nunan et al., 2003, Franklin et al., 2021). In accordance with the reported size ranges, we decided 

to define 50–150 μm Ø as the range of medium pores and consider this range as a potential determinant of 

labile C characteristics and consequent C accumulation of soil over the studied sites.  

1.2.4  Statistical analysis 

The effects of the two plant systems at the studied experimental sites were assessed using SAS 9.4 

(SAS Institute Inc., NC, USA) procedures of PROC MIXED and PROC GLIMMIX. Since we did not 

expect that 6–7 years of prairie and switchgrass vegetation growth will influence soil texture, the statistical 

models for sand, silt, and clay contents included only the experimental sites as the fixed effect. The 

statistical models for soil C characteristics (MBC, POM, DOC, CO2, and SOC), volumes of medium pores, 
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and other soil chemical properties consisted of the fixed effects of plant systems, experimental sites, and 

their interaction. All models included the random effects of experimental blocks nested within the sites and 

effects of soil cores nested within plots, plant systems, and sites. The assumptions of normality and variance 

homogeneity were assessed using normal probability plots, plots of residuals vs. predicted values, and 

Levene’s tests for equal variances. 

Linear relationships among the texture variables, e.g., sand content, medium pore volumes, and C 

characteristics were assessed using Pearson’s correlation coefficients. For each of the studied soil 

properties, except texture, we also calculated the differences between the switchgrass and prairie systems 

(Δ) within individual experimental blocks of each site. Working with Δ enabled us to focus on the changes 

generated by vegetation differences, while reducing the influence of the inherent variability among the 

experimental sites.  

1.2.5  Structural equation modeling and path analysis 

Complex causal relationships through which soil texture, pores, microbial biomass, and labile C 

may contribute to SOC required that, in order to address the study’s hypotheses, we employed path analysis 

and structural equation modeling (SEM) (Pérès et al., 2013, Eisenhauer et al., 2015, Zhao et al., 2019, Liao 

et al., 2022). Path analysis can reveal the causal relationships among a set of observed variables (Grace, 

2006, Lange et al., 2015), and SEM uses latent variables, which are hypothetical constructs encompassing 

comprehensive effects of more than one observed variable on other variables (Grace, 2006, Eisenhauer et 

al., 2015). The analyses were performed using PROC CALIS procedure of SAS 9.4.  

The conceptual structure of the explored models is shown on Fig. S1. Individual percentage of sand 

and clay contents were used to construct an exogenous latent variable, “soil texture”, which directly affects 

SOC contents, fraction of medium pores, and “labile C” (arrow 1, 2, and 3 on Figure 1.1). Measured MBC, 

POM, DOC, and CO2 constructed an endogenous variable, “labile C”, affected by the “soil texture” and the 

fraction of medium pores (arrow 3 and 4 on Figure 1.1). The “labile C” and the fraction of medium pores 

are also declared to be exogenous variables, with both direct and indirect effects on SOC contents (arrow 

4, 5, and 6 on Figure 1.1). The multi-relationships postulated in our model were developed based on and 
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are supported by the literatures listed in Table 1.3. The models for prairie and switchgrass systems were 

fitted separately. 

 
Figure 1.1. Conceptual paths of the structural equation model. The individually numbered paths correspond 
to the list of hypotheses and supporting literatures reported in Table 1.3. 

Table 1.2. List of the path analysis models, table numbers of supporting literatures for the model 
hypotheses, and corresponding figure numbers.  

Models for Components of  
the latent variables 

Hypotheses  
listed on 

Results  
reported on 

Effects of 
individual labile C 
components 

MBC in “Labile C”  Table 1.3 and 1.4 Fig. 1.8a 
POM in “Labile C” Table 1.3 and 1.4 Fig. 1.8b 
DOC in “Labile C” Table 1.3 and 1.4 Fig. 1.8c 
CO2 in “Labile C” Table 1.3 and 1.4 Fig. 1.8d 

Effects of ∆s of 
individual labile C 
components 

∆MBC in “∆Labile C”  Table 1.3 and 1.4 Fig. 1.10a 
∆POM in “∆Labile C” Table 1.3 and 1.4 Fig. 1.10b 
∆DOC in “∆Labile C” Table 1.3 and 1.4 Fig. 1.10c 
∆CO2 in “∆Labile C” Table 1.3 and 1.4 Fig. 1.10d 

Note: All models share the same conceptual paths illustrated on Fig. 1.1. Thus, models of path analyses 
include variables of Sand (sand contents), Medium (volume fractions of medium pores), and SOC (soil 
organic C), and only individual components of “Labile C” and “∆Labile C” were different by the models.  

 

 



16 
 

Table 1.3. Theoretical supports for the hypothesized paths in the structural equation modeling (Arrows in the conceptual model of Figure 1.1 indicate 
hypothesized mechanisms of the individually numbered paths). 

Paths from Paths to Path # Hypotheses under the paths References 
(Latent) (Observed) (Latent) (Observed) (Fig. 1.1)   

Soil  Sand - SOC ① Sandy soils have lower SOC storage capacity, and sand-associated OC 
has a shorter turnover time than that of clay-associated OC.  

Kleber et al., 2007; 
Singh et al., 2018 texture Clay  SOC ① 

 Sand  Pore ② Sandy soils have greater volume of mid-size pores, since the pore size 
progressively increases with the size of soil particles forming the pores. 

Nimmo, 2013; 
Ding et al., 2016  Clay  Pore ② 

 Sand Labile C MBC ③ Fine-textured soils have greater microbial biomass due to their greater 
spatial heterogeneity and better water retention. 

Kaiser et al., 1992; 
Woloszczyk et al., 2020  Clay  MBC ③ 

 Sand  POM ③ Fine-textured soils contain less free POM, since high surface areas of 
such soils stimulate POM protection and stabilization. 

Kölbl & Kögel-Knabner, 2004; 
Witzgall et al., 2021  Clay  POM ③ 

 Sand  DOC ③ Fine-textured soils contain less free POM, since high surface areas of 
such soils stimulate POM protection and stabilization.  

Shen, 1999; 
Filep et al., 2022  Clay  DOC ③ 

 Sand  CO2 ③ Sandy soils stimulate C losses as CO2 because of their lower capability to 
protect C substrates from decomposition.  

Franzluebbers, 1999  
Witzgall et al., 2021  Clay  CO2 ③ 

- Pore Labile C MBC ④ Greater volume of medium pores leads to greater microbial biomass by 
serving as habitats for them.  

Strong et al., 2004; 
Franklin et el., 2021 

 Pore  POM ④ Soils with greater volume of medium pores lead to greater contents of 
POM due to the higher growth of fine roots in the soils. 

Bodner et al., 2014; 
Fukumasu et al., 2022 

 Pore  DOC ④ DOC in large pores is less complex and easier stabilized, thus soils 
dominated by large pores will have lower DOC. 

Shen, 1999; 
Bailey et al., 2017 

 Pore  CO2 ④ Soils dominated by large pores may have greater CO2 respiration, due to 
greater OC availability to microorganisms and transit of CO2 from them.  

Lennon et al., 2012; 
Mangalassery et al., 2013  

 Pore - SOC ⑤ Greater volumes of medium pores lead to greater organic matter 
processing and more channels for transits and storage of the processed C. 

Quigely et al., 2018; 
Franklin et el., 2021 

Labile C MBC - SOC ⑥ Greater soil microbial biomass leads to faster C turnover and consequent 
C accumulation.  

Miltner et al., 2012;  
Oduor et al., 2013 

 POM  SOC ⑥ More POM suggests greater quantities of C which can be potentially 
processed and stabilized within the soil. 

Lavallee et al., 2019;  
Witzgall et al., 2021 

 DOC  SOC ⑥ Greater DOC levels suggest greater quantities of C which can be 
potentially processed and stabilized within the soil. 

Dou et al., 2008; 
Filep & Rékási, 2011 

 CO2  SOC ⑥ Greater CO2 respiration is indicative of faster decomposition of newly 
added C substrates and existing SOC. 

Prommer et al., 2020; 
Witzgall et al., 2021 
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It should be noted that soil pores and SOC are closely intertwined. SOC accumulation and pore 

formation are linked in a feedback cycle (Marinari et al., 2000): an increase in one accelerates the increases 

in the other, and simultaneous examination of both sides of the cycle is not possible. Since our data set 

includes 6 experimental sites with very different soil textures but rather comparable SOC levels, and texture 

is the major primary driver for pore formation, in this study we decided to focus on the pores → SOC side 

of the cycle and to explore the contribution of pores as drivers of SOC accumulation. 

An additional model was constructed to examine the effect of texture on the differences (Δs) 

between prairie and switchgrass systems in terms of the difference in the labile C characteristics (ΔMBC, 

ΔPOM, ΔDOC, ΔCO2), fractions of medium pores (ΔMedium), and SOC contents (ΔSOC) that developed 

during the 6–7 years of system implementations. The values of Δs were calculated as described in the 

previous section, and the model for Δs used the same conceptual structure of the original model (Figure 

1.1). Means of sand and clay contents from both plant systems were used as an exogenous latent variable 

(arrow 1, 2, and 3 on Figure 1.1), and Δs of the “labile C” components and the pore fractions were defined 

as endogenous variables under the “soil texture” (arrow 2 and 3 on Figure 1.1). Δs of “labile C” components 

and the pore fractions were also used as exogenous variables for ΔSOC (arrow 5 and 6 on Figure 1.1). 

Multiple path analyses were performed to explore the effect of individual components within the 

“labile C” on SOC contents and hypothesized causal relationships of it with other observed variables. For 

that we used the same SEM concepts (Table 1.3) to contract four path analysis models using percentage of 

sand contents (arrow 1, 2, and 3 on Figure 1.1). We choose to work with sand as opposed to silt content in 

these path analyses because the relationship between pore volumes and silt contents is known to be less 

significant compared to that with sand or clay contents (Ding et al., 2016). Because of a very narrow range 

of clay contents observed in the six studied sites (Table 1.1), path analyses with clay content were also 

found to be less informative than those with sand. Each of the four models included one of the observed 

variables from the “labile C” as endogenous variable being affected by sand contents and fractions of 

medium pores (arrow 3 and 4 on Figure 1.1). Each component of “labile C” was also used as exogenous 

variable influencing SOC contents (arrow 6 on Figure 1.1). Means of sand content were used to construct 
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another four models including difference of each observed variable within “labile C” between the two plant 

systems (ΔMBC, ΔPOM, ΔDOC, ΔCO2). The list of the path analysis models was attached on Table 1.2, 

and the hypothesized effects of the individual component of “labile C” were described by additional 

statements of Table 1.4.  

Table 1.4. Theoretical support for the hypothesized effects of individual component within labile C 
characteristics in the path analyses (Arrows in the conceptual model of Figure 1.1 indicate hypothesized 
mechanisms of the individually numbered paths). 

Fig. # Path # 
(Fig. 1.1) 

Paths 
from 

Paths 
across 

Paths 
to 

Hypotheses 
under the paths 

1.8a 
& 

1.9a 

① Sand - TOC Sand content determines accessibility of microorganisms to nutrient 
source, and soil pores function as their habitats. Those affect 
microbial growth, which relates to C turnover rates and consequent 
C accumulation. 

②-⑤ Sand Pore TOC 
③-⑥ Sand MBC TOC 

②-④-⑥ Sand Pore - MBC TOC 

1.8b 
& 

1.9b 

① Sand - TOC Sand content and soil pores affect the occlusion and stabilization of 
POM, and POM functions as an organic C source for soil 
microorganisms, while the products of its decomposition are 
stabilized. 

②-⑤ Sand Pore TOC 
③-⑥ Sand POM TOC 

②-④-⑥ Sand Pore - POM TOC 

1.8c 
& 

1.9c 

① Sand - TOC Sand content and soil pores affect retention in and/or loss from soil, 
and remaining DOC in the soil functions as a major source of soil 
organic C and/or as an easily decomposed component of the organic 
C. 

②-⑤ Sand Pore TOC 
③-⑥ Sand DOC TOC 

②-④-⑥ Sand Pore - DOC TOC 

1.8d 
& 

1.9d 

① Sand - TOC Sand content and soil pores determine organic C availability to 
microorganisms and transit of respired CO2.Thus, the respiration 
rates indicate how much newly added C substrates are processed 
and/or existed soil C is decomposed.  

②-⑤ Sand Pore TOC 
③-⑥ Sand CO2 TOC 

②-④-⑥ Sand Pore - CO2 TOC 

Note: Literatures to support the hypotheses of the paths were listed in Table 1.3. 

We followed the two-index presentation strategy for model evaluation suggested by Hu and Bentler 

(1999). That is, a chi-square test (χ2) and goodness of fit index (GFI) were used to determine model fitness 

and adequacy. The indices measure the degree to which the model accounts for the variance and covariance 

among the observed variables (Bentler, 1990). The models with χ2 test p values > 0.05 and GFI > 0.90 are 

regarded as acceptable (Hu and Bentler, 1999, Eisenhauer et al., 2015). Since the observed variables 

differed in their units and scales, the standardized coefficients were computed using standardized data 

through PROC CALIS procedure. The computed coefficients were used to compare the relative impact of 

the initially incommensurable variables and to indicate the strength of the paths (Kwan and Chan, 2011). 
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1.3.  Results 

1.3.1  Basic soil properties 

Soils of the six sites ranged in texture from silt loam to loamy sand. HA and LC sites were loamy 

sands with more than 80 % sand content, while silt loam of OR site contained less than 10 % of sand (Table 

1.1). The prairie and switchgrass soils within each site did not differ from each other in terms of the soil 

chemical properties (Table 1.5). The only exception was a tendency for the higher Mn content in prairie 

soils, which was statistically significant in LC site.  

Table 1.5. Soil chemical properties of the prairie and switchgrass bioenergy systems of the six studied sites.   
Experimental site Plant 

system 
pH Bray P 

(ppm) 
CEC 

(meq/100 g) 
Zn 

(ppm) 
Mn 

(ppm) 
Fe 

(ppm) 
Cu 

(ppm) 

Oregon (OR) Prairie 5.7 11.5 10.1 5.4 95.9 41.3 3.8 
Switchgrass 5.8 12.3 9.2 5.6 86.9 31.0 3.7 

Lux Arbor (LA) Prairie 6.4 15.8 6.3 2.0 44.3 21.3 2.1 
Switchgrass 6.2 19.5 5.9 1.9 38.7 24.8 1.7 

Escanaba (ES) Prairie 6.4 9.0 7.6 2.8 31.8 20.5 6.2 
Switchgrass 6.4 7.8 7.7 2.6 26.5 20.8 6.8 

Rhinelender (RH) Prairie 4.9 258.8 3.1 2.6 23.7 72.5 11.8 
Switchgrass 5.1 241.3 3.7 1.8 21.8 71.3 10.8 

Hancock (HA) Prairie 6.0 73.7 4.0 3.5 16.3 26.7 1.7 
Switchgrass 6.0 78.3 4.1 3.0 15.3 37.0 1.6 

Lake City (LC) Prairie 5.7 28.3 5.0 4.2 25.6 27.5 0.8 
Switchgrass 6.5 40.5 6.2 3.6 12.0 18.3 0.7 

Note: Bolded values of chemical properties within each site indicate that differences between prairie and 
switchgrass soil were statistically significant at the p < 0.05 level.  

1.3.2  SOC and labile C characteristics 

The interaction between experimental sites and plant systems in the ANOVA tests were not 

statistically significant for the studied soil C variables, except for POM (Figure 1.2). Across all studied 

sites, SOC and MBC were higher in prairie than in switchgrass system (p < 0.05) (Figure 1.2a and 1.2b). 

SOC was higher than that of switchgrass in all sites (Figure 1.2a), and MBC was higher than that of 

switchgrass in all sites, but LC (Figure 1b). POM was higher in prairie than in switchgrass in four of the 

sites (Figure 1.2c). There were no significant differences between the two systems in terms of either DOC 

or short-term respiration (Figure 1.2d and 1.2e). 
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Figure 1.2. Soil C characteristics of the prairie and switchgrass bioenergy systems in the six studied 
experimental sites (a: SOC, b: MBC, c: POM, d: DOC, and e: 10-day CO2 respiration) (OR: Oregon; LA: 
Lux Arbor; ES: Escanaba; RH: Rhinelender; HA: Hancock; LC: Lake City). Error bars represent standard 
deviation, and ANOVA test results are shown in the top-right corner of each figure. Symbol ** on Fig. 1.2c 
denotes statistically significant differences in POM between the two systems in each studied site at 
the p < 0.05 level (POM was the only variable where the Plant*Site interaction was statistically significant). 
OR, LA, ES, and RH sites: n = 4 and HA and LC sites: n = 3. 

1.3.3  Volume of medium pores and its relationship to SOC 

The pore-size distributions differed among the studied six sites and between two plant systems 

(Figure 1.3). Since the pores within 50–150 μm Ø size range were hypothesized to be of the greatest 

importance for decomposition and protection of the newly added C, the fractions of medium pores were 

extracted from the entire data set and analyzed separately (Figure 1.4). Prairie system had greater fractions 

of medium pores than switchgrass across all sites (p = 0.005) (Figure 1.4). Examples of distributed pores 

within this size range in the two systems of Oregon and Lake City sites, having the least and most sand 

contents (Table 1.1), are provided in Figure 1.5. 
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Figure 1.3. Soil pore size distributions in prairie and switchgrass systems of six studied sites (OR: Oregon; 
LA: Lux Arbor; ES: Escanaba; RH: Rhinelender; HA: Hancock; LC: Lake City). Shown are averages and 
standard deviations. The ** and *** symbols denote significant differences between the two systems across 
all sites at p < 0.01 and < 0.001 levels, respectively (OR, LA, ES, and RH sites: n = 12 and HA and LC 
sites: n = 9). 

 
Figure 1.4. Fractions of medium (50–150 µm Ø) pores in intact soil cores from prairie and switchgrass 
systems of the six studied sites (OR: Oregon; LA: Lux Arbor; ES: Escanaba; RH: Rhinelender; HA: 
Hancock; LC: Lake City). Means are represented by white circles and medians by horizontal black lines. 
ANOVA results are shown in the top-right corner (based on 12 scanned soil cores per site from OR, LA, 
ES, and RH and on 9 cores per site from HA and LC). 
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Figure 1.5. Examples of 3D images showing pores (dark to lightbrown) in the intact samples of soils from 
monoculture switchgrass and restored prairie systems in Oregon, WI (silt loam) and Lake City, MI (loamy 
sand) experimental sites. Shown are pores visible at the studied X-ray µCT resolution, i.e., > 18.2 µm Ø. 
Lightbrown marks the medium (50–150 µm Ø) pores. 
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The fractions of medium pores were not correlated to SOC contents in either prairie (p = 0.19) or 

switchgrass (p = 0.41) soils (Figure 1.6a and 1.6b). But the differences in SOC contents between prairie 

and switchgrass soils, ΔSOC, were positively correlated to the respective differences in medium pore 

fractions, ΔMedium, when assessed across all studied sites (Figure 1.6c).   

 
Figure 1.6. Relationships between fractions of medium (50–150 μm Ø) pores and soil organic C (SOC) 
contents (a) in prairie system and (b) in switchgrass system as well as (c) differences between soils of 
prairie and switchgrass systems in terms of medium pores (Δ Medium) plotted versus respective differences 
in SOC contents. The differences developed after 6–7 years of system implementation and were calculated 
by subtracting the pore fractions and SOC contents of switchgrass system from those of the prairie system. 
Shown are observations from the six studied sites (dots), the linear regression fitted to the data (red), and 
the r2 value for the fitted regression model (in (a) and (b) p > 0.05, in (c) p < 0.001).   

1.3.4  Structural equation modeling 

The two plant systems showed similar trends in terms of their paths of direct and indirect effects of 

soil texture on SOC contents. The texture affected the fraction of medium pores and labile C in both systems 

(Figure 1.7a), and labile C affected SOC contents (Figure 1.7a). However, the medium pore fractions did 

not influence either labile C or SOC contents in either of the systems.  
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Figure 1.7. Structural equation models examining the hypothesized effects of soil texture, represented by 
sand and clay contents on (a) soil organic C (SOC) and (b) on the difference in SOC between soils under 
either prairie or switchgrass vegetation. We hypothesize that the texture influences the overall formation of 
medium (50-150 μm Ø) pores (a), as well as their enhanced formation under prairie vegetation (b). Directly 
and indirectly (through medium pores) it affects soil labile C, while all of them influence the SOC contents 
(a) as well as SOC increases due to diverse vegetation of the prairie system (b). Observed and latent 
variables are given with rectangular and oval boxes, respectively. Numbers represent standardized path 
coefficients, and bold arrows (solid for positive and dashed for negative) represent statistically significant 
effects (*, **, and *** denote statistical significance at p < 0.05, < 0.01, and < 0.001 levels, respectively). 
On (a), orange and blue mark the results from switchgrass and prairie systems, respectively. χ2 and GFI 
values are shown under the corresponding models. 
 

The texture influenced the differences between prairie and switchgrass in terms of the fractions of 

medium pores, which then affected the differences in labile C, ΔLabile C (Figure 1.7b). These prairie-

switchgrass differences in the fractions of medium pores along with ΔLabile C, mediated by texture, 

influenced the prairie-switchgrass differences in SOC contents. Prairie system had greater medium pore 

fractions and SOC contents compared to switchgrass (Figure 1.2a and 1.4). Thus, the magnitude of the 

increases due to prairie in medium pore fractions directly and indirectly affected the magnitude of the 

increases in SOC contents (Figure 1.7b). 
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1.3.5  Multiple path analyses 

Sand contents had a direct negative effect on MBC and direct positive effects on DOC and CO2 

(Figure 1.8a, 1.8c, and 1.8d). There was no direct effect of sand contents on POM in both plant systems, 

while the fraction of medium pores was the main driver of the positive indirect effect of sand contents on 

POM (Figure 1.8b). For DOC and CO2 that indirect effect was negative (Figure 1.8c and 1.8d). Soil MBC 

and POM had direct positive effects on SOC contents (Figure 1.8a and 1.8b), whereas DOC and CO2 of the 

soil had no direct effect on SOC contents in both plant systems (Figure 1.8c and 1.8d). As expected, the 

effects of clay contents had opposite signs of those of sand content (Figure 1.9).  

 
Figure 1.8. Multiple path analyses for direct and indirect effects of sand in the restored prairie and 
monoculture switchgrass soils in terms of SOC, manifested through medium (50-150 μm Ø) pores and 
either MBC (a), POM (b), DOC(c), or short-term respiration CO2 (d). Numbers on the arrows are 
standardized path coefficients, and arrows (solid for positive and dashed for negative) were bolded when 
the paths were statistically significant (*, **, and *** denote statistical significance at p < 0.05, < 0.01, and 
< 0.001 levels, respectively). χ2 and GFI values are shown under the corresponding path analysis models. 
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Figure 1.9. Multiple path analyses for direct and indirect effects of clay in the restored prairie and 
monoculture switchgrass soils in terms of SOC, manifested through medium (50-150 μm Ø) pores and 
either MBC (a), POM (b), DOC(c), or short-term respiration CO2 (d). Numbers on the arrows are 
standardized path coefficients, and arrows (solid for positive and dashed for negative) were bolded when 
the paths were statistically significant (*, **, and *** denote statistical significance at p < 0.05, < 0.01, and 
< 0.001 levels, respectively). χ2 and GFI values are shown under the corresponding path analysis models. 

The fraction of medium pores was higher in prairie compared to switchgrass system (Figure 1.4), 

and the increases in fractions of such pores due to prairie system (ΔMedium) were positively influenced by 

soil sand content (Figure 1.10). Sand content negatively, while clay content positively (Figure 1.11), 

influenced the magnitude of increases in MBC due to prairie system (ΔMBC), but it did not affect either 

ΔDOC or ΔPOM (Figure 1.10a, 1.10c, and 1.10d).  The ΔMedium led to greater ΔMBC and ΔSOC (Figure 

1.10a). While increase in MBC due to prairie (ΔMBC) positively influenced ΔSOC (Figure 1.10a), the 

contributions of ΔDOC and ΔCO2 were negative (Figure 1.10c and 1.10d).   
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Figure 1.10. Multiple path analyses for direct and indirect effects of sand on differences between the 
restored prairie and monoculture switchgrass soils in terms of SOC, manifested through the differences in 
medium (50-150 μm Ø) pores and either MBC (a), POM (b), DOC(c), or short-term respiration CO2 (d) 
differences. Numbers on the arrows are standardized path coefficients, and arrows (solid for positive and 
dashed for negative) were bolded when the paths were statistically significant (*, **, and *** denote 
statistical significance at p < 0.05, < 0.01, and < 0.001 levels, respectively). χ2 and GFI values are shown 
under the corresponding path analysis models. 

 

Figure 1.11. Multiple path analyses for direct and indirect effects of clay on differences between the restored 
prairie and monoculture switchgrass soils in terms of SOC, manifested through the differences in medium 
(50-150 μm Ø) pores and either MBC (a), POM (b), DOC(c), or short-term respiration CO2 (d) differences. 
Numbers on the arrows are standardized path coefficients, and arrows (solid for positive and dashed for 
negative) were bolded when the paths were statistically significant (*, **, and *** denote statistical 
significance at p < 0.05, < 0.01, and < 0.001 levels, respectively). χ2 and GFI values are shown under the 
corresponding path analysis models. 
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1.4  Discussion 

After polyculture restored prairie and monoculture switchgrass systems were in place for several 

(6–7) years their soils diverged in terms of the volumes of medium (50–150 μm Ø size range) pores, as well 

as in terms of the soil MBC and SOC contents. The results supported our hypotheses that prolonged prairie 

vegetation leads to greater formation of medium pores which further stimulate soil C gains across a range 

of soil textures and types. When the effects of sand content and changes in the volume of medium pores 

were accounted for, the increases in MBC due to prairie vegetation led to increases in SOC contents over 

those of monoculture switchgrass, while the increases in DOC contents and short-term respiration led to 

SOC decreases.  

1.4.1  Monoculture switchgrass system is slower in soil C accrual than restored prairie 

The finding that long-term implementation of polyculture prairie system increased SOC contents 

as compared to monoculture switchgrass (Figure 1.2a) is in agreement with other published studies, which 

consistently observed greater soil C in polyculture system than in monoculture. High plant diversity 

positively affected soil C accumulation in bioenergy cropping systems of the US Midwest (Fornara and 

Tilman, 2008, Sanford, 2014, Sprunger and Philip Robertson, 2018), and increasing the number of plant 

species directly promoted soil C gains and soil microbial biomass (Prommer et al., 2020). Increases in soil 

C contents were positively correlated with the plant species richness in grasslands of UK and Central Europe 

(De Deyn et al., 2011, Lange et al., 2015). 

Plant systems with highly diverse perennial vegetation stimulate soil C accrual via several 

mechanisms. Among them are greater inputs of active C into rhizosphere, faster rates of microbial growth 

and turnover (Lange et al., 2015, Eisenhauer et al., 2017, Sprunger and Robertson, 2018), and greater 

nitrogen use efficiency in cases of joint presence of C4 grasses and legumes (Lange et al., 2015). Greater 

microbial activity is another recognized driver of soil C gains in diverse plant communities vs. 

monocultures (Lange et al., 2015), but this does not seem to be the case for monoculture vs. polyculture 

switchgrass system (Jesus et al., 2016, Zhang et al., 2017). 
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Greater above- and belowground productivity is yet another driver of soil C gains suggested by 

large scale meta-analysis (Chen et al., 2018) and experimental work (Furey and Tilman, 2021). However, 

switchgrass monoculture cropping system appears to be an exception, because its root biomass and 

aboveground productivity are massive, yet the soil C gains are very slow to non-existent (McLaughlin and 

Kszos, 2005, Chimento et al., 2016, Sprunger et al., 2020). Indeed, when working with soils of LA 

experimental site of this study, Gelfand et al. (2020) reported lower root biomass in the prairie than in the 

switchgrass system, while harvested aboveground biomass was more than twice that in the switchgrass as 

in the prairie. Significantly greater aboveground productivity of switchgrass was observed compared to that 

of prairie in all other experimental sites reported in our study, i.e., OR, ES, RH, HA, and LC (Li et al., 

2022), as well as in yet another low fertility soil of the U.S. Midwest (Cooney et al., 2023). Another 

experiment in the direct vicinity of our LA site (Lei et al., 2021) reported no statistically significant 

differences in root biomass between the restored prairie and the monoculture switchgrass system. Thus, 

contrary to the expectations, our results and published studies suggest that the productivity does not always 

serve as a significant determinant of soil C accumulation. 

Faster C accrual in the prairie than in the switchgrass soil was related to greater formation of 

medium pores (Figure 1.4). Changes in the pore systems, e.g., volumes of medium pores, likely responded 

to the differences in the root systems of the plant communities (Pagliai and De Nobili, 1993, Lucas et al., 

2022). We surmise that the volume of fine roots is the key contributor to the formation of medium pores 

(Bodner et al., 2014, Koebernick et al., 2017). Prairie vegetation has greater densities of fine (<2mm Ø) 

roots as compared to monoculture switchgrass (Sprunger et al., 2017), and even fine roots of the prairie 

tend to be thinner than those of the switchgrass. For example, only 35–71 % of switchgrass fine roots had 

their diameters within < 0.5 mm size range, while a number of other native grasses had more than 80 % of 

their fine roots in the < 0.5 mm Ø size class (De Graaff et al., 2013, Liu et al., 2022). 

1.4.2  Contributions of soil texture and medium pores to SOC gains under prairie vegetation   

The advantages of the prairie over monoculture switchgrass in terms of soil C accrual appeared to 

be much more pronounced in the coarse- than in the fine-textured soils of this study. For example, the SOC 
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content of the prairie system was ∼ 3 % higher than that of the switchgrass in the silt loam soil (OR), while 

it was 15–69 % higher in the coarser textured soils (Figure 1.2a). Consistent with our findings, Juyal et al. 

(2021) reported only minor differences in soil C between prairie and monoculture switchgrass systems in 

fine-textured soils of topographic depressions, while substantially higher C in prairie than in switchgrass in 

the coarse-textured soils of uphill areas. Kasanke et al. (2021) reported that soil C contents under 

switchgrass vegetation even decreased after 6 years of growth on sandy soils. 

According to our hypotheses (Table 1.2), the influence of the soil texture on the magnitude of 

increases in SOC contents under prairie vegetation was manifested through the texture’s contribution to 

formation of soil pores, to MBC, and to C protection on mineral surfaces. Soil texture drives the size 

distribution of soil pores (Nimmo, 2013, Ding et al., 2016, Fan et al., 2021). Higher sand content was 

associated with greater presence of the medium pores in the studied soils, in both plant systems (Figure 

1.8). Medium sized pores are easily accessible to fine roots and root hairs (Koebernick et al., 2017, Lucas, 

2022). Thus, it can be surmised that prolific fine roots of prairie vegetation readily explored the existing 

medium pores in the sandier soils of this study, while still contributing to the formation of new ones. Bulkier 

switchgrass roots might have been at a disadvantage since they did not have as much access to the already 

existing medium size pore space. 

Pores determine access to the soil organic matter by microorganisms and thus its processing and 

protection (Strong et al., 2004, Negassa et al., 2015). Medium pores are known to function as optimal 

microbial habitats, supporting high microbial activity (Wright et al., 1995, Nunan et al., 2003, Xia et al., 

2022). They ensure high oxygen and water availability, yet do not limit the accessibility of microorganisms 

to organic matter substrates (Rawlins et al., 2016, Keiluweit et al., 2018). They were also reported as the 

primary locations of rhizodeposition inputs (Quigley and Kravchenko, 2022), thus providing C and 

nutrients for the resident microorganisms. A diversity of C inputs from polyculture prairie vegetation 

probably stimulated development of high species diversity in the microbial communities. The resultant 

greater microbial activity in such pores could lead to faster processing of new C additions and potentially 
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to generation of more microbial decomposition products and necromass, which then can be protected within 

the soil matrix (Strong et al., 2004, Quigley et al., 2018, Guidi et al., 2021). 

Our study does not allow us to directly examine the utilization of the medium pores by the roots of 

the two studied systems. However, it is reasonable to assume that if the medium pores were less used by 

the switchgrass with its thicker roots, they did not receive as much new C inputs and were not as attractive 

to microorganisms as they were in the prairie systems. It is important to emphasize that it is not just the 

volume of the medium pores per se that stimulates SOC gains, but the volume of such pores that are 

supplied with new C. Indeed, the observed SOC contents were not related to the fractions of medium pores 

(Figure 1.6a and 1.6b). Yet, the differences between the two systems, i.e., ΔMedium and ΔSOC, were 

positively associated with each other (Figure 1.6c), suggesting that formation of such pores, which in prairie 

system was likely accompanied by C inputs, went hand-in-hand with soil C gains. 

This explanation is further supported by our MBC results. Consistent with other reports (Kaiser et 

al., 1992, Franzluebbers et al., 1996), MBC decreased with increasing sand contents in this study, thus was 

negatively correlated with the volume fractions of the medium pores (Figure 1.12). However, the increase 

in the medium pores due to prairie vegetation, ΔMedium, promoted MBC increases, ΔMBC (Figure 1.10a). 

Thus, extra formation of such pores via prairie vegetation, likely accompanied by the rhizodeposits and 

other C inputs into them, stimulated microorganisms. Consistent with our expectations (Table 1.3) and 

literatures (Miltner et al., 2012, Oduor et al., 2018, Prommer et al., 2020), the ΔMBC positively influenced 

ΔSOC, likely through greater quantities of living microorganisms and their necromass accumulation. 
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Figure 1.12. Relationships between sand contents and medium (50-150 μm Ø) (a) in prairie system and (b) 
in switchgrass system. Shown are observations from the six studied sites (dots), the linear regression fitted 
to the data (line), and the r2 values for the fitted regression models (*** denote coefficient levels at the p < 
0.001 level).     

MBC, POM, DOC, and short-term respiration are often found to be positively correlated to each 

other and to the SOC contents (Franzluebbers, 1999, Dou et al., 2008, Oduor et al., 2018). Such correlations 

reflect joint common effects of soil texture, management practices or land use changes on soil C inputs and 

protection, which simultaneously drive root growth and subsequent POM inputs (Rasse et al., 2005, Ontl 

et al., 2015), abundance of microorganisms (Anderson and Domsch, 1989, Jinbo et al., 2006), and 

subsequent DOC and CO2 production in a course of microbial activity (Jinbo et al., 2006, Mavi et al., 

2012, Woloszczyk et al., 2020). Similarly, when examined across the range of the studied soils, path 

analysis of this study demonstrated that greater MBC, POM, and DOC is related to an overall greater SOC 

(Figure 1.8). 

Yet, analysis of the differences between the two systems enabled unraveling some of the co-

variations between these labile C characteristics and offered us an opportunity to assess the mechanisms of 

their individual impacts on SOC gains. Prairie-induced increases in DOC and short-term respiration 

negatively influenced ΔSOC (Figure 1.10c) – the result consistent with the expectation that greater C losses 

as either CO2 or DOC slow down SOC gains. Greater DOC suggests that there is more organic C available 

for immediate microbial decomposition or possible loses with outflowing water into deeper soil layers 

(Kalbitz and Kaiser, 2008, Andrews et al., 2011), and coarse-textured soils tended to retain less DOC than 



33 
 

the fine-textured ones (Shen, 1999, Filep et al., 2022). C mineralization from newly added C substrates can 

be more rapid in coarse-textured soils compared to that in fine-textured soils (Franzluebbers, 1999). 

Even though other studies, e.g., Fukumasu et al. (2022) found positive associations between 

volumes of 30–100 μm Ø pores and POM contents, suggestive that the abundance of such pores was likely 

to be associated with higher growth of fine roots, the POM effect was not significant in our study. That 

likely was due to substantial variability of our POM data (Figure1.2). 

1.5  Conclusions 

Multiple years of prairie vegetation led to greater volume fractions of medium pores compared to 

monoculture switchgrass across several soils of the U.S. Upper Midwest (Alfisol, Spodosol, and Entisol). 

The magnitude of the formation of such pores tended to be greater in coarse- than in fine-textured soils. 

Stimulation of such pore formation by prairie system led to greater microbial biomass, which, in turn, led 

to greater SOC contents compared to monoculture switchgrass system. The more prairie vegetation 

promoted development of such pores, the higher were its SOC contents as compared to the monoculture 

switchgrass. On the contrary, potentially higher C losses via CO2 respiration and DOC in the prairie system 

contributed to slower soil C accumulation. The study provides an evidence that the interactive feedback 

loop connecting soil physical characteristics of texture and pore structure with microbial activity, and C 

accumulation acts across a wide range of soils and is an important mechanism of C gains in polyculture 

prairie vegetation. 
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CHAPTER 2: Pore structure in detritusphere of soils under switchgrass and prairie vegetation2 

Abstract 

Root detritusphere, i.e., the soil in vicinity of decomposing root residues, plays an important role 

in soil microbial activity and C sequestration. Pore structure (size distributions and connectivity of soil 

pores) in the detritusphere serves as a major driver for these processes and, in turn, is influenced by physical 

characteristics of both soil and roots. This study compared pore structure characteristics in root 

detritusphere of soils of contrasting texture and mineralogy subjected to >6 years of two contrasting 

vegetations: monoculture switchgrass and polyculture prairie systems. Soil samples were collected from 

five experimental sites in the US Midwest representing three soil types. Soil texture and mineralogy were 

measured using hydrometer and X-ray powder diffraction, respectively. The intact cores were scanned with 

X-ray computed micro-tomography to identify visible soil pores, biopores, and particulate organic matter 

(POM). We specifically focused on pore structure within the detritusphere around the POM of root origin. 

Results showed that the detritusphere of coarser-textured soils, characterized by high sand and quartz 

contents, had lower porosity in the vicinity of POM compared to finer-textured soils. POM vicinities in 

finer soils had high proportions of large (>300 μm Ø) pores, and their pores were better connected than in 

coarser soils. Lower porosity in outer (>1 mm) parts of detritusphere of switchgrass than of prairie 

suggested soil compaction by roots, with the effect especially pronounced in coarser soils. The results 

demonstrated that soil texture and mineralogy play a major, while vegetation a more modest, role in defining 

the pore structure in root detritusphere. 

 

 

 
2 Originally submitted as: Lee, J. H., Lucas, M., Guber, A. K., & Kravchenko, A. N. (2023). Pore structure in 
detritusphere of soils under switchgrass and restored prairie vegetation community, Land degradation & Development. 
(Under review) 
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2.1  Introduction  

Plant roots are a major driver of soil pore formation and a source of soil organic matter (SOM) 

(Bodner et al., 2014; Sokol et al., 2019). After the root senesces, its residues remain in the soil as detritus, 

and a several millimeters thick region that surrounds these decaying residues is called the detritusphere 

(Gaillard et al., 1999; Védère et al., 2020). Soil pore structure within the detritusphere is distinct from that 

of the bulk soil due to past activity of live roots as well as due to biological and physical changes after 

roots’ senescence. For example, rearrangement of soil particles or micro-aggregates during root growth 

(Mitchell and Soga, 2005) may lead to an increase in porosity adjacent to the root (Helliwell et al., 2017), 

while soil compaction can occur near growing roots (Lucas et al., 2019a). However, upon root senescence 

pore spaces can be partially or completely refilled by soil particles during the decomposition of root residues 

(Phalempin et al., 2022). Since the detritusphere is a main arena of microbial activity and carbon (C) 

processing (Kuzyakov and Blagodatskaya, 2015), characteristics of pore structure within detritusphere 

likely play a special role for the whole soil volume. 

Properties of the detritusphere pore structure depend on a number of factors, including but not 

limited to: (i) inherent characteristics of soil particles that influence pore formation, such as soil texture and 

mineralogy; (ii) inherent pore characteristics, i.e., the pore structure within that specific location prior to 

the root growth within it; (iii) composition of the soil microbial community; (iv) morphological, chemical, 

and physical characteristics of the roots that generate the detritus. 

The structural stability of the detritusphere pores is affected by sand content and abundance of 

quartz, both known to decrease stability of soil aggregation (Almajmaie et al., 2017; Rivera and Bonilla, 

2020), likely due to the large size and low surface area of sand grains as well as the absence of negative 

charges (Bazzoffi et al., 1995; Six et al., 2000). Moreover, soils dominated by quartz tend to be more easily 

dispersed than kaolinitic clays due to their lower binding capacity (Buhmann et al., 1996; Neaman et al., 

1999), thus such soils are prone to be easily disaggregated under disruptive forces such as rainfall 

(Wakindiki and Ben-Hur, 2002). 
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Inherent soil characteristics affect root growth patterns and thus formation of root-derived pores. 

Root systems have been shown to grow more extensively in loose than in compact soil (Croser et al., 1999; 

Bengough et al., 2006), as well as in an undisturbed soil than in that homogenized by sieving and packing 

(Phalempin et al., 2021b). The roots preferably utilize existing pore spaces, and indeed, the rhizosphere can 

be more porous than the bulk soil when roots are able to grow into a highly connected pore system (Lucas 

et al., 2019a). The established soil biopores that have been frequently and continuously used by roots are 

more likely to be stable due to root exudate and mucilage inputs (Traoré et al., 2000), likely maintaining 

their structure upon the root senescence and residue decomposition. 

Vegetation type directly affects pore structure via differences in root types and characteristics. For 

example, the presence of coarse root systems increased the volume of > 70 μm diameter (Ø) pores by 30%, 

whereas plant species with dense fine root systems generated larger volume of < 30 μm Ø pores (Bodner et 

al., 2014). Total volumes of soil biopores, i.e., the pores formed by the activity of living organisms such as 

roots, in Ø < 0.2 mm and 0.2–0.5 mm size classes significantly differed among the plant species with 

different root system characteristics (Lucas et al., 2022). The differences in pore structure generated by 

plants with contrasting root systems are expected to be more pronounced in the direct vicinity of roots 

(Helliwell et al., 2019), thus, carried later into the properties of the detritusphere. After a plant dies, the root 

residues located in the biopores are decomposed, and the difference in the magnitude of decomposition is 

likely to be affected by the detritusphere’s pore structure. Variations in residue decomposition can result in 

variations in the size of the gap between the residues and soil particles, potentially leading to further 

alterations of the pore structure. 

While the structure of pores within the rhizosphere under different soil texture and contrasting 

vegetation has been actively explored (Helliwell et al., 2017; Helliwell et al., 2019; Phalempin et al., 2022, 

2021b), very little information is available on pore structure of detritusphere. For example, Helliwell et al. 

(2017) observed micro-scale structural changes in pores surrounding growing root systems in uniformly 

packed soils and found increases in porosity at the interface between roots and soil as roots grow into loamy 

sand and clay loam soils. However, it is still unclear what happens to the pores surrounding roots once the 
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roots die and decomposition begins. As the detritusphere is one of the most important microbial hotspots 

(Kuzyakov and Blagodatskaya, 2015), the lack of such information in the pore structure limits progress in 

understanding mechanisms of soil C cycling and sequestration. 

The objective of this chapter is to characterize the pore structure in the root detritusphere of soils 

of two contrasting vegetation systems: monoculture switchgrass (Panicum virgatum L.), where root detritus 

originated from switchgrass roots, and polyculture restored prairie, where root residues originated from a 

variety of herbaceous plant species. The two systems have been in place for over six years, generating 

differences in soil C contents (Sanford, 2014; Sprunger and Robertson, 2018), pore structures (Juyal et al., 

2021), and microbial characteristics (Jesus et al., 2016; Li et al., 2022). We compared pore connectivity 

and size distribution within the detritusphere of the two systems at five experimental sites representing three 

soil types with contrasting texture and mineralogy. 

2.2  Materials and Methods 

2.2.1  Experimental design and soil sample collections 

Two of the experimental sites used for this study were located in Wisconsin (Oregon and Hancock) 

and three in Michigan (Lux Arbor, Lake City, and Escanaba), and those sites are parts of the Marginal Land 

Experiment in Great Lake Bioenergy Research Center. The soils of Oregon, Lux Arbor, and Escanaba sites 

are Alfisols, and of Hancock and Lake City sites are Entisols and Spodosols, respectively. At each site a 

randomized complete block design experiment with 3 (Hancock) or 4 (the rest of the sites) replications has 

been established in 2013. Details on the research sites and soil descriptions have been reported by 

Kasmerchak and Schaetzl (2018) and Lee et al. (2023), and soil properties are described in chapter 1. 

The two studied vegetation systems were: (1) non-fertilized monoculture switchgrass; and (2) 

restored prairie, which consisted of 18 plant species of grasses (including switchgrass), forbs, and legumes, 

which are listed in https://lter.kbs.msu.edu/wp-content/uploads/2012/05/GLBRC-Species.pdf. Soil 

sampling was conducted in 2020 (Oregon site) and 2019 (the other 4 sites). Two types of soil samples were 

collected from each of four replicated plots in each site. First, three intact soil cores (5 cm height and 5 cm 

Ø) were collected from 5 to 10 cm depth for X-ray computed micro-tomography (µCT) scanning. Then, 
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the loose soil surrounding the cores was also collected for measurements of soil texture and mineralogy. 

All samples were stored at 4 °C until scanning and measurements. 

2.2.2  Measurements of soil porosity, texture, and mineralogy 

Soil porosity was calculated from bulk and particle densities of the collected samples (i.e., density-

based total porosity), and texture was determined using the hydrometer method (Gee and Or, 2002) in all 

replicated plots of all sites. Soil mineralogy composition was measured using X-ray powder diffraction 

(XRD) carried out at the Illinois State Geological Survey (Champaign, Illinois, USA). Because of the high 

costs of XRD analyses only three replicated samples from each system in each site were subjected to these 

measurements. Prior to XRD analyses, the samples were cleaned, dried in a vacuum oven, and ground to < 

44 µm. Then, one subset of the prepared sample was powdered by the McCrone mill (MBP) (McCrone 

Accessories & Components, Westmont, IL, USA) for quantification of non-clay minerals (quartz, clay, K-

feldspar, P-feldspar, calcite, dolomite, siderite, and pyrite/marcasite), and the other was fractionized into < 

2 µm powder for clay minerals (smectite, mica, kaolinite, and chlorite). The two types of powders were 

then spread on a glass slide and analyzed using a Siemens/Bruker D5000 X-ray Powder Diffraction 

instrument (Billerica, MA, USA). JADE™ software (Newtown Square, PA, USA) was used to identify 

percentages of constituents in each powdered sample from XRD patterns. 

2.2.3  Soil core scanning and image analysis 

Pore structure assessments were performed via X-ray µCT. Soil cores were drained at -28 kPa using 

a 5-bar pressure plate extractor (Soilmoisture Equipment Corp., Goleta, CA) prior to μCT scanning to 

remove water from pores Ø >10 μm and to increase the contrast between the solids and air on X-ray μCT 

images. Then, the cores were scanned using X-ray μCT machine (North Star Imaging, X3000, Rogers, MV, 

USA) at the Department of Horticulture facility, Michigan State University. The energy settings were 75 

kV and 450 μA. The scanning resolution of 18 μm was achieved using the Subpix-mode of the scanner, 

combining four individual scans shifted half pixel in vertical and horizontal directions. Scanned images of 

3014 projections were reconstructed by efX software (North Star, Rogers, MN, USA). 
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A schematic summary of the steps involved in the image processing for this study is outlined in 

Figure 2.1. The image pre-processing was conducted using ImageJ-Fiji software (Schindelin et al., 2012) 

to remove artifacts and noise. First, to exclude sampling artifacts near the soil core walls, images were 

centered and cropped into prisms (1500 × 1500 × 2240 pixels corresponded to 2.7 cm length, 2.7 cm width, 

and 4.1 cm height). Then, ‘Remove Background’ tool in Xlib/Beat plugin was used to remove shadowing 

effects from the images, followed by the removal of ring artifacts on the image’s polar domain using a 

stripe filter of the Xlib/Beat plugin. After that, a 3D non-local mean filter (σ = 0.1) implemented in scikit-

image (Walt et al., 2014) was used to reduce the noise (Darbon et al., 2008; Buades et al., 2011). The pre-

processing steps dropped the resolution of images from 18 to 36 μm. 

 
Figure 2.1. Schematic representation of the steps of the image analysis procedure. Intact soil cores were 
scanned, and images were pre-processed to remove artifacts and noises. Then, POM and pores were 
segmented using Ilastik software and SimpleITK in Python, respectively. After that, biopores were 
segmented from the pores using Tubeness of ImageJ in multiple scales; POM fractions located within the 
biopores were measured; and pore size distributions were obtained. Nine masks corresponding to nine 
distance intervals (<0.25, 0.25-0.5, 0.5-1.0, 1.0-1.5, …, 3.0-3.5, and 3.5-4.0 mm) away from the segmented 
POM were created using 3D distance transform in ImageJ. Pore connectivity was calculated separately 
within <0.25 interval and entire image stacks using Connectivity tool in ImageJ.  

Root residues, which we will refer to as particulate organic matter (POM), were segmented from 

the filtered images with Ilastik software, a machine learning-based tool (Berg et al., 2019). A random forest 

classifier was used on a multi-dimensional feature space of the filtered gray scale images. The classifier 
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was trained using two cores from each combination of different vegetation and sites (20 of 114 cores) and 

then applied on entire cores. The training dataset produced out-of-bag error rate estimates less than 1.8% 

overall, and all segmented POM images were visually inspected to ensure the accuracy and integrity of the 

segmentation process. The outcome of POM segmentation was denoised by removing objects smaller than 

four voxels in diameter from the images. 

Segmentation of the filtered grayscale images into pore and solid binary images was performed to 

identify the pores visible at the image resolution, referred further on as image-based pores. For each sample 

the segmentation threshold was estimated as an ensemble of six segmentation methods (i.e., Otsu, Triangle, 

Huang, IsoData, Li, and Moments). The global thresholds for the stack of images in each individual core, 

estimated using the six segmentation methods, were averaged and applied to that stack to separate the solid 

and air-filled voxels in the images using SimpleITK in Python (Beare et al., 2018; Lucas et al., 2022). 

Obtained images were used to compute pore size distributions using ‘Local Thickness’ tool, an approach 

based on the maximum inscribed sphere method (Hildebrand and Rüegsegger, 1997; Vogel et al., 2010). 

Biopores were identified as described by Lucas et al. (2022). Specifically, to employ tubular-shaped 

features of biopores in differentiating them from other irregularly shaped pores, we used the Tubeness 

plugin in ImageJ-Fiji for shape detection. As rising σ-values significantly increased the computational time, 

binary images were scaled down to 50% and 20% for Tubeness filtering with σ-values ranging from 1-4 

and 2-30, for each scale respectively, with a step size of 1. Gaussian blurring was applied to the entire 

binary image with varying σ-values in order to efficiently identify biopores of various diameters. The 

resulting tubular channels were slightly smaller than the root channel itself due to the exclusion of rough 

surface on biopore walls. Thus, to better capture the actual width of biopores, 3D dilation steps were 

employed as a postprocessing measure. After combining all elongated objects, misclassified objects were 

removed (Phalempin et al., 2021a). Proportions of biopores in the entire pore system were calculated. After 

that, proportions of biopores occupied by POM were computed by first calculating the volume of POM 

located in biopores and then dividing this volume by the entire volume of biopores. 
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Nine masks corresponding to interval regions nine distances away from the segmented POM (0-

0.25, 0.25-0.5, 0.5-1.0, 1.0-1.5, 1.5-2.0, 2.0-2.5, 2.5-3.0, 3.0-3.5, and 3.5-4.0 mm) were created using 3D 

distance transform in ImageJ-Fiji. Then, masks of interval regions were applied to the pore-solid segmented 

image and to the pore size distribution image of the entire sample to calculate the porosities and the size 

distributions individually for each interval region. Contributions of pores of different size classes to image-

based porosity of the distance interval regions were expressed as pore fractions (%). We considered three 

pore size classes, namely 36-150 μm, 150-300 μm, and > 300 μm Ø. The 36 μm Ø corresponded to the 

smallest pore size that could be reliably detected on the studied images. Pores < 150 μm Ø are known to 

have especially high microbial activity and strongly contribute to the C processing (Strong et al., 2004; 

Kravchenko and Guber, 2017; Kravchenko et al., 2019), and pores < 300 μm Ø function as the secondary 

pathways for water and nutrient supplies to resident microorganisms (Franklin et al., 2021). 

A Connectivity tool of BoneJ plugin in the ImageJ-Fiji was used for the pore connectivity 

calculations: first, Euler numbers (χ) were computed, and the numbers were divided by the total volume of 

corresponding regions (V ) (Odgaard and Gundersen, 1993; Vogel and Roth, 2001): 

χ! 	= 	
𝑁 − 𝐶 + 𝐻

𝑉
	(1) 

where N is the number of isolated objects, C is the number of redundant connections or loops, 

and H is the number of completely enclosed cavities, which are typically negligible in soil pore systems 

(Vogel, 2002; Lucas et al., 2021). The minimum size of the object was 2 × 2 × 2 voxel. Higher, e.g., positive, 

χV values calculated via Eq. (1) correspond to lower connectivity, while lower, e.g., negative, to the higher 

connectivity. To simplify the presentation of the connectivity data we report the results as negative values 

of χV, that is, the high values of -χV correspond to high connectivity while the low values to low connectivity. 

Since pore connectivity can be affected by the volume of the soil in which it is calculated, we did 

not assess it at the same distance intervals as those that were used for the image-based porosity and pore 

size distributions described above. Instead, we only calculated it in immediate vicinity of the residue, i.e., 
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the region of 0-0.25 mm away from the POM, and for the entire soil volume. The resultant two estimates 

of the connectivity were used for comparisons among the five experimental sites and plant systems. 

2.2.4  Statistical analysis 

The data were analyzed using SAS 9.4 (SAS Institute Inc., NC, USA) procedures of PROC MIXED 

and PROC GLIMMIX. Since we did not expect that 6-7 years of disparate vegetation influenced soil texture 

and mineralogy, the statistical models for texture and mineralogy characteristics included only the fixed 

effects of the experimental sites. For the other soil properties, the statistical models included the fixed 

effects of sites, plant systems, and their interactions. Statistical models for analyses of image-based porosity 

data at different distances from POM additionally included the same fixed effects as the soil properties and 

individually tested by distance intervals, as the interactions among the sites, plant systems, and distances 

were significant. All models included the random effects of experimental blocks nested within the sites and, 

when necessary, the random effects of cores nested within the blocks, plant systems, and sites. The latter 

were used as an error term for testing the plant system effects. The assumptions of normality and variance 

homogeneity were assessed using normal probability plots, plots of residuals vs. predicted values, and 

Levene’s tests for equal variances. 

Additionally, we grouped the sites into two soil texture classes for comparing pore size distributions 

and connectivity between finer-textured soils and coarser-textured soils. The first group included Oregon, 

Lux Arbor, and Escanaba sites, the three soils with < 66 % sand content, and the second group consisted of 

Hancock and Lake City sites with > 82 % sand content (Table 2.1). Models for analysis of pore size 

distribution data within each distance interval and of connectivity data within 0-0.25 mm distance and entire 

image stack included the fixed effects of plant systems, soil groups, and their interaction, and random effects 

of experimental sites nested within soil groups, blocks nested within the sites, and cores nested within the 

blocks, plant systems, sites, and groups. 
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Table 2.1. Proportion (%) of the components in soil texture, McCrone mill powder (MBP) mineralogy, 
and clay mineralogy in the five studied experimental sites.  

 
Components 

 Oregon, 
WI 

Alfisol 

Lux Arbor, 
MI 

Alfisol 

Escanaba, 
MI 

Alfisol 

Hancock, 
WI 

Entisol 

Lake City, 
MI 

Spodosol 

Soil 
texture 

Sand  10D 52C 66B 82A 87A 
Silt  73A 39B 31B 13C 9C 
Clay  17A 9B 3C 5C 4C 

MBP 
mineralogy 

Quartz  77.6B 81.4B 79.1B 92.1A 88.7A 
Clay  2.0A 1.7A 1.2AB 0.7B 1.0AB 

K-feldspar  6.9B 6.3B 11.7A 3.2C 5.0BC 
P-feldspar  10.3A 7.5A 4.2B 2.7C 3.5BC 

Calcite    0.3AB 0.4AB 0.6A 0.2B 0.3AB 
Dolomite    0.8AB 0.9A 0.9A 0.3C 0.5B 
Siderite  1.6A 1.2A 1.3A 0.5B 0.6B 

Pyrite/Marcasite    0.5AB 0.6AB 1.0A 0.3B 0.4B 

Clay 
mineralogy 

Smectite  16.0A 10.1A 15.0A 19.7A 16.6A 
Mica  67.1A 62.3A 63.1A 54.9A 67.2A 

Kaolinite  8.1A 10.3A 11.2A 12.5A 6.9A 
Chlorite  8.8B 17.3A 10.6AB 12.9AB 9.3B 

Note: different letters within the same row indicate significant differences (p < 0.05) among the studied 
sites (Oregon, Lux Arbor, Escanaba, and Lake City sites: n = 4 and Hancock site: n = 3). 

Linear relationships among soil texture variables, mineralogical and clay mineralogy variables, 

proportions of biopores and POM in biopores, and the distance-based porosities and connectivity were 

assessed using Pearson’s correlation coefficients. 

2.3  Results 

2.3.1  Soil texture and mineralogy in the studied sites 

Sand content varied greatly among the studied sites, with Oregon having the lowest content at 10% 

and Lake City having the highest at 87% (Table 2.1). The silt content was the highest in Oregon at 73% 

and the lowest in Lake City at 9%, and the site with the highest clay content was also Oregon at 17%. In all 

five sites, quartz was the dominant mineral (78-92%) with 6-16% of K-feldspars and P-feldspars, and < 2% 

contents of other minerals. Hancock and Lake City had higher contents of quartz and lower contents of K-

feldspars and P-feldspars compared to Oregon, Lux Arbor, and Escanaba sites. Mica dominated the clay 

fraction of all studied soils (55-67%), while smectite, kaolinite, and chlorite were present at < 20%, and did 

not differ among the sites. 
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Quartz was positively correlated with sand content, while silt and clay contents were positively 

correlated with feldspars, dolomites, and siderites across all studied sites (Table 2.2). Interestingly, contents 

of smectite and kaolinite were positively correlated with sand contents, while mica was negatively 

correlated with sand but positively with silt and clay (Table 2.2). 
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Table 2.2. Correlation coefficient between soil texture and components in McCrone mill powder (MBP) and clay mineralogy across all experimental 
sites and both systems. 

 MBP mineralogy 
Soil texture Quartz Clay K-feldspar P-feldspar Calcite Dolomite Siderite Pyrite/Marcasite 

Sand  0.86*** -0.94***  -0.44*** -0.98*** -0.11 -0.80*** -0.91***  -0.22* 
Silt -0.88***  0.95***   0.49***  0.98***  0.05  0.82***  0.93***   0.26* 
Clay -0.71***  0.88*** 0.21**  0.93*** -0.14  0.64***  0.80*** 0.02 

 Clay mineralogy 
Soil texture Smectite Mica Kaolinite Chlorite 

Sand   0.48*** -0.61*** 0.39** -0.08 
Silt  -0.51***  0.63*** -0.37**  0.09 
Clay -0.34**  0.48***  -0.43*** -0.00 

Note: Bolded values indicate statistical significances at p < 0.05, and the marked *, **, and *** denote coefficient levels at the p < 0.05, < 0.01, and 
< 0.001 level, respectively. 
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2.3.2  Bioporosity and POM located within biopores 

The soils of Oregon had the lowest total and image-based porosity, measuring at around 21% and 

10% in both plant systems, respectively (Figure 2.2A). In soils of Lux Arbor and Escanaba, both types of 

porosities were higher than those of Oregon. The soils of Hancock and Lake City had the greatest total and 

image-based porosity, while lower bioporosity than the other three sites (Figure 2.2A). There were no 

significant differences observed in total porosities, image-based porosities, and bioporosities between the 

two plant systems, with the exception of the bioporosity of Lux Arbor site (Figure 2.2A). Proportions of 

the image-based porosity occupied by biopores were also the greatest in soils of Oregon and Lux Arbor 

compared to those of Hancock and Lake City soils under both plant systems (Figure 2.2C). The significant 

difference in the proportions occupied by biopores between the two plant systems was found only in Lux 

Arbor site, where biopores constituted 19% and 24% of the image-based porosities of prairie and 

switchgrass systems, respectively (Figure 2.2C). The proportion of pore space occupied by biopores was 

negatively correlated with sand content and quartz, while positively correlated to silt, clay and P-feldspar 

(Table 2.3). 
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Figure 2.2. Pore and particulate organic matter (POM) characteristics in the soils of the five studied sites 
under switchgrass and prairie systems: (A) Total and image-based porosity (> 36 μm Ø) and bioporosity, 
expressed as % of the total soil volume, (B) POM, expressed as fraction of the total soil volume, (C) 
proportion of image-based porosity occupied by biopores, and (D) proportion of biopores occupied by 
POM. Error bars represent standard deviations, and ANOVA F-test results are shown in the top corner of 
each figure. Different uppercase and lowercase letters indicate significant differences (p < 0.05) among the 
experimental sites within prairie and switchgrass systems, respectively. * and ** denote significant 
differences between the two systems within each studied site at the α < 0.05 and < 0.01 level, respectively. 

 

 

 

 

 

 

 

 

 

 



58 
 

Table 2.3. Correlation coefficients between soil texture, selected components of McCrone mill powder 
(MBP) and clay mineralogy and proportion (Prop.) of image-based porosity occupied by biopores and 
proportion of biopores occupied by POM, across all experimental sites. 

  Prop. of porosity 
occupied by biopores 

Prop. of biopores 
occupied by POM 

Soil texture Sand      -0.71***    0.46* 
 Silt       0.68***   -0.46* 
 Clay       0.74***   -0.38* 

MBP  Quartz    -0.52**     0.57** 
mineralogy K-feldspar 0.08  -0.47* 

 P-feldspar       0.69***  -0.41* 
Clay  Smectite -0.33  0.30 

mineralogy Mica  0.15 -0.08 
 Kaolinite  0.10 -0.17 
 Chlorite  0.12 -0.16 

Note: Bolded values indicate statistical significances at p < 0.05, and the marked *, **, and *** denote 
coefficient levels at the p < 0.05, < 0.01, and < 0.001 level, respectively. 

Neither the two plant systems nor the five studied sites showed significant differences in POM 

fractions (Figure 2.2B). However, proportions of biopores occupied by POM varied among the studied soils 

(Figure 2.2D). In the soils of Hancock and Lake City, POM occupied >30% of the bioporosity, while in 

Oregon and Lux Arbor it was <20% (Figure 2.2D). The bioporosity occupied by POM was positively 

correlated with sand and quartz contents and negatively correlated with silt, clay, K- and P-feldspar contents 

(Table 2.3). 

2.3.3  Pore structure changes with the distance from POM 

Image-based porosity decreased with the distance from the POM surface in all soil cores (Figure 

2.3). In both systems, at < 0.25 mm distance from POM the image-based porosity tended to be higher in 

finer-textured soils of Oregon, Lux Arbor, and Escanaba than in the coarser-textured soils of Hancock and 

Lake City (Figure 2.3). These pores are shown as examples in Figure 2.4. However, the differences in the 

porosity among the sites at < 0.25 mm distance faded at 0.25-0.5 mm interval, and upon distance reaching 

the 0.5-1.0 mm the image-based porosity of Hancock and Lake City exceeded that of the Oregon, Lux 

Arbor, and Escanaba. The image-based porosities at < 0.25 mm distance were negatively correlated with 
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sand content and quartz, while total image-based porosities were positively correlated with them (Table 

2.5). The total porosities were negatively correlated with silt, clay, and P-feldspar. 

Figure 2.3. Image-based porosity (> 36 μm Ø) by distance intervals (<0.25, 0.25-0.5, 0.5-1.0, 1.0-1.5, …, 
3.0-3.5, and 3.5-4.0 mm) from POM under (A) prairie and (B) switchgrass systems. Error bars represent 
standard deviation. The dashed lines of each figure indicate image-based porosities of entire soil volumes. 
*, **, and ** denote significant differences among 5 studied sites of each interval at the α < 0.05, <0.01, 
and < 0.001 level, respectively. Statistical differences between two plant systems and comparisons among 
the studied sites within each interval and region are shown on Table 2.4. 
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Figure 2.4. Examples of 3D images showing pores at < 0.25 mm distances from the segmented POM of 
switchgrass and prairie systems in finer- (Oregon, Lux Arbor, and Escanaba sites) and coarser-textured 
(Hancock and Lake City) soils. Solid green and semi-transparent brown colored area indicate POM and 
pores, respectively.  



61 
 

Table 2.4. Image-based porosity (> 36 μm Ø) by distance intervals (<0.25, 0.25-0.5, 0.5-1.0, 1.0-1.5, …, 3.0-3.5, and 3.5-4.0 mm) from POM under 
switchgrass and prairie systems in five studied sites.  

Intervals Plant   Image-based porosity (%) ANOVA results (p value) 

(mm) system  Oregon Lux 
Arbor Escanaba Hancock Lake City  Site Plant Site*Plant 

<0.25 Prairie   72.72AB 76.01A  74.48AB 64.14C  68.89BC  0.003 0.247 0.426 Switchgrass  78.52A  72.72AB 75.14AB 66.99B 69.41B  

0.25-0.5 Prairie  30.47D 39.14C 45.53BC 46.06B 53.12A  <0.001 0.521 0.547 Switchgrass  28.36B 32.94B 44.77A 46.66A 56.60A  

0.5-1.0 Prairie  13.07C 18.58BC 22.58B 33.70A 39.66A  <0.001 0.189 0.285 Switchgrass  10.30D 13.95CD 21.82C 31.71B 43.15A  

1.0-1.5 Prairie  7.34C 12.08BC 16.63B 29.93A 33.33A  <0.001 0.032 0.575 Switchgrass  5.90D 7.81CD 15.05BC 23.01B 33.00A  

1.5-2.0 Prairie  5.36D 10.94CD 12.16C 23.16B 29.66A  <0.001 0.201 0.845 Switchgrass  4.40C 7.50C 7.39C 21.67B 30.37A  

2.0-2.5 Prairie  4.18C 8.38C 10.29C 29.08A 21.95B  <0.001 0.048 0.067 Switchgrass  3.78C 5.80C 10.57BC 16.16AB 21.61A  

2.5-3.0 Prairie  2.61B 3.84B 6.16B 26.27A 27.86A  <0.001 0.192 0.301 Switchgrass  3.65C 2.48C 10.20BC 21.10A 17.15AB  

3.0-3.5 Prairie  4.20B 5.56B 8.51B 27.15A 27.62A  <0.001 0.003 0.518 Switchgrass  3.43B 4.87B 7.38AB 15.16A 15.38A  

3.5-4.0 Prairie  5.16B 2.79B 2.95B 19.25A 26.18A  <0.001 0.102 0.194 Switchgrass  2.82B 4.38B 5.28B 15.13A 16.49A  
Note: different letters within the same row indicate the differences (p < 0.05) among the studied sites (Oregon, Lux Arbor, Escanaba, and Lake City 
sites: n = 4 and Hancock site: n = 3). Differences between the two systems that were different from zero (p < 0.05) and significant effects in ANOVA 
table are shown in bold. Since distance interval 2.5-3.0 mm away from POM surface was the only distance where Site*Plant interaction was 
statistically significant, differences between two plant systems at each site were additionally shown. 



62 
 

Table 2.5. Three classes of pore fractions at each distance interval (<0.25, 0.25-0.5, 0.5-1.0, 1.0-1.5, …, 3.0-3.5, and 3.5-4.0 mm) from POM 
under switchgrass and prairie systems in finer- and coarser-textured soils.  

Intervals Pore sizes  Finer-textured Coarser-textured ANOVA results (p value) 
(mm) (μm Ø)  Prairie Switchgrass Prairie Switchgrass  Texture Plant Texture *Plant 

<0.25 
36-150  5.1a 3.9a 13.8a 8.0b  0.007 <0.001 0.020 
150-300  22.0BC 17.3C 36.5A 27.6B  0.005 0.012 0.429 

> 300  72.9A 78.8A 49.7B 64.3A  0.003 0.005 0.222 

0.25-0.5 
36-150  21.0C 17.7C 54.1A 43.1B  0.003 0.005 0.125 
150-300  30.4B 28.2B 36.5A 40.2A  0.007 0.679 0.109 

> 300  48.6A 54.1A 9.4C 16.6B  <0.001 0.049 0.822 

0.5-1.0 
36-150  33.9C 33.5C 68.4A 57.5B  0.003 0.037 0.077 
150-300  31.0A 31.9A 28.2A 35.0A  0.996 0.057 0.109 

> 300  35.1A 34.6A 3.4B 7.5B  0.003 0.643 0.565 

1.0-1.5 
36-150  41.8a 44.1a 73.7a 63.7b  0.004 0.227 0.048 
150-300  31.5A 33.3A 24.2B 31.5A  0.128 0.009 0.119 

> 300  26.7A 22.6A 2.1B 4.8B  0.004 0.852 0.328 

1.5-2.0 
36-150  48.9C 50.3C 76.1A 66.7B  0.004 0.276 0.059 
150-300  33.2A 33.4A 22.3B 29.4A  0.032 0.013 0.096 

> 300  17.9A 16.3A 1.4B 3.9B  0.014 0.727 0.603 

2.0-2.5 
36-150  49.8a 52.1a 78.0a 68.1b  0.003 0.220 0.046 
150-300  32.3A 32.9A 20.9B 28.3A  0.013 0.025 0.070 

> 300  17.9A 15.0A 1.1B 3.5B  0.005 0.925 0.374 

2.5-3.0 
36-150  52.3C 53.4C 78.5A 68.8B  0.003 0.161 0.081 
150-300  32.5A 33.4A 20.5B 28.1A  0.011 0.028 0.095 

> 300  15.2A 13.2A 1.0B 3.1B  0.008 0.974 0.495 

3.0-3.5 
36-150  53.2B 57.1B 78.2A 70.3A  0.006 0.617 0.093 
150-300  32.9A 31.6A 20.8B 26.5AB  0.035 0.373 0.149 

> 300  13.9A 11.3A 1.0B 3.2B  0.021 0.948 0.433 

3.5-4.0 
36-150  57.8B 57.5B 79.9A 67.0AB  0.028 0.145 0.163 
150-300  29.8A 32.4A 19.3A 28.6A  0.115 0.064 0.311 

> 300  12.4A 10.1A 0.8A 4.4A  0.073 0.852 0.452 
Note: different letters within the same row indicate the differences (p < 0.05) among two plant systems in two soil groups (Finer-textured soils: n = 
12 and coarser-textured soils: n = 7). Significant effects in ANOVA table are shown in bold. Since distance intervals of < 0.25, 1.0-1.5, and 2.0-2.5 
mm away from POM surface for 36-150 μm Ø pores were the only three distances where Texture*Plant interaction was statistically significant, 
different lowercase letters indicate that the differences (p < 0.05) between two plant systems within each textured soil groups.
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The vegetation also affected the imaged-based porosity. From 0.1-1.5 mm distance interval in 

Hancock and 2.5-3.0 mm in Lake City, the image-based porosity was greater in the prairie than that in 

switchgrass system, while the porosity in switchgrass was numerically greater at <0.25 distance (Figure 2.3 

and Table 2.4). 

The contribution of the three pore-size classes into the visible porosity changed with the distance 

from POM. In the region at < 0.25 mm away from the POM, pore group within 36-150 μm Ø size range 

accounted for 4% of the total porosity in finer-textured soils and 11% in coarser-textured soils (Figure 2.5). 

Meanwhile, relatively larger pores (> 300 μm Ø) contributed to 75% and 58% of the porosity in finer- and 

coarser-textured soil of the same distance region, respectively. The contributions of 36-150 μm pores in 

both textured groups of soils increased with the distance from POM, while that of the larger pores decreased. 

Notably, the increases in the fractions of smaller pores were more drastic in coarser-textured soils compared 

to that in finer-textured soils (Figure 2.5). Pores in the coarser soils were mostly represented by finer size 

pores (36-300 μm Ø) beyond 1.0 mm distance from POM, whereas the finer soils still had 35% and 11 % 

of the larger pores at 1.0 mm and at 4.0 mm distances from POM, respectively. In coarser-textured soils, 

prairie system had a greater fraction of smaller size pores within interval regions from 0 to 3.0 mm than the 

switchgrass system (Figure 2.5C and 2.5D), while the fractions of such pores did not differ between two 

systems in finer-textured soils (Figure 2.5A and 2.5B). 

 

 
 
 
 
 
 
 
 
 



64 
 

Figure 2.5. Proportion of pore fractions by distance intervals (<0.25, 0.25-0.5, 0.5-1.0, 1.0-1.5, …, 3.0-3.5, 
and 3.5-4.0 mm) from POM under (A and C) prairie and (B and D) switchgrass systems in finer- (A and 
B) and coarser-textured (C and D) soils. Error bars represent standard deviations, and statistical differences 
between two textured soil groups and two plant systems within each interval and region were shown on 
Table 2.5.   
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In both plant systems, in the immediate vicinity of POM (<0.25 mm away from POM), pore 

connectivity was greater in finer-textured than in coarser-textured soils. However, when examined across 

the entire soil volumes, the connectivity was lower in finer-textured than in coarser-textured soils (Figure 

2.6). The connectivity in the vicinity of POM was negatively correlated with sand, quartz, and smectite 

contents, while it was positively correlated with silt, clay, and P-feldspar contents (Table 2.6). However, 

the total connectivity showed the opposite trend, being positively correlated with sand, quartz, and smectite 

contents. 

 
Figure 2.6. Pore connectivity at the region <0.25 mm away from POM and entire image stack. High pore 
connectivity values indicate pores were more connected, as Euler numbers (χ) were inverted. ANOVA F-
test results are shown in the bottom of each figure. * and *** denote significant differences between finer- 
and coarser-textured soils of each region at the α < 0.05 and < 0.001 level, respectively (Finer-textured 
soils: n = 12 and coarser-textured soils: n = 7). 
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Table 2.6. Correlation coefficients between soil texture, selected McCrone mill powder (MBP) components, 
and clay mineralogy with image-based porosity and pore connectivity of < 0.25 mm distance and entire 
images across five experimental sites. 

  Image-based porosity (%)  Pore connectivity (-χv) 
  <0.25mm Entire  <0.25mm Entire 

Soil  Sand   -0.43**      0.86***   -0.71***    0.67*** 
texture Silt    0.47**     -0.86***    0.67***   -0.66*** 

 Clay  0.18     -0.68***    0.72***   -0.57*** 

MBP Quartz  -0.47*      0.76***   -0.46*    0.67** 
mineralogy K-feldspar  0.16 -0.32  -0.06 -0.27 

 P-feldspar   0.53*     -0.82***       0.78***     -0.72*** 

Clay Smectite -0.34  0.41   -0.45*   0.56* 
mineralogy Mica  0.12 -0.21  -0.41 -0.35 

 Kaolinite  0.11 -0.09  -0.15 -0.05 
 Chlorite  0.18 -0.14   0.02 -0.18 

Note: Bolded values indicate statistical significances at p < 0.05, and the marked *, **, and ** denote 
coefficient levels at the p < 0.05, <0.01, and < 0.001 level, respectively. 

2.4  Discussion 

Results demonstrat that soil pore structure in the root detritusphere and in the whole soil volumes 

were affected by both soil texture and plants. Coarser-textured soils had much higher image-based porosity, 

yet fewer pores of biological origin than finer-textured soils. The biopores of fine-textured soils were 

numerous and constituted a significantly greater portion of the overall pore space, yet did not hold as much 

remaining POM as those in the coarse-textured soils. Pore-size distributions in detritusphere as well as their 

spatial distribution trends with distance from the decomposing roots also markedly differed between the 

finer- and coarser-textured soils. Pores in the immediate vicinity of POM were better connected in finer-

textured soils than in coarser-textured soils in both plant systems. While switchgrass soil had more biopores 

than prairie, its detritusphere pores consisted of relatively large size pores than those of the prairie, 

especially in coarser-textured soils. 

2.4.1  Influences of soil texture on detritusphere pores 

The greatest porosities found at < 0.25 mm away from the POM in soils of both plant systems 

indicated that the vicinity of the POM was mostly air-filled (Figure 2.3). This “POM gap” between soil 
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particles and root residues can be explained by incomplete filling of existing pores by roots during their 

growth and decrease of roots’ volume due to shrinking upon drying and/or their decomposition (De Gryze 

et al., 2006). Consistent with this explanation, roots of Agave deserti were found to shrunk by 34% in 24 

days of natural drought in a greenhouse study (North and Nobel, 1997), and transpiration shrank roots 

of Lupinus albus (Koebernick et al. 2018). Decreases in POM volume due to decomposition were both 

visually observed and quantified using X-ray μCT images of intact soil samples (Kim et al., 2020; Juyal et 

al., 2021). 

Our findings of inherent texture and mineralogy characteristics influencing the contribution of 

biopores to the overall soil porosities (Figure 2.2C and Table 2.1) were consistent with expectations and 

previous reports. In relatively sandy soils the biopores formed by roots were partially or completely refilled 

by sand grains after root decomposition, while in loamy soils the biopores that the roots left behind 

maintained their structure (Phalempin et al., 2022). Sand grains have high volume-to-surface area ratios, 

and quartz on grain surfaces often lacks negative charge (Bazzoffi et al., 1995; Schrader and Zhang, 1997), 

resulting in low stability of particle arrangements (Almajmaie et al., 2017). Thus, the subsidence and 

displacement of the dispersed sand grains near decaying POM residues is likely among the reasons for the 

lower contributions of biopores to overall porosities in coarser-textured soils (Hancock and Lake City sites) 

compared to that in finer-textured soils (Oregon, Lux Arbor, and Escanaba sites) (Figure 2.2C) and for the 

greater proportions of biopore space occupied by POM (Figure 2.2D). The lower pore connectivity near the 

POM in coarser-textured than in finer-textured soils (Figure 2.6) is another outcome of low stability. Finer, 

i.e., lower sand and quartz contents, soil particles are expected to facilitate maintenance of the structure by 

pores around POM, as compared to that of pores in coarser-textured soils. 

The other two contributors to the observed differences in biopore volumes and in POM presence 

within the biopores are the inherent differences between coarser- and finer-textured soils in terms of (i) root 

growth and (ii) root residue decomposition rates. The volume of biopores and their occupation by roots 

might be overall lower in coarser-textured soils due to poorer root growth conditions (Dodd and Lauenroth, 

1997; Sainju et al., 2017). POM in soils with high sand contents might decompose slower than that in the 
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soils with low sand contents due to lower microbial activity at organo-mineral surfaces of sand grains 

(Kaiser et al., 1992; Kögel-Knabner et al., 2008; Haddix et al., 2020). Indeed, a negative correlation between 

sand contents and microbial biomass C was found across our experimental sites in a parallel study (Lee et 

al., 2023). Thus, in coarser-textured soils, the size of POM residues might not be decreasing as quickly as 

in the finer-textured soils, and the region around the POM may not be completely empty yet (Figure 2.3).  

However, if the differences in plant growth and decomposition rates had indeed played a 

significant role in generating the observed differences in the biopore occupation by POM (Figure 2.2D), 

we would expect to also detect the differences in terms of POM occupation between the two plant systems. 

Soils of restored prairie have developed higher SOM (Sanford, 2014; Sprunger and Robertson, 2018), thus 

better plant growth conditions, and much more active and abundant microbial communities (Lange et al., 

2015), e.g., significantly higher microbial biomass C (Lee et al., 2023), than those of the monoculture 

switchgrass. Yet, there were no significant differences between the two systems in terms of POM 

occupation of the biopores (Figure 2.2D) as well as the porosity in the detritusphere at least 1.0 mm away 

from POM (Table 2.4), ruling out the importance of these contributors. Thus, we conclude that the loss of 

structure and collapsing of biopores in coarser-textured soils is the main reason of the observed effects and 

is likely a wide-spread phenomenon. 

The larger proportion of 36-150 μm Ø pores in close proximity (< 0.25 mm distance) to POM in 

coarser-textured soils (Figure 2.5) is consistent with lower soil porosity at the same distance (Figure 2.3). 

Sand grains dominating coarser-textured soils can sporadically fill the POM gaps (Phalempin et al., 2022; 

Schrader and Zhang, 1997), and the filling by the grains may fragment the space of the gaps into finer pores. 

Indeed, porosities within the <0.25 mm distance to POM were negatively correlated with sand contents 

(Table 2.6). However, coarser-textured soils had larger contribution of such pores in intervals of > 0.25 mm 

compared to finer-textured soils, showing positive correlations between sand contents and porosities of the 

entire volume (Table 2.6). Typically, in such regions beyond the root-influenced zone – areas where root-

induced pores are negligible – the porosity tends to increase with higher sand content (Nimmo, 2013; Ding 

et al., 2016; Fan et al., 2021). Indeed, gaps between sand particles are likely to primarily consist of pores 
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that range between 50-200 μm Ø (Bantralexis et al., 2023). Therefore, the contrasting contributions of finer 

pores by distances are an indication of a localized effect (~ 0.25 mm) of roots on the pore structure, beyond 

which the porosity was mostly controlled by the soil texture. 

2.4.2  Influences of vegetation on detritusphere pores 

The overall influence of the studied plant systems, 5-6 years after their establishment, on the 

pore characteristics of detritusphere was much lower than that of the inherent soil characteristics, i.e., 

texture and mineralogy. An important exception was the image-based porosity in remote portions of 

detritusphere (> 1.0 mm): it tended to be greater in the soils of restored prairie than in those of switchgrass 

(Figure 2.3 and Table 2.4). Switchgrass roots often reuse existing biopores (Lucas et al., 2023), and their 

thick roots were likely responsible for soil compaction and low porosity at >1 mm distances (Aravena et 

al., 2011; Liu et al., 2022). On the contrary, finer and heavily branching roots of many plant species of 

restored prairie likely promoted formation of finer pore networks throughout the entire detritusphere, 

stabilizing them via root exudates and rhizodeposits (Hairiah et al., 2020; Smith et al., 2021). We surmise 

that these very fine roots rapidly decomposed after soil sampling and thus could not be detected as POM in 

the current study. 

2.5  Conclusions 

Soil pore structure both in the entire soil volume and in the root detritusphere was significantly 

influenced by soil texture and minerology. Coarse-textured quartz-rich soils had higher porosity but lower 

bioporosity than fine-textured soils, as well as a greater proportions of biopore spaces occupied by POM. 

There were clear differences between fine- and coarse-textured soils in spatial patterns of pore size 

distributions as a function of distance from POM. In the immediate vicinity of POM. Finer-textured soils 

had higher porosity in close proximity of POM, that is greater POM-gap, consisting mainly of large pores 

(>300 μm Ø) as well as better pore connectivity compared to those of the coarser-textured soils. Despite 

known differences in the root characteristics of the studied plant systems, i.e., monoculture switchgrass and 

restored prairie, their impact on detritusphere pore structure was relatively minor. Lack of plant system 

effect suggests that the observed differences in detritusphere pore structure between finer- and coarser-
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textured soils are of primarily physical/mineralogical origin, e.g., due to loss of structure and collapsing of 

biopores in the latter, and the phenomenon present across a wide range (Alfisols, Entisols, and Spodosols) 

of soil types. The study provides an insight into the relationship among soil texture, mineralogy, and 

detritusphere pore structure, which serves as an important arena for microbial activity and soil C processing. 
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CHAPTER 3: Root size distributions of switchgrass cultivars, soil pores, and implications for soil carbon 

processes3 

Abstract 

Switchgrass (Panicum virgatum L.) is a promising feedstock for biofuel production, with diverse 

cultivars representing several ecotypes adapted to different environmental conditions within the contiguous 

USA. Multiple field studies have demonstrated that monoculture switchgrass cultivation leads to slow to 

negligible soil carbon (C) gains, an outcome unexpected for such a deep-rooted perennial. We hypothesize 

that different switchgrass cultivars have disparate impacts on soil C gains, and one of the reasons is 

variations in physical characteristics of their roots, where roots directly and indirectly influence formation 

of soil pores. We tested this hypothesis at Great Lakes Bioenergy Research Center’s research site in 

Michigan using two lowland cultivars (Alamo and Kanlow) and four upland cultivars (Southlow, Cave-in-

Rock, Blackwell, and Trailblazer). Three types of soil samples were collected: 20cm diameter (Ø) intact 

cores used for root analyses; 5cm Ø intact cores subjected to X-ray computed tomography scanning at 

18µm resolution used for pore characterization; and disturbed soil samples used for microbial biomass C 

(MBC) and soil C measurements. Path analysis was used to explore interactive relationships among roots, 

soil pores, and their impact on MBC, and ultimately, on soil C contents across six cultivars. The abundance 

of very fine roots (<200µm Ø) was positively associated with fractions of pores in the same size range, but 

negatively with distances to pores and particulate organic matter. Higher abundance of such roots also led 

to greater MBC, while greater volumes of medium pores (50-200µm Ø) and shorter distances to pores led 

to greater MBC. Results suggest that the greater proportion of very fine roots is a trait that can potentially 

stimulate soil C gains, with pore characteristics serving as links for the relationship between such roots and 

C gains. However, seven years of cultivation led to no significant C gains in any of the studied cultivars. 

 
3 Originally submitted as: Lee, J. H., Ulbrich, T. C., Lucas, M., Robertson, G. P., Guber, A. K., & Kravchenko, A. 
N. (2024). Very Fine Roots Differ Among Switchgrass (Panicum Virgatum L.) Cultivars and Differentially Affect 
Soil Pores and Carbon Processes, Soil Biology and Biochemistry. (Under review) 
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3.1  Introduction  

Switchgrass (Panicum virgatum L.) is a phenotypically diverse species with genetic variation 

among divergent ecotypes and across environmental gradients of eastern North America (Casler et al., 2004, 

2007; Lovell et al., 2021). Lowland ecotype switchgrass originates from the southern U.S., which has a 

warm and mesic climate, while the upland ecotype originates from more northern areas with a drier and 

colder climate (Vogel et al., 2005; Zhang et al., 2011). Switchgrass cultivars of both lowland and upland 

ecotypes have been selected for various bioenergy-related traits including biomass yield, winter mortality, 

and drought tolerance (Haque et al., 2009; Mitchell et al., 2012; Lowry et al., 2019). We surmise that within-

species diversity may also give rise to differences in soil C accrual, though Mosier et al. (2024) failed to 

find cultivar differences in the C accrual.  

 The plant's root system plays a critical role in plant contributions to soil C gains, and indeed, root 

characteristics of switchgrass cultivars differ substantially (de Graaff et al., 2013; Ulbrich et al., 2021; 

Mosier et al., 2024). Their direct contribution is to transfer organic C to the soil through turnover of roots 

and the released rhizodeposits and exudates (Liang et al., 2018; Sokol et al., 2019; Panchal et al., 2022). 

The chemical composition of rhizodeposits and exudates is known to vary among different plant genotypes 

(Huang et al., 2014; Semchenko et al., 2021). In switchgrass, An et al. (2013) found that the concentration 

of exudates differed among 11 cultivars, and Li et al., (2022) found distinct differences in concentrations 

of exudates between lowland and upland ecotypes. Such disparate root-derived C sources can have different 

influences on soil microorganisms (Emmett et al., 2017; Jiang et al., 2017), and several studies have 

documented varied impacts of different switchgrass cultivars on soil microbial biomass, microbial diversity, 

and microbial community composition (Sawyer et al., 2019; Roley et al., 2021; Ulbrich et al., 2021; da 

Costa et al., 2022).  

Fine roots are particularly important for soil C cycling, contributing substantially to soil organic 

matter through their rapid turnover and subsequent decomposition; and their persistent C inputs can 

constitute 30-80% of soil C across various ecosystems (Ruess et al., 2003; Kalyn and Van Rees, 2006). 

Switchgrass roots <0.5 mm diameter (Ø) contributed to approximately 70% of the total root density at the 
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0-20 cm soil depth (An et al., 2022), where C processing actively occurred (Henneron et al., 2022), and 

such fine roots led to lower priming effect and greater soil C accumulation compared to coarser roots (de 

Graaff et al., 2013; Adkins et al., 2016). Since the biomass and length of such fine roots were found to 

differ among various switchgrass cultivars (de Graaff et al., 2013; Liu et al., 2016), we hypothesize that 

such differences can be an important cause leading to their distinct contributions to soil C processing and 

gains.  

Roots also play a role in the formation of soil pore structure, leading to distinct size distributions 

and spatial locations of pores within the soil matrix (Bodner et al., 2014; Bacq-Labreuil et al., 2019; 

Helliwell et al., 2019; Lucas et al., 2022). That occurs both through direct impacts on arrangement of soil 

particles and penetration of soil aggregates, and through water extraction (Angers and Caron, 1998; 

Bengough et al., 2016; Oburger and Schmidt, 2016). The size of the impact varies depending on root 

characteristics (Mahannopkul and Jotisankasa, 2019), because roots determine the water extraction strength 

(Assadollahi and Nowamooz, 2020). 

Pores in tens to hundreds of µm diameter (Ø) size range are especially relevant for microbial 

abundance and activity, and consequently, for the processing and protection of the newly added C (Strong 

et al., 2004; Kravchenko et al., 2019a; Franklin et al., 2021). Plants with a higher density of fine roots tend 

to form pore structures dominated by fine pores compared to plants with coarser roots (Bengough et al., 

2016; Bodner et al., 2021). The proximity between nearest pores governs microbial accessibility to C 

sources located on soil particles and regulates aeration for soil microorganisms (Dungait et al., 2012; 

Schlüter and Vogel, 2016; Rohe et al., 2021), subsequently influencing their abundance and activity 

(Ekschmitt et al., 2008; Schlüter et al., 2019). The complex web of fine roots can reduce the distance 

between soil pores, forming such pores throughout their root area (Gyssels et al., 2005; Reubens et al., 

2007). 

The abundance of soil microorganisms promoted by optimal habitats with accessible supplies of C 

can consequently lead to soil C accumulation upon their life and death. Microbially processed organic 

matter can be more easily stabilized by soil mineral surfaces than that of plant-originated C compounds 
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(Grandy and Neff, 2008; Miltner et al., 2012). Microbial necromass also contributes significantly to C 

accumulation, being transformed and stabilized within the soil (Six et al., 2006; Miltner et al., 2012; 

Kallenbach et al., 2015; Liang et al., 2019). 

Objectives of this chapter are to quantify cultivar-level variations (i) in size distributions of 

switchgrass roots, (ii) in size distributions of soil pores and spatial patterns of pores and particulate organic 

matter (POM), and (iii) to estimate the impact of roots and pores on soil microbial biomass C (MBC), and 

ultimately, on soil C gains. I hypothesize that differences in root sizes among switchgrass cultivars lead to 

differences in sizes and spatial distributions of soil pores and POM fragments and consequently different 

MBC and soil C contents. 

3.2  Materials and Methods 

3.2.1. Experimental site and plant and soil sampling 

The Great Lake Bioenergy Research Center’s Switchgrass Variety Experiment used in this study 

is located at W.K. Kellogg Biological Station (42°23’N, 85°22’W), Michigan, United States. The soil of 

the experimental site belongs to the Kalamazoo series (fine-loamy, mixed, active, mesic Typic Hapludalf). 

For several years prior to the experiment’s establishment, the field was in an alfalfa-soybean-maize rotation. 

In 2009, 12 switchgrass cultivars were established in a randomized complete block design with plots 4.6 m 

× 12.2 m arranged in four replicated blocks. After the establishment year, all plots were annually fertilized 

with 56 kg ha-1 of nitrogen as dry urea (46-0-0 NPK), and annually harvested post-frost following typical 

practices (Sanford et al., 2016). 

Four upland (Southlow, Cave-in-Rock, Blackwell, and Trailblazer) and two lowland (Alamo and 

Kanlow) cultivars were selected for this study. We conducted two soil sampling campaigns. First, three 

intact soil cores (20 cm depth and 2 cm Ø), which we will refer to as tall cores, were collected within 10 

cm from crowns of three randomly selected plants in each block. These tall cores were used for root 

scanning. Prior to root washing and scanning the tall cores were kept at -20 °C.  
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Second, two intact soil cores (5 cm depth and 5 cm Ø), which will be referred to as short cores, and 

surrounding bulk soil were collected within 10 cm from crowns of randomly selected plants of each block. 

The short cores were subjected to X-ray computed micro-tomography (µCT) scanning, and the bulk soil 

was used for measurements of MBC and soil C. Simultaneously, a set of six short cores was collected from 

the reference agricultural field adjacent to the Switchgrass Variety Experiment site. The agricultural field 

was in chisel-plowed corn-soybean-wheat rotational cropping system. We used these samples as 

representative of soil characteristics prior to switchgrass establishment. All short cores were stored at 4 °C 

until µCT scanning. 

3.2.2  Root analyses 

Detailed description of the processing of the tall cores are provided in Ulbrich et al. (2021). Briefly, 

soils of the tall cores were wet sieved (2 mm) with Nanopure (0.2 µM) water to separate roots from soil, 

and all visible roots were procured with tweezers. The cleaned roots were scanned with an Epson perfection 

V600 scanner (Epson America Inc., Long Beach, CA, USA) in a glass scanning bed with 200 ml of 

Nanopure water. Scanning resolution of root images was 75 µm.  

Using RhizoVision software (version 2.0.3), binary images for roots and background were 

obtained. Then, non-root object filtering and hole filling were conducted to remove background noise and 

fill unsegmented holes in root portions of images, respectively. Tools in RhizoVision allowed us to identify 

different size Ø of roots using distance transformation and skeletonization of the root portions 

(Felzenszwalb and Huttenlocher, 2012). Upon the given scanning resolution, the minimum Ø size of 

detectable roots was 75 µm, thereby roots classified as the 75 µm size group is assumed to represent ~75-

113 µm roots, and the 150 µm size group represents ~113-187 µm roots. Root volumes for each skeletal 

2D root of the different Ø groups were calculated by multiplying the length of the root by the cross-sectional 

area (Seethepalli et al., 2021). Subsequently, volumes were used to determine size distributions of root 

volume fractions (mm3) in different Ø groups per total core (root + soil) volume (mm3). Root size groups 

finer than 500 µm Ø were only used in further analyses as such roots, which are generally defined as fine 

roots, are particularly important for soil C cycling (Ruess et al., 2003; Kalyn and Van Rees, 2006; de Graaff 
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et al., 2013), contributing more than 70% of the total root density and 67% of the root biomass at the 

sampling depth of this study (Sprunger et al., 2017; An et al., 2022). 

3.2.3  X-ray μCT scanning and image analyses 

Soil pore characteristics were measured using short cores via X-ray µCT, a tool that allows for 

visualization of soil structure in its intact state (Udawatta et al., 2008; Vogel et al., 2010). Prior to X-ray 

μCT scanning, all short cores were brought to the matric potential of -28 kPa to ensure that >5 μm Ø pores 

were filled with air so easily detectable in the images. Thus, cores were first saturated for 24 hours on a 

water filled sand bath and then kept in a pressure chamber for two days at -28 kPa. The cores were scanned 

using an X-ray µCT instrument (North Star Imaging, X3000, Rogers, MN, USA) at the Horticulture 

Department of Michigan State University. The scanning resolution was 18 µm, achieved using the Subpix-

mode of the scanner, and the projected energy level was 75 kV with 450 µA. Images from 3014 projections 

were reconstructed by the efX software (North Star, Rogers, MN, USA).  

A schematic summary of the steps for image pre-processing and analyses is outlined in Figure 3.1. 

First, image pre-processing steps were conducted to remove artifacts and noise from 3D stacked soil images 

using ImageJ-Fiji software (Schindelin et al., 2012). In order to exclude sampling artifacts near the soil core 

walls, the images were cropped into 2.7 x 2.7 x 4.1 cm (1500 × 1500 × 2240 pixels) centrally located 

parallelograms. Then, we removed ring artifacts on the image polar domain using a stripe filter of the 

Xlib/Beat plugin. Finally, a 3D non-local mean filter (σ = 0.1) was applied to reduce the noise using scikit-

image in Python (Darbon et al., 2008; Buades et al., 2011). 
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Figure 3.1. Schematic representation of the image analysis procedure. Intact soil cores were scanned with 
18 μm resolution, and images were pre-processed to remove artifacts and noises. After that, soil pores and 
POM were segmented using SimpleITK toolkit in Python and U-Net (convolutional neural network) model 
in Dragonfly software, respectively. Then, distances from soil solid material to the nearest pores and to the 
nearest POM fragments and size distributions of the pores were analyzed using 3D distance transform and 
Local thickness in ImageJ, respectively. Image examples from the soil in one of switchgrass cultivars 
showing on the bottom left: size distributions of small pores (dark blue) and large pores (light blue); on the 
bottom center: locations of pores (yellow) and distances to the nearest pores ranging from minimum (dark 
blue) to maximum (light orange); and on the bottom right: locations of POM fragments (green) and 
distances to the nearest POM surfaces ranging from minimum (dark blue) to maximum (light orange).  

The pre-processed grayscale images were segmented into pore and solid binary images for size 

distributions and spatial locations of pores. Mean threshold values for the segmentation were obtained by 

averaging the thresholds between pore and solid phases derived from six segmentation methods (Otsu, 

Triangle, Huang, ISO, Li, and Moments) using SimpleITK in Python (Beare et al., 2018; Lucas et al., 2022). 

The rationale for averaging thresholds is to mitigate biases of the individual methods, thus enhancing 

accuracy in pore threshold calculation (Schlüter et al., 2014). The resolution level and steps of image-

processing applied in this study allow us to reliably identify pores larger than 36 μm Ø. 

POM segmentation was carried out with a U-Net (convolutional neural network) model under the 

deep learning engine pre-built in Dragonfly software (Ronneberger et al., 2015; Abadi et al., 2016; 

Makovetsky et al., 2018). The model was trained using two cores randomly selected from each experimental 

block (eight of total 48 cores) for switchgrass cultivars and one of six cores from the reference agricultural 
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field. Seven frames with representative POM fragments in each of the selected cores were used as input, 

and two slices directly below and above the selected frames were also considered for generating 

segmentation outcomes. Then, the trained model was applied on the entire number of 54 cores. Segmented 

POM images were visually inspected to ensure the integrity and accuracy of the process. The outcome of 

POM segmentation was de-noised by removing clusters < 4 voxels from the images. Then, distances from 

the locations of the segmented soil solid materials to the nearest pores and from such locations to the nearest 

POM fragments were determined using the ‘Distance Transform 3D’ approach in ImageJ-Fiji (Borgefors, 

1996). Size distributions of pores in 3D binary images were determined by the ‘Local Thickness’ approach, 

based on the maximum inscribed sphere method (Hildebrand and Rüegsegger, 1997; Vogel et al., 2010) in 

ImageJ-Fiji.  

To assess the relationships between size distributions of pores and roots based on volumes at 

comparable scales, pore Ø sizes were grouped into interval classes as similar as possible to the calculated 

Ø sizes of root fractions. For example, the 75 μm size group represents the ~36-108 μm pores and the 150 

μm size group – the ~108-180 μm pores, etc. Then, pore fractions of each size group were determined by 

dividing the segmented pore volumes (mm3) by the total cropped soil (pore + solid) volumes (mm3). The > 

500 μm Ø pores were not quantitatively assessed in this study because of high uncertainty of their estimation 

in relatively small and short cores. 

3.2.4  Soil microbial biomass and total carbon measurements 

I measured MBC by the chloroform fumigation-incubation method (Paul et al., 1999). Two sets of 

10 g soil samples were prepared by adding sufficient water to reach 50% water holding capacity. The 

samples were pre-incubated for five days, after which one set was fumigated with ethanol-free chloroform 

vapor for 24 hours, while the other set remained unfumigated. Both sets were then incubated for 10 days in 

the dark at 20 °C. The emitted CO2 was measured using Infrared Photoacoustic Spectroscopy (INNOVA 

Air Tech Instruments, Ballerup, Denmark) in the gas circulation mode. The difference in CO2 emissions 

between the fumigated and non-fumigated samples was used to calculate the MBC. For soil C analysis, 
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sieved and ground soil samples were analyzed using a CHNSO Elemental Analyzer (Costech Analytical 

Technologies, Valencia, CA, USA). 

3.2.5  Statistical analysis 

The differences in soil pores, root traits, MBC, and soil C contents were evaluated among six 

switchgrass cultivars and between two ecotypes using PROC MIXED procedure of SAS 9.4 (SAS Institute 

Inc., Cary, NC, USA). All statistical models for comparisons among the six cultivars included fixed effects 

of cultivars and random effects of experimental blocks. The models for the analyses of the distance to pore 

and distance to POM data additionally included the random effects of soil cores nested within the blocks. 

For comparisons between two ecotypes, cultivars were considered as a random factor nested within the 

corresponding ecotypes. Models for root and pore size distributions included fixed effects of cultivars, 

root/pore size groups, and their interactions and another random effect of the cores nested within the blocks 

and cultivars. Root/pore size groups were treated as a repeated measure factor, and cores nested within 

cultivars were used as an error term for testing the cultivar effect and as a subject of the repeated 

measurement. The statistical models for comparisons between two ecotypes were similar to those used for 

cultivar comparisons, except that cultivars were treated as a random effect nested within the ecotype and 

contributing to the error term for testing for the ecotype effect.  

For all datasets, normality of the residuals and homogeneity of the residual variances were assessed 

by examining histograms, normal probability plots, and side-by-side box plots of the residuals, and by 

conducting Levene’s test for variances. Residuals were found to be normally distributed in all studied 

variables. Since residual variances among six cultivars or between two ecotypes were not significantly 

different at a = 0.1 level in Levene’s test, equal variance models were used in subsequent data analyses. 

Multiple comparisons among the cultivars or between the ecotypes were conducted using t-test. 

A separate analysis was conducted for assessing the differences between the data from the 

switchgrass cultivar experimental site and the data from the adjacent reference agricultural field. Since the 

reference agricultural field was not a formal randomized component of the switchgrass cultivar trial, we 



86 
 

used Dunnett's comparison-with-control test as a conservative tool for comparing each cultivar with the 

reference soils. 

Post-hoc power analysis was conducted to identify how many replications should have been taken 

to be able to detect as statistically significant differences in soil C contents among the six switchgrass 

cultivars (Stroup, 2002; Kravchenko and Robertson, 2011). The variance component, which was the 

estimate of block variance in this randomized complete block design, was estimated from the observed soil 

C contents. The size of the hypothesized difference used in the power analysis was 0.26% of soil C content. 

Then, the number of samples needed for statistical significance was calculated based on 0.05 probability of 

Type I error using PROC MIXED procedure in SAS.  

Relationships among root and pore fractions within each individual size group, MBC, and soil C 

contents across all six cultivars were assessed using Pearson’s correlation coefficients (r) via the PROC 

CORR procedure in SAS. The correlation analysis enabled us to assess the hypotheses that (1) roots of 

certain size groups contribute to the formation of soil pores of the same size range, (2) roots of certain size 

groups contribute to increases in MBC and soil C contents, and (3) pores of certain size groups contribute 

to increases in MBC and soil C contents. Correlations were subsequently used for path analysis.  

3.2.6  Path analysis 

Path analysis is a statistical approach that can infer causal relationships allowing for examination 

of direct and indirect effects among observed variables based on the theoretical model hypothesized by the 

researcher (Schumacker and Lomax, 1996; Grace, 2006). Indirect effects in path analysis are identified by 

estimating the relationship between two variables that is mediated by one or more intervening variables 

(Preacher and Hayes, 2004). Thus, we used it in this study to address hypotheses regarding relationships 

among root and pore traits and their direct and indirect contributions to soil MBC and C contents. Since the 

model for path analysis is constructed based on causal hypotheses between variables, the theoretical and 

empirical basis for these hypotheses should be provided by peer-reviewed literatures. Overall, we 

hypothesized that greater abundance of fine roots can lead to soil C gains by releasing more accessible C 

substrates, and by stimulating the formation of pores, which in turn supports more abundant microbial 
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communities and facilitates greater soil C stabilization. Detailed descriptions of the individual hypotheses, 

along with the literature supporting their path formulation, are provided in Table 3.1. 

The PROC CALIS procedure of SAS software was used for path analysis. A two-index presentation 

strategy was utilized for the path analysis model evaluation (Hu and Bentler, 1999). Model fitness and 

adequacy were determined through a chi-square test (χ2) and goodness of fit index (GFI) (Bentler, 1990), 

and acceptable models are characterized by χ2 test p values >0.05 and GFI >0.90 (Hu and Bentler, 1999; 

Eisenhauer et al., 2015). The strength of the paths was indicated using standardized coefficients (β). The 

rationale for using standardized coefficients is to facilitate comparisons of relative impacts upon the initially 

incommensurable variables (Kwan and Chan, 2011). 
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Table 3.1. Empirical support for the hypothesized effects in path analysis. 
Path  
from 

Path  
to Hypothesized effects  References 

Fine  
root 

Medium 
pore 

Plants having greater fine roots form soil structure 
where pores align in size with those fine roots. Such 
fine-sized pores will be referred to medium pores. 

Bengough et al., 2016; 
Bodner et al., 2021 

Fine  
root 

Distance  
to pore 

Higher density of fine roots leads to shorter 
distance between soil pores by creating more 
intricate network of pores in soil. 

Gyssels et al., 2005;  
Reubens et al., 2007 

Fine  
root 

Distance 
to POM 

Higher density of fine roots leads to the shorter 
distance between POM by leaving their root 
residues throughout the soil.  

Bengough et al., 2016;  
Bodner et al., 2021 

Fine  
root MBC 

Plants with fine root system release more C 
substrates readily accessible to soil microorganisms 
than plants with coarse root system.  

Xu & Juma, 1994;  
Paterson & Sim, 1999 

Fine  
root SOC 

C substrates released by fine roots come in closer 
contact with soil surfaces for potential protection 
than plants with coarse root system. 

McCully, 1999; 
Panchal et al., 2022 

Medium 
pore MBC 

Greater volume of medium pores provides 
increases the size of optimal habitats available for 
soil microorganisms. 

Strong et al., 2004; 
Franklin et el., 2021 

Distance  
to pore MBC 

Shorter distance to pores from solid phase promotes 
microbial access and aeration to C sources within 
the phase, thereby leading to microbial abundance.  

Dungait et al., 2012; 
Rohe et al., 2021 

Distance 
to POM MBC 

Shorter distance to POM indicates higher proximity 
between soil microorganisms and C residues, 
which in turn promotes microbial abundance.   

 Raynaud and Nunan, 
2014;  

Bickel and Or, 2023 

Medium 
pore SOC 

Greater volumes of medium pores lead to greater 
organic matter processing and more channels for 
transits and storage of the processed C. 

Quigely et al., 2018; 
Franklin et el., 2021 

Distance  
to pore SOC 

Shorter distance to pores increases chances that soil 
surface contacts with labile C flows through pores, 
enhancing soil C stabilization. 

Schlüter et al., 2022; 
Bickel and Or, 2023 

Distance 
to POM SOC 

Shorter distance to POM contributes more to soil C 
accumulation, allowing easier translocation of the 
processed C into surrounding soil matrix.  

Védère et al., 2020; 
Schlüter et al., 2022 

MBC SOC 
Greater microbial biomass consequently leads to 
soil C gains through microbial decomposition 
products and microbial necromass.  

Miltner et al., 2012; 
Liang et al., 2019 
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3.3. Results 

3.3.1  Root and pore size distributions 

There were significant differences in the root fraction of very fine size groups (75 and 150 µm Ø) 

among the studied switchgrass cultivars, while at sizes >200 µm Ø, there were no significant differences 

(Figure 3.2A). Specifically, Kanlow and Cave-in-Rock had the highest fraction of very fine roots, i.e., 

0.0009 ±0.0001 mm3/mm3 in soil, followed by Southlow, Alamo, and Blackwell, while Trailblazer had the 

smallest fraction of very fine roots, i.e., 0.0005 ±0.0001 mm3/mm3 (Table 3.2). 

 



90 
 

 
Figure 3.2. (A) Root size distribution determined from flatbed scanned images and (B) pore size distribution 
determined from μCT scanned images across all six studied switchgrass cultivars. Black marks *, **, and 
*** indicate statistical differences among cultivars with p<0.05, <0.01, and <0.001, respectively. The blue 
dashed lines in (B) indicate pore size distribution in the agricultural soil adjacent to this switchgrass variety 
experiment, assumed to be representative of the soil conditions prior to switchgrass cultivation, and shaded 
area indicate its 95% confidence interval. Blue marks *, **, and *** on bars indicate significant differences 
of individual cultivars in pore fractions compared to the agricultural soil at the p <0.05, <0.01, and <0.001 
level, respectively.
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Table 3.2. Mean values of root and pore fractions (mm3/mm3) at the two smallest root and pore size groups. The groups were referred to as 75 μm 
and 150 μm, which were further summed and defined as very fine roots and medium pores. The ranges of root and pore diameters representing 75 
μm size group are 75-113 and 36-108 μm, respectively. The ranges of root and pore diameters representing 150 μm size group are 113-187 and 108-
180 μm, respectively.  

  Root fraction (mm3/mm3) 
Size Range of  Cultivars  Ecotypes 

group diameters (μm) Alamo Kanlow Southlow CaveinRock Blackwell Trailblazer  Lowland Upland 
75 75-113 0.00014BC 0.00017A 0.00013BC 0.00014B 0.00012BC 0.00011C  0.00016A 0.00013B 
150 113-187 0.00057B 0.00073A 0.00066AB 0.00074A 0.00055BC 0.00042C  0.00065A 0.00059A 

Very fine 
root 

(75+150) 
75-187 0.00071AB 0.00090A 0.00079AB 0.00088A 0.00067B 0.00053C 

 
0.00081A 0.00072B 

  Pore fraction (mm3/mm3) 
  Alamo Kanlow Southlow CaveinRock Blackwell Trailblazer  Lowland Upland 

75 36-108 0.0123B 0.0138AB 0.0062C 0.0159A 0.0106B 0.0067C  0.0131A 0.0098B 
150 108-180 0.0194AB 0.0190AB 0.0150C 0.0205A 0.0159BC 0.0141C  0.0192A 0.0164B 

Medium 
pore 

(75+150) 
36-180 0.0317A 0.0328A 0.0212B 0.0364A 0.0265B 0.0208B 

 
0.0323A 0.0262B 

Note: different letters within each size group mark significant differences (p <0.05) among six cultivars (Root fraction: n = 12 and pore fraction: n 
= 8) or between two ecotypes. 
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Consistent with the root size results, soil pore fractions in medium size groups (75 and 150 µm Ø) 

also significantly differed among the cultivars (Figure 3.2B) and, likewise, no differences were observed 

among cultivars in coarse (>200 µm Ø) pore size groups (Figure 3.3B). Soil under Cave-in-Rock had the 

greatest fraction of medium pores, i.e., 0.04 ±0.006 mm3/mm3 in soil, followed by Kanlow, Alamo, and 

Blackwell, with Southlow and Trailblazer having the smallest fractions with 0.02 ±0.005 mm3/mm3 (Table 

3.2). The fractions of 75 and 150 µm pores in soils under Alamo, Kanlow, and Cave-in-Rock were, 

respectively, ~70 % and ~35 % greater than those of the adjacent reference agricultural soil (Figure 3.2B).  

 
Figure 3.3. (A) Correlation coefficients between root and pore fractions within each size group, and (B) 
correlation coefficients between root fractions of each size and contents of MBC (Root-MBC) and soil C 
contents (Root-Soil C) and between pore fractions of each size class and MBC (Pore-MBC) and soil C 
contents (Pore-Soil C) across switchgrass cultivars. Roots and pores finer than 200 μm diameter were 
defined as very fine root and medium pore, and coarser than such diameter were as fine root and coarse 
pore, respectively. Blue shaded area denotes the range of correlation coefficients that are not significantly 
different from zero (p >0.05). Marks * and ** placed next to and on corresponding coefficient values 
indicate the significance of the correlation at p <0.05 and <0.01 level, respectively. 
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Root fractions in very fine size groups were significantly positively associated with pore fractions of 

medium size groups (r2 = 0.21 in 75 µm and 0.22 in 150 µm Ø size group, respectively; p <0.05 in both 

size groups), while no significant correlations were observed between roots and pores of any other size 

groups (Figure 3.3A). 

3.2.2  Distance to pores and POM 

The average distance to pores was the largest in the soil under the Trailblazer cultivar, equal to 0.34 

±0.08 mm, while soils under the other five cultivars had similar distances to pores of 0.19 mm on average 

(Figure 3.4A). The distances under the five cultivars were also similar to that under the adjacent reference 

agricultural field. Overall, distances to pores in the soils under upland ecotype cultivars were 34% greater 

than those of lowland ecotype cultivars.  

The average distance to POM fragments was also the largest in the soil under Trailblazer, i.e., 0.82 

±0.12 mm, while Cave-in-Rock and two lowland cultivars, Alamo and Kanlow, had the lowest distances to 

POM of 0.54 ±0.17, 0.62 ±0.14, and 0.60 ±0.12 mm, respectively (Figure 3.4B). The distance to POM in 

the reference agricultural field was similar to that in the soils under all studied switchgrass cultivars except 

for Trailblazer. Overall, there were no statistically significant differences in distances to POM between 

upland and lowland cultivars (Figure 3.4B). 

 



94 
 

 
Figure 3.4. (A) Microbial biomass C (MBC), (B) soil C contents, (C) distance to pores, and (D) distance to 
POM of six switchgrass cultivars individually and grouped by two ecotypes. Error bars represent standard 
deviation, and dots represent individual data points. Different letters indicate significant differences at p 
<0.05 among six cultivars (MBC and soil C: n = 4 and distance to pores and POM: n = 8). Since difference 
in soil C contents was not statistically significant (p >0.05), letters on the bars were same across the 
cultivars. Letter ‘ns’ indicates no significant difference between two ecotypes, and black marks * and ** 
indicate significant differences with p <0.05 and <0.01, respectively. The blue dashed lines mark the 
average values of MBC, soil C, and the distance to pores and POM in the agricultural soil adjacent to this 
switchgrass variety experiment, assumed to be representative of the conditions prior to switchgrass 
cultivation, and shaded area indicate their 95% confidence intervals. Blue marks * and *** on bars indicate 
significant differences of individual cultivars and ecotypes in MBC and the distances compared to the 
agricultural soil at the p <0.05 and <0.001 level, respectively.    
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3.3.3  Soil microbial biomass and carbon 

MBC in the soils under Alamo and Kanlow, the two lowland switchgrass cultivars, was ~50-100% 

higher than under the other four cultivars; in particular MBC under Kanlow was 29% higher than that in 

the adjacent reference agricultural field (Figure 3.4C). MBC in soils under the cultivars of the lowland 

ecotype was 44% and 29% higher than that of the upland cultivars and the reference agricultural field, 

respectively. On the other hand, soil C contents of the cultivars were not different either from each other or 

from that of the reference agricultural soil (Figure 3.4D). The difference in the C contents between the two 

ecotypes was also not significant and not different from that in the reference agricultural soil.  

MBC across all six cultivars was positively associated with 75 µm Ø roots (r2 = 0.19; p <0.05) and 

with 75 µm Ø pores (r2 = 0.17; p <0.05), while MBC was not correlated with any other size groups of roots 

and pores >75 µm Ø (Figure 3.3B). MBC was negatively associated with the distance to pores (r2 = 0.13; 

p <0.05), whereas not associated with the distance to POM fragments (Table 3.3). Soil C was also positively 

associated with 75 and 150 µm Ø roots (r2 = 0.17 and 0.31; p <0.05 and 0.01, respectively), while no 

significant correlations were observed with any size groups of pores (Figure 3.3B). Soil C was negatively 

associated with the distance to POM fragments (r2 = 0.18; p <0.05), whereas not associated with the distance 

to pores (Table 3.3). Notably, soil C was positively associated with MBC across all six cultivars (r2 = 0.18; 

p <0.05). 
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Table 3.3. Correlation coefficients among very-fine roots, medium pores, distance (Dist.) to pore and POM, 
microbial biomass C (MBC), and soil C contents across six switchgrass, two lowland, and four upland 
cultivars. 

  Very fine 
root 

Medium 
pore 

Dist. to 
pore 

Dist. to 
POM MBC SOC 

 Very fine 
root       

All Medium pore 0.41*      
cultivars Dist. to pore -0.49* -0.60**     

 Dist. to POM -0.52** -0.59** 0.55**    
(n=24) MBC 0.43* 0.37* -0.36* -0.20   

 Soil C 0.65*** 0.19 -0.33 -0.43* 0.43*  

 Very fine 
root       

Lowland Medium pore 0.01      
cultivars Dist. to pore -0.02 -0.07     

 Dist. to POM 0.20 -0.88** -0.02    
(n=8) MBC 0.01 -0.14 -0.83** 0.04   

 Soil C 0.86** 0.19 0.36 -0.08 0.37  

 Very fine 
root       

Upland Medium pore 0.45*      
cultivars Dist. to pore -0.53* -0.61**     

 Dist. to POM -0.65** -0.49* 0.57*    
(n=16) MBC 0.48* 0.26 -0.12 -0.01   

 Soil C 0.60** 0.17 -0.45* -0.49* 0.59**  
Note: Bolded values indicate statistical significances at p < 0.05, and the marked *, **, and ** denote 
coefficient levels at the p < 0.05, <0.01, and < 0.001 level, respectively. 
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3.3.4  Path analysis 

The very fine roots (sum of 75 and 150 µm Ø size groups) had a direct positive impact on the 

fraction of medium pores (sum of 75 and 150 µm Ø size groups) (β = 0.41; p <0.01), MBC (β = 0.41; p 

<0.01), and soil C contents (β = 0.50; p <0.001), and negative impact on the distance to pores (β = -0.47; p 

<0.01) and POM (β = -0.52; p <0.001) (Figure 3.5). Additionally, such roots indirectly influenced MBC by 

increasing the fraction of medium pores (β = 0.19; p <0.05) and by decreasing the distances to pores (β = -

0.28; p <0.05) and POM (β = -0.19; p <0.05). Soil C contents increased by a shorter distance to POM (β = 

-0.21; p <0.05), while neither the fraction of medium pores nor the distance to pores appeared to directly 

influence soil C. Yet, increases in medium pore fractions and decreases in distances to pores and POM 

indirectly fostered increases in soil C due to the rise in MBC (β = 0.30; p <0.05) (Figure 3.5). 

 

Figure 3.5. The outcome of the path analysis enumerating direct and indirect effects of very fine roots (sum 
of 75 and 150 μm Ø root fraction groups) on soil C contents through medium pores (sum of 75 and 150 μm 
Ø pore fraction groups), distance to pore and POM, and microbial biomass C (MBC) across six switchgrass 
cultivars. Numbers alongside arrows indicate standardized path coefficients. Blue and red arrows denote 
positive and negative relationships between variables, respectively, and thickness of arrows denote the 
significance of paths (marked *, **, and *** denote standardized coefficient levels at the p <0.05, <0.01, 
and <0.001 level, respectively). Non-significant paths are not shown in this figure.  
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3.4  Discussion 

After seven years of continuous growth, variations were observed among the six switchgrass 

cultivars in volumes of very fine roots and of medium soil pores. Cultivars with a greater volume of very 

fine roots stimulated formation of medium soil pores compared to the cultivars with coarser root systems 

and led to a more ubiquitous spread of pores and POM within the soil matrix. Volumes of very fine roots 

were strongly positively associated with soil C and MBC. Abundance of the medium pores and spatial 

distribution patterns of the pore space were directly related to MBC, but not to soil C. While the cultivars 

of the lowland switchgrass ecotype increased soil MBC compared to that in the adjacent reference row crop 

agricultural soil, under none of the studied cultivars did soil C exceed that of the reference agriculture soil. 

3.4.1  Influence of very fine roots 

The abundance of very fine roots (<200 µm Ø) was the influential factor for microbial biomass and 

soil C (Figure 3.5). The very fine roots also indirectly affected them by contributing to volumes of medium 

(50-200 µm Ø) pores and spatial patterns in both pores and POM, the latter expressed via distances to pores 

and POM (Figure 3.5). Fine roots typically provide greater amounts of root exudates and rhizodeposits to 

soil (Xu and Juma, 1994; Paterson and Sim, 1999; Zhang et al., 2022). Such labile C sources as well as fine 

roots themselves can be preferentially used by soil microorganisms and contribute significantly to soil 

organic matter formation through their rapid turnover and subsequent decomposition (Ruess et al., 2003; 

Kalyn and Van Rees, 2006). While in the past many studies focused on a broadly defined size group of fine 

roots as those <1.0-2.5 mm Ø (Steinaker and Wilson, 2008; de Graaff et al., 2013; Sprunger et al., 2017; 

Sehgal et al., 2021), findings from our study indicate that in monoculture switchgrass systems, it is only the 

roots <200 µm Ø, i.e., very fine roots, that are particularly influential in promoting microbial biomass and 

concomitant soil C production (Figure 3.3 and 3.5). 

Consistent with a meta-analysis demonstrating that phylogenetic characteristics can be the largest 

driver of root traits (Valverde-Barrantes et al., 2017), we found intraspecific variations in root size 

distributions among switchgrass cultivars, although primarily in the volumes of the very fine roots (Figure 

3.2A). Earlier studies have shown that lowland cultivars such as Kanlow and Alamo tend to have more 
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extensive root systems than upland cultivars, whereas the latter tend to possess thicker root systems (de 

Graaff et al., 2013; Fike and Parrish, 2013; Ulbrich et al., 2021). We also found a greater volume of very 

fine roots in lowland than in the upland cultivars (Figure 3.2A and Table 3.2). A single exception was Cave-

in-Rock, the upland cultivar with a volume of very fine roots comparable to that of lowland cultivars (Figure 

3.2A and Table 3.2). Cave-in-Rock exceeds other upland cultivars in photosynthesis rates and biomass 

production (Ma et al., 2011; An et al., 2018), and its root biomass within the top 15 cm of soil has been 

reported to exceed that of Kanlow and Alamo (Ma et al., 2000). Moreover, Cave-in-Rock, as a relatively 

drought-sensitive cultivar, possibly extends its fine roots more aggressively to promote soil water access, 

thereby navigating this environmental challenge with its fine roots (McCully, 1999; Liu et al., 2015; Fort 

and Freschet, 2020). 

These differences in very fine roots among our cultivars led to differences in formation of soil pores 

and different spatial distribution of the pores and POM through the soil matrix (Figure 3.2B, 3.4A, 3.4B, 

and 3.5). Root diameter can significantly influence a root’s capacity to penetrate soil (Chimungu et al., 

2015; Paez-Garcia et al., 2015), and differences in this trait are known to result in distinct pore structures, 

with prevalence of certain pore size classes (Bodner et al., 2014, 2021). Positive correlations between very 

fine roots and medium pores among six switchgrass cultivars support the notion that cultivars with greater 

volumes of very fine roots form greater volumes of medium pores (Figure 3.3A). Lowland cultivars 

possibly lead to the formation of more intricate soil pore networks through their fine roots (Gyssels et al., 

2005; Reubens et al., 2007), and thus distances between individual pores are shorter than for those of upland 

cultivars (Figure 3.4A). 

Roots are the major source of soil POM, thus shorter distances between the nearest POM fragments 

in soils under Kanlow and Cave-in-Rock (Figure 3.4B), which were the two cultivars with the greatest 

volumes of very fine roots (Figure 3.2A and Table 3.2), presumably resulted from a more uniform spread 

of root residues throughout the soil (Bengough et al., 2016; Bodner et al., 2021). Indeed, a significantly 

shorter distance was found in soils under prairie vegetation, which was known to have extensive root 

systems (Sprunger et al., 2017), compared to that under switchgrass (Cave-in-Rock) in a field adjacent to 
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this study (Figure 3.6). Negative correlations between volumes of very fine roots and distances to pores and 

POM further support this conclusion (Table 3.3). 

 
Figure 3.6. Distance to POM of six switchgrass cultivars individually, grouped by ecotypes, and taken by 
two vegetation of a former observation in the adjacent region (Lux Arbor, Michigan, USA) with soils 
classified as the same soil taxonomy and texture (Lee et al., 2023). The switchgrass cultivar in the former 
observation was Cave-in-Rock, and prairie vegetation included switchgrass as one of 18-species mixture. 
Error bars represent standard deviation, and dots represent individual data points. Different letters indicate 
significant differences at p<0.05 among six cultivars (n = 8), letter ‘ns’ indicates no significant difference 
between two ecotypes, and marks * indicate significant differences with p<0.05 between two vegetation in 
Lux Arbor site (n = 12). The blue dashed lines mark the average values of the distance to POM in the 
agricultural soil adjacent to this switchgrass variety experiment, assumed to be representative of the 
conditions prior to switchgrass cultivation, and shaded area indicate their 95% confidence intervals. 

3.4.2  Influence of medium pores and their spatial distribution 

My results demonstrate that medium pores and distances to pores did not directly impact measured 

soil C gains, even though they promoted soil microbial biomass, which was positively associated with soil 

C (Figure 3.5 and Table 3.3). This is consistent with a direct effect of medium pores on MBC and an indirect 

effect of such pores on soil C gains that were recently observed in monoculture switchgrass (Cave-in-Rock) 

cultivated across a wide range of low fertility soils of the U.S. Midwest (Lee et al., 2023). However, even 

though switchgrass cultivation greatly increased the proportion of medium pores as compared to the 

reference agricultural soil (Figure 3.2B), such increases did not translate into measured soil C gains (Figure 

3.4D). 

Pores in 30-180 μm Ø, which is very close to the range of medium pores in this study, are suggested 

as optimal microbial habitats (Kravchenko et al., 2019b), since such pores facilitate high microbial activity 
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by ensuring oxygen and water flows, while allowing for easy access to organic matter (Rawlins et al., 2016; 

Keiluweit et al., 2018). Since pores of this size range were also identified as the primary sites for 

rhizodeposition (Quigley and Kravchenko, 2022), the abundance of such pores likely facilitated the 

microbial growth in the soils under Kanlow and Alamo cultivars (Figures 3.2B and 3.4C).  

Another two key links between very fine roots and microbial biomass were the distances from soil 

solid materials to the nearest pores and to the nearest POM fragments (Figure 3.5). The shorter distances to 

pores and POM likely benefited microbial habitats, because such distances imply closer proximity of 

microbes to water, oxygen, and C sources (Raynaud and Nunan, 2014; Rohe et al., 2021; Bickel and Or, 

2023). Therefore, we can surmise that the indirect contribution of the extensive root systems in the two 

lowland cultivars as well as in Cave-in-Rock (Figure 3.2A) to increases in soil microbial biomass stemmed 

from decreasing distances to pores and POM (Figures 3.4A and 3.4B). Shorter distances to POM can allow 

easier translocation of the processed C during POM decomposition into surrounding soil (Védère et al., 

2020; Schlüter et al., 2022), likely contributing to soil C gains (Figure 3.5). 

3.4.3  Negligible soil C gains in switchgrass cropping systems 

Neither the two lowland cultivars nor Cave-in-Rock, the cultivars that promoted several of the 

hypothesized drivers of soil C gains, including greater volumes of very fine roots and medium pores, higher 

MBC, and shorter distances to POM and pores (Figure 3.5 and Table 3.3), led to measurably greater soil C 

gains than other cultivars in this study (Figure 3.4D). Our results add to a substantial body of research 

reporting very slow to negligible soil C gains in monoculture switchgrass systems (Garten Jr. and 

Wullschleger, 2000; Liebig et al., 2005; Bates et al., 2022). In fact, a recent long-term study of switchgrass, 

conducted in a field adjacent to this experiment, also observed that switchgrass did not much increase soil 

C contents (~0.06 Mg C ha-1 yr-1) (Perry et al., 2023). Another recent study, conducted in the same 

experimental site, showed that nine different switchgrass cultivars continuously grown for seven years had 

no significant impact on soil C contents (Mosier et al., 2024). 

There is an apparent discrepancy between the lack of the detected increases in soil C contents and 

the implications of path analysis suggestions that such increases should have taken place, at least in the 
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cultivars with finer root systems (Figure. 3.5). I believe the discrepancy is due to lower statistical power of 

the experimental work, i.e., the attempts to detect relatively small changes in these soils C gains, given high 

variability, have been hampered by relatively small sample size. Note that the 4 replicated blocks, i.e., n of 

4, of the current experiment is a common practice ubiquitously followed in field experimentation. Yet, post-

hoc power analysis of the soil C data in this study suggests that at least three more replicated blocks, i.e., n 

of 7, would be required for detecting a significant difference with the power of 75%, and six more blocks, 

i.e., n of 10, with the power > 90% (Table 3.4). In other words, the nuanced relationship between 

switchgrass cultivars and C gains, as revealed by the path analysis with multifaceted factors, emphasizes 

the need to examine soil C gains with a greater number of replications to better test the effects of switchgrass 

cultivars on soil C. Alternatively, as these switchgrass stands mature and cultivars continue to differentially 

accumulate soil C, differences should become evident with fewer replicates in next few years. Expanding 

the replication size, as suggested by the power analysis, will also be important for better parameterizing 

process-level models that, like our path analysis, also predict significant soil C gains under long-term 

switchgrass cultivation (McLaughlin et al., 2002; McLaughlin and Adams Kszos, 2005; Martinez-Feria and 

Basso, 2020).   

Table 3.4. Probability (power) of detecting statistically significant results at a = 0.05 in the comparison of 
soil C contents among six switchgrass cultivars and the required number of replicated blocks under 
randomized complete block design.  

Number of 
replicated blocks P value Power (%) 

5 0.115 56.4 
6 0.065 66.8 
7 0.035 75.2 
8 0.018 82.3 
9 0.009 88.6 
10 0.003 94.4 

Note: The estimate of the variance was 0.046. Bolded values indicate statistical significances at p < 0.05 
and the detecting probability > 90% for statistical differences. 
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3.5  Conclusions 

This chapter elucidates complex yet pivotal relationships among root traits, soil pore structure, and 

microbial biomass for the potential accumulation of soil C using six switchgrass cultivars with different 

root traits, representing two distinct ecotypes. Results suggest that switchgrass cultivars with greater 

volumes of very fine roots have a greater capacity for soil C accumulation, mediated by increases in medium 

pores and decreases in distances to pore and POM that affect concomitant increases in MBC. However, 

seven years was insufficient to document measurable differences in soil C gains among cultivars. Overall, 

this study provides critical insights for the relative impacts of root traits and pore structure for soil C gains 

in bioenergy crop cultivation. 
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CHAPTER 4: Belowground carbon and nitrogen plant transfer and its association with soil carbon and 

nitrogen inputs and pore structure formation 

Abstract 

Belowground transfers of carbon (C) and nitrogen (N) can promote soil C gains and plant N 

availability, and both transfers can take place via root-based or mycorrhizae-based mechanisms. Yet, roles 

and magnitudes of such mechanisms in C and N transfers among different plant combinations and in the 

structure formation of soil pores remain unexplored. Three North American prairie species: switchgrass 

(Panicum virgatum L.), bush clover (Lespedeza capitata Michx.), and black-eyed Susan (Rudbeckia hirta 

L.), were grown as neighbors of the central SG within three-compartment rhizoboxes, and the central 

switchgrass was always the source of the transfers. Half of the boxes had mesh barriers to disallow root 

branching but allow fungal interactions, while another half was open to allow both root and fungal 

interactions. The central switchgrass was labelled by 13C and 15N to trace their transfers. After four months, 

(1) roots and surrounding rhizosphere soils were collected to analyze their 13C and 15N levels, (2) 

aboveground and root biomass of plants and inorganic N of soils were measured, and (3) intact soil cores 

were taken from soils between the source and recipients and scanned using X-ray computed tomography to 

analyze changes in pore structure and presence of root residues. Root-based mechanism predominantly 

facilitated C transfers from the source switchgrass to neighboring recipient switchgrass and bush clover, 

while N transfers occurred through both mechanisms. The presence of bush clover promoted C and N 

transfer from source switchgrass to co-planted black-eyed Susan. The observed C and N transfers through 

root-based mechanism were positively associated with those in rhizosphere soils, and such transfer 

mechanism led to greater formation of finer pores (8-30µm diameter) between the source and recipient 

plants. Conclusively, the presence of bush clover promotes root-based transfers, and this can release more 

C into soil, allowing more chances to store C within the newly formed finer pores. 
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4.1  Introduction  

In diverse perennial vegetation, belowground transfer of nutrients among plant neighbors is 

expected to be one of the potential drivers of beneficial synergies for soil carbon (C) accumulation and 

plant productivity by sharing their nutrients and fostering soil microbial environment (Thilakarathna et al., 

2012; Lange et al., 2015; Yang et al., 2019). Belowground C transfer to roots of adjacent plants was first 

documented in 1960s (Björkman, 1960; Reid and Woods, 1969) and was reported both between plants of 

the same as well as disparate species (Ren et al., 2013; Gorzelak et al., 2020; Cahanovitc et al., 2022), with 

extents of the transfer depending on the species involved (Carey et al., 2004; Walder and van der Heijden, 

2015). Belowground intra- and inter-specific transfers of nitrogen (N) have also been commonly reported 

(Høgh-Jensen and Schjoerring, 2000; Shao et al., 2020; Reay et al., 2022).  

The transfer of both elements primarily takes place via two key routes: through direct involvement 

of roots and through mycorrhizal networks (Robinson and Fitter, 1999; Thilakarathna et al., 2016; Hupe et 

al., 2021). The transfer via root-driven mechanisms takes place when C and N are released from roots of 

the source plant as exudates and rhizodeposits, and then are absorbed by the roots of neighboring recipient 

plants (Jones et al., 2004; Segonzac et al., 2007; Badri and Vivanco, 2009). Such absorption can take place 

both when there is a direct contact between roots of source and recipient plants or when roots of the recipient 

plant encounter the released C and N somewhere within the soil. Hereafter we will refer to this mechanism 

as root-based transfer.  

C and N transfer via mycorrhizal networks occurs when symbiotic fungi utilize C and N obtained 

from roots to develop their hyphae (Rillig, 2004a; Parniske, 2008). Plant-derived C and N are transported 

to the symbiotic fungi and their hyphae (Smith et al., 2009; Smith and Smith, 2011; Roth and Paszkowski, 

2017), and roots of a neighboring plant are interconnected through the same mycorrhizal networks (Wipf 

et al., 2019). Mycorrhizal networks serve as pathways for the movement or transfer of C and N (Martins, 

1993; Martins and Cruz, 1998; He et al., 2003) and enable plants to share nutrients among interconnected 

plants (Walder et al., 2012; Walder and van der Heijden, 2015). Hereafter we will refer to this mechanism 

as fungal-based transfer. 
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Belowground transfers of nutrients, especially N, are expected to depend on the identity of the 

involved plants and on the overall availability of soil N, since both factors can substantially impact root 

growth and mycorrhizae development (Stober et al., 2000; López-Bucio et al., 2003; Cox et al., 2010). For 

example, root development responds to the proximity of neighboring plants, adjusting their root growth to 

optimize nutrient uptake (McNickle, 2020). Several studies had shown that roots respond to adjacent roots 

in a manner contingent on the specific identity of the neighboring plant (Maina et al., 2002; Falik et al., 

2003; de Kroon, 2007). Moreover, spatial variability of soil N is known to influence the root development 

in response to its immediate availability (Aibara and Miwa, 2014; Kellermeier et al., 2014; Boer et al., 

2020). However, as of now there is no experimental evidence of how the spatial variability of soil N, altered 

by the identity of neighboring plants, affects C and N transfer. 

Plant roots influence soil structure through direct penetration of the soil matrix, water extraction, 

and root exudation (Bengough et al., 2016; Oburger and Schmidt, 2016). Most roots grow into relatively 

large (e.g., > 100 µm diameter) pores within the soil matrix (Bauhus and Messier, 1999; An et al., 2022), 

where they deposit a variety of root-released C compounds as well as leave root residues upon senescence 

(Jones et al., 2004; Badri and Vivanco, 2009). Organic inputs into such pores are subsequently susceptible 

to decomposition and loss as carbon dioxide (CO2) (Ruamps et al., 2011; Kravchenko et al., 2019).  

Fungi release C and N-containing compounds into the soil as glomalin-related proteins, 

extracellular enzymes, and other secondary metabolites (Rillig, 2004b; Karlovsky, 2008; Burns et al., 

2013), while C and N from senescent and decomposed hyphae further add to soil organic matter (Treseder 

and Holden, 2013). Unlike compounds of root origin, the fungi-originated organics can be expected to be 

located not only in the large but also in the very fine (e.g., ~ 10 µm diameter) pores accessible to fungal 

hyphae (Carlile, 1995). Organic C in such fine pores tends to be better protected from further microbial 

decomposition (Keiluweit et al., 2016; Kravchenko et al., 2019; Zheng et al., 2022).  

Recently, Kravchenko et al. (2021) demonstrated that belowground C transfer can influence the 

quantities of plant-derived C inputs added to the soil, potentially influencing soil pore structure, thus 

suggesting that interplant C transfer may stimulate soil C gains. While numerous studies examined the 
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relative contributions of the two transfer mechanisms, i.e., root-based vs. fungal-based, to C and N transfers 

(Carey et al., 2004; Ren et al., 2013; Shao et al., 2020; Cahanovitc et al., 2022), our understanding of how 

these transfers contribute to alterations in soil pore structure remains limited. 

Switchgrass (Panicum virgatum L.) is one of the dominant grass species of the North American 

prairie and is also a promising perennial bioenergy crop (Parrish and Fike, 2005; Sanderson and Adler, 

2008; Gelfand et al., 2020). This deep-rooted perennial grass is known to promote soil C accumulation 

when it is grown in diverse plant communities (Sanford, 2014; Sprunger and Robertson, 2018; Lee et al., 

2023a; Perry et al., 2023) with a mitigating impact on global warming (Gelfand et al., 2020). However, 

which plant neighbors might be particularly effective in stimulating switchgrass-derived C inputs into the 

soil and what role C and N transfers might play in such stimulation remains unknown. 

The first objective of this chapter is to quantify C and N transfers from switchgrass source plants 

to recipient switchgrass plants or to two other species common in prairie communities: a legume bush clover 

(Lespedeza capitata Michx) and a forb black-eyed-Susan (Rudbeckia hirta L.). We specifically focus on 

assessing the transfers taking place via mycorrhizae-only vs. root-based plus fungal-based mechanisms. 

The second objective is to assess whether C and N is released into the soil during these transfer processes. 

The third objective is to explore the associations of C and N transfers with inputs of plant-derived C into 

the soil and with alterations in soil pore structure.  

4.2  Materials and Methods 

4.2.1  Overview of the experiment 

The study was conducted as a greenhouse experiment where plants of three species were grown in 

rhizoboxes filled with soils from two different sources (Table 4.1). In half of all rhizoboxes the plants could 

contact neighbors via their roots through shared soil, while in the rhizoboxes, plants were separated by root-

impenetrable 35 μm mesh accessible to fungal hyphae (Figure 4.1). Each rhizobox consisted of three 

compartments, with one plant grown per compartment. The central compartment plants of each rhizobox, 

further referred to as source plants, were subjected to 13C and 15N labeling. The side compartment plants, 
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referred to as recipient plants, were not purposely labeled themselves and could have become 13C and 15N 

enriched only through belowground C and N transfer. 

Table 4.1. Taxonomy and physical and chemical characteristics of two soil types.  
Soil type Taxonomy Texture Total C (%) Total N (%) Inorganic P (ppm) 

Hickory Corners  
(HC) 

Typic Hapludalf 
(Alfisol) Loam 1.17 0.10 17.6 

Escanaba 
(ESC) 

Inceptic Hapludalf 
(Alfisol) Sandy loam 2.27 0.19 8.4 

At the end of the plant growth stage of the experiment, we opened the front panel of each rhizobox, 

and aboveground biomass, roots, and rhizosphere soils were destructively sampled for 13C and 15N analyses. 

In addition, intact soil cores were collected from each rhizobox and subjected to X-ray computed micro-

tomography (µCT) for soil pore structure characterization and particulate organic matter (POM) 

segmentation (Figure 4.1B). A representative picture of a rhizobox is in the Figure 4.1C, and detailed 

descriptions of all experimental, sampling, and analyses components of the study are provided in 

subsequent sections. 
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Figure 4.1. Schematic setting of rhizoboxs (A), showing the arrangement of plants, soil sampling locations, 
and two barrier treatments: open on both sides or wrapped in 35 µm mesh. Blue “R” circles indicate 
sampling locations for roots of recipient plants and the adjacent rhizosphere soils to explore C and N 
transfers from the source switchgrass. Green cylinders labeled as “S” indicate locations for intact soil core 
sampling to explore the alteration of soil structure and particulate organic matter (POM), which is 
considered as residues of newly grown roots. Soil cores collected from “S” locations were scanned, 
segmented into solid, pore, and POM classes (B), and size distributions of soil pores were analyzed 
separating pores into three size classes: < 30 μm, 30-150 μm, and > 150 μm in diameter (B). One example 
picture of rhizobox representative to BC-SG-BES plant combination (Table 4.2) is in (C). 

4.2.2  Soil and rhizobox preparation 

Two Alfisol soils with disparate characteristics were used in this study (Table 4.1): a loam Typic 

Hapludalf and a sandy loam Inceptic Hapludalf. The Typic Hapludalf soil originated from Biofuel Cropping 

System Experiment at Kellogg Biological Station in Hickory Corners, Michigan, which will be referred to 

as HC soil (42° 40’N, 85°37’W), and the Inceptic Hapludalf soil from the Great Lake Bioenergy Research 

Center Marginal Land Experiment site in Escanaba, Michigan, as ESC soil (45°76’N, -87°19’W). At each 

site the soil was collected from Ap horizon (5-20 cm) from conventionally managed agricultural fields. The 

collected soil was air-dried, sieved (2 mm), and thoroughly mixed, with small stones and visible plant 

residues removed.  

A total of 88 rhizoboxes were constructed for the study. Each rhizobox (30 cm deep, 54 cm wide, 

and 4 cm thick) had three equally sized compartments with each compartment hosting a single plant (Figure 
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4.1). Three sides of the rhizobox were made from non-transparent plastic, while one side was transparent, 

which enabled visual monitoring of root growth during the study. The transparent side was also removable 

to facilitate root and soil sampling at the end of the study. The three compartments were separated by plastic 

dividers (30 cm deep, 2 cm wide, and 4 cm thick). The dividers were either open between the compartments 

or covered by mesh barriers (35 µm, ELKO Filtering Co., Tamarac, FL, USA), restricting root-to-root 

contact while still permitting passage of fungal hyphae (Figure 4.1A). The rhizobox compartments as well 

as dividers were filled with prepared soils ensuring consistent bulk density of 1.3 g/cm3 throughout the 

rhizobox, at a volumetric water content of 20%. 

4.2.3  Plant growth 

The three studied plants were switchgrass (SG), bush clover (BC), and black-eyed Susan (BES). A 

total of four plant combinations were explored (Table 4.2), with all of them having SG as the source plant, 

i.e., the plant that received 13C and 15N labeling, growing in the central compartment. The side 

compartments were occupied either by two SG plants, two BC plants, two BES plants (one per 

compartment), or with one of each non-SG plants, i.e., BC and BES, in each compartment. The latter 

combination aimed at exploring the potential impact of a more diverse, i.e., three-species plant community. 

The recipient plant species were randomly assigned to each side of each rhizobox (Figure 4.1). Six 

replicated boxes with HC soil and five replicated boxes with ESC soil were constructed for each of the four 

plant combinations. Additionally, boxes containing all three species were prepared as non-isotope-labeled 

controls, and another set of boxes without plants for non-plant controls.  
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Table 4.2. Composition of the studied plant combination treatments. Each combination consisted of 
switchgrass (SG), growing in the central compartment and serving as the labeled source of 13C and 15N, and 
two neighboring plants, serving as recipients of 13C and 15N transfer. The recipient plants were of three 
species: SG, bush clove (BC), and black-eyed Susan (BES).  

Combination Recipient 1 Source Recipient 2 

SG-SG-SG Switchgrass 
(SG) 

Switchgrass 
(SG) 

Switchgrass 
(SG) 

BC-SG-BC Bush clover 
(BC) 

Switchgrass 
(SG) 

Bush clover 
(BC) 

BES-SG-BES Black-eyed Susan 
(BES) 

Switchgrass 
(SG) 

Black-eyed Susan 
(BES) 

BC-SG-BES Bush clover 
(BC) 

Switchgrass 
(SG) 

Black-eyed Susan 
(BES) 

Note: Recipient plant species were randomly placed in left and right compartments of rhizoboxes. 

Seeds of each plant species were first germinated in seed starter trays for three weeks, and the 

seedlings that developed their leaves were transplanted to the center of each compartment in the rhizoboxes, 

one plant per compartment. The plants were grown for three months in the rhizoboxes with HC soil and for 

four months in the rhizoboxes with ESC soil. All plants were fertilized using Hoagland’s solution after 

transplanting and then, again, one month later to promote growth. Two months after transplanting, the plants 

in ESC soil boxes showed signs of phosphorous deficiency, and hence, were additionally fertilized with 

134 mg of KH2PO4 per box (equivalent to 56 kg P/ha). Initially, the boxes were kept tilted at a 60° angle 

with the transparent side down to stimulate root growth towards the transparent side and to enable visual 

observations of the root growth. After two months the boxes were moved to a vertical (90°) position to 

ensure that roots explored the rest of the soil and to promote root interactions through the dividers. Each 

plant in its own compartment was separately watered with 0.5 L of reverse osmosis water every day. The 

temperature in the greenhouse was regulated to maintain a maximum of 29°C during daylight hours and a 

minimum of 20°C during the night, accompanied by 16 hours of artificial fluorescent light. 

4.2.4  13C pulse and 15N foliage labeling 

In order to trace the belowground C and N transfer from the source plants, all SG plants in the 

central compartment were pulse-labeled with 13CO2 and foliage-labelled with 15NH4NO3. The labeling for 

both elements was performed three times for the rhizoboxes with HC soil and four times for those with 

ESC soil. In all cases the last labeling event took place one month before plant termination.  
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Pulse labeling for 13C enrichment of the source plants took place in labeling chambers. Before 

placing the rhizoboxes into the labeling chambers, the recipient plants of each rhizobox were covered with 

light-impenetrable plastic bags, while the central SG remained uncovered. This setup ensured that only the 

uncovered source SG plant was able to photo-assimilate 13C from the produced 13CO2, and the recipient 

plants were not conducting photosynthesis. This setup has been successfully implemented by our team in 

the past (Kravchenko et al., 2021; Zheng et al., 2022). For the pulse labeling, we utilized 98% 13C-enriched 

NaHCO3 solution. The solution was mixed with H2SO4 to produce 13CO2, releasing 88 mg of 13C per pulse 

event per labeling chamber. Upon H2SO4 administration, the chamber was sealed for six hours in each pulse 

labeling event. The chamber was equipped with ventilators to facilitate even distribution of 13CO2, and 

thermometers were installed to continuously monitor the internal temperature. To eliminate any potential 

heat stress, the lower portions of the chamber exteriors were insulated with ice. Upon opening the chamber, 

rhizoboxes were immediately moved to the environment with controlled lighting and ample ventilation to 

support normal plant photosynthesis and to protect the recipient plants from potential 13C assimilation 

through 13CO2 respiration of the source plants. 

For 15N enrichment of the source plants, we conducted foliage labeling with 45% 15N-enriched 

NH4NO3 (Chu et al., 2004; Shao et al., 2020). One undamaged leaf of each source SG plant was gently 

inserted into a 2-ml tube containing 1.5 ml of 5% (v/w) 15NH4NO3 solution (6.38 g 15N per L). We aimed 

to synchronize the 13C and 15N labeling events, thus, the 15N labeling events took place at the same time as 

13C labeling events. The 15N labeling started 48 hours before each 13CO2 pulse-labeling event and ended 72 

hours after inserting the leaf, providing sufficient time for the leaf of the source SG plant to absorb the 

15NH4NO3 solution. The inserted SG leaf, along with the labeling tube, was carefully removed to avoid any 

dripping of 15NH4NO3 from the leaf and contaminating the soil. 

4.2.5  Sampling and analyses of roots and of rhizosphere soil 

Root and surrounding rhizosphere soil samples were collected from four locations on the 

transparent panel side in each box, two per each neighboring compartment (Figure 4.1A). One of the 

sampling locations was ~2 cm while the other was ~15 cm from the border of the central compartment; we 
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refer to them, respectively, as locations close and far from the source SG plant (location “R” in Figure 

4.1A). Between each location’s sampling, the sampling tools were thoroughly cleaned and sanitized by 

70% ethanol to eliminate cross contamination. All collected root and soil samples were stored in 5 ml tubes 

at 4°C before the preparation for 13C and 15N analyses. 

Root sample preparation consisted of cleaning the attached soil from the roots and drying them. 

For that, 1.8 ml of 0.05M CaCl2 was added to each tube containing the root and the tube was sonicated for 

5 minutes. Then, the roots were brushed to remove any remaining soil particles, and dark-brownish old 

roots were excluded from the tube. The roots were then oven-dried at 30°C for 2 days before further 

analyses. Rhizosphere soil sample preparation consisted of cleaning, drying and grinding the soil. For 

cleaning we manually removed visible roots and organic debris from each tube containing rhizosphere soil. 

The soil samples from the tubes were oven-dried at 30°C for 2 days, and then ground using an iron-ball 

mill. 

An elemental analyzer (Vario ISOTOPE CUBE, Elementar Americas Inc., Ronkonkoma, NY, 

USA) coupled to an isotope ratio mass spectrometer (Isoprime Vision, Elementar Americas Inc., 

Ronkonkoma, NY, USA) was utilized for 13C and 15N analysis. The atom % of isotope ratios (13C/12C and 

15N/14N) in the root and soil samples were calculated using the measured 13C and 15N enrichment expressed 

as δ13C and δ15N (‰) and total 13C and 15N contents using the PeeDee Belemnite and air standard, 

respectively (Fry, 2006). Then, the atom % excess values were obtained by subtracting the 13C and 15N atom 

% in the non-labeled root and rhizosphere soil samples. 

4.2.6  Plant biomass and soil measurements 

After collecting roots and rhizosphere soil samples, the entire aboveground biomass was clipped 

and collected. Due to the extensive branching of roots across the three rhizobox compartments, it was not 

feasible to collect the total belowground biomass. Instead, the biomass of major roots was collected by 

plucking out the crown of roots from the opened panel of each rhizobox and then by gently washing away 

the soil with DI water. The collected aboveground and major root biomass were oven-dried at 60°C for 

three days and weighed.   
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After the biomass removal, bulk soil from all three compartments of each rhizobox was collected 

and used for measurements of total C, total N, and inorganic N (NH4
+ and NO3

-) contents in soils. For total 

C and N, soils were homogenized, 2mm-sieved, ground, and analyzed by a CHNSO Elemental Analyzer 

(Costech Analytical Technologies, Valencia, CA, USA). For the NH4
+ and NO3

-, salicylate-cyanurate 

method (Sinsabaugh et al., 2000) and vanadium method (Doane and Horwáth, 2003) were used for 10 g of 

the homogenized soils with spectrophotometry (Victor3 1420 Multilabel Counter, Perkin Elmer, Waltham, 

MA, USA) at 630 and 540 nm, respectively.  

4.2.7  Intact soil cores: sampling, µCT scanning, and µCT image analysis 

Intact soil micro-cores (2 cm height and 0.8 cm diameter) were taken from the dividers in between 

the rhizobox compartments at 15 cm depth (Location “S” in Figure 4.1A). In the plant combinations with 

the same two recipient species (Table 4.2), the core was collected only from one (randomly selected) 

rhizobox side. In the plant combination with BC and BES recipients, two cores, one per each rhizobox side, 

were collected. A total of 104 intact cores were obtained and subjected to µCT scanning. 

Prior to scanning, the cores were air-dried and then scanned at the 13-BM-D station of the 

GeoSoilEnviroCARS sector, Advanced Photon Source, Argonne National Laboratory (Lemont, IL, USA), 

with an energy of 30 keV and the scanning resolution of 5.7 μm. Original images were cropped to focus on 

the central portions of the cores, avoiding areas potentially subjected to scanning and sampling artifacts. 

The stack of the cropped images was 4.6 × 4.6 × 8.0 mm (800 × 800 ×1400 pixels) in size. Then, the cropped 

images were denoised using 3D non-local mean filter (s = 0.08) (Darbon et al., 2008; Buades et al., 2011) 

implemented in scikit-image of Python (Walt et al., 2014).  

The filtered images were used to identify POM and pores. The POM was segmented using a U-Net 

(convolutional neural network) model under the deep learning engine pre-built in Dragonfly software 

(Ronneberger et al., 2015; Abadi et al., 2016; Makovetsky et al., 2018). The segmentation model was 

trained using 16 cores randomly selected from the entire set of 104 cores. I used five slices with 

representative POM fragments in each of the selected cores as training inputs, and two slices directly below 

and above the selected frames were also considered for generating segmentation outcomes. Then, the 
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trained model was applied to the entire set of cores. The segmented POM images were visually inspected 

to ensure the integrity and accuracy of the process. The outcome of POM segmentation was denoised by 

removing clusters having voxels less than four from the images. I will refer the segmented POM fragments 

to here as root residues, because such fragments were derived from newly grown roots as I removed plant 

residues from soils and sieved and homogenized them prior to the rhizobox construction.   

The pores were segmented using the filtered images via Otsu method in SimpleITK of Python 

(Yaniv et al., 2018; Lucas et al., 2022), and then the previously identified POM was subtracted from pore 

images to ensure that only air-filled pores were part of the finalized images of soil pore space (Figure 4.1C). 

The scanning resolution and the applied image filtering allow us to reliably identify pores with >8 μm 

diameters (Ø). 

The finalized pore images were used to compute pore size distributions using ‘Local Thickness’ 

tool in Image-Fiji software (Schindelin et al., 2012), an approach based on the maximum inscribed sphere 

method (Hildebrand and Rüegsegger, 1997; Vogel et al., 2010). We decided to classify the segmented pores 

into three Ø size ranges, namely 8-30 μm, 30-150 μm, >150 μm Ø, because pores 30-150 μm are often 

found to be associated with high microbial abundance and activity (Nunan et al., 2003; Strong et al., 2004; 

Li et al., 2024). For each size range, pore fractions were determined by dividing the pore volumes (mm3) 

by the total cropped soil (pore + POM + solid) volumes (mm3). 

4.2.8  Statistical analysis 

Data analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC, USA), and statistical 

models were fitted using PROC MIXED. The models for measures of atom % 13C and 15N excess in roots 

and rhizosphere soils of recipient plants included fixed effects of barrier treatments for two transfer 

mechanisms (root-based vs. mycorrhizae-based), four plant combinations of recipient plant species (Table 

4.2), two sampling locations (close vs. far from the source plant), and their interactions. Statistical models 

for aboveground and major root biomass, image-based root residue and soil porosity, atom % 13C and 15N 

excess in shoots, and soil inorganic N contents (NO3
- and NH4

+) included the fixed effects of barrier 

treatments, recipient plant species, and their interactions. Statistical models for pore fractions in different 
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size ranges additionally included the fixed effect of size ranges, which were treated as a repeated measure 

factor. In all models, replicated rhizoboxes nested within soils, barrier treatments, and recipient species 

were used as an error term for testing their effects and as a subject of the repeated measurement.  

Note that we regarded the two studied soils as a source of random variation, representing soil 

variability among Alfisols under agricultural land use in the studied region. Thus, a random effect of the 

soil was included in all statistical models.  

The assumptions of normality and variance homogeneity were assessed by examining histograms, 

normal probability plots, and side-by-side box plots of the residuals, and by conducting Levene’s test for 

variances. Except for atom % 13C and 15N excess in roots, the residuals were found to be normally 

distributed and the equal variance assumption not violated for all studied variables. As the normality 

assumption for 13C and 15N excess in roots and rhizosphere soils was not met, the variables were log 

transformed, and due to the negative values in the excesses, a constant value was added to the data prior to 

the transformation.  

When the interactions between the studied factors were found statistically significant, we used 

simple F-tests (aka slicing) followed by multiple comparisons with t-tests. The effects and differences were 

reported as statistically significant at p <0.05. Additionally, to determine the enrichment of 13C and 15N in 

recipient roots, soils, and shoots and changes in pore and root residue fractions between the source and 

recipients, we performed another series of t-tests to compare them with those of non-isotope-labelled 

controls and in non-planted controls, respectively. Linear associations among the studied response variables 

were assessed using Pearson’s correlation coefficients via PROC CORR procedure in SAS. 

4.3  Results 

4.3.1  Plant growth and soil inorganic N 

As expected, the three studied recipient species differed in their aboveground and major root 

biomass with much greater foliage and root systems of SG and BES plant species as compared to those of 

BC (p <0.001) (Figure 4.2). The presence of barriers did not affect aboveground and root biomass for any 

of the recipient species (Table 4.3), and different recipient species or presence of barriers did not affect 
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aboveground and the root biomass for the source SG (Figure 4.3). Aboveground and the root biomass for 

recipient BES and BC plants in the two-species treatments, i.e., BES-SG-BES and BC-SG-BC 

combinations, were not different from their respective counterparts in the three species BC-SG-BES 

combination (Figure 4.2). 

 
Figure 4.2. Aboveground (A and B) and major root (C and D) biomass of recipient plant species in the four 
studied plant combinations (Table 4.2): SG-SG-SG, BC-SG-BC, and BES-SG-BES, which had the same 
species at both sides (A and C), and BC-SG-BES with BC and BES presented at each side of rhizoboxes, 
separately (B and D). Error bars and dots represent standard deviations and individual data points, 
respectively. Different letters on the bars indicate significant differences in above or major root biomass of 
recipient species in four plant combinations at p <0.05. Differences between two barrier conditions were 
not significant (p >0.05) (Table 4.3), thereby not shown. 
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Table 4.3. ANOVA F-test results with p-values for effects of recipient plant species, barrier conditions, and 
their interaction on aboveground and major root biomass in four plant combinations. Significant effects (p 
< 0.05) in the ANOVA table are shown in bold.  

 Aboveground biomass  Major root biomass 
Effect F-value p-value  F-value p-value 

Recipient 13.94 <0.001  4.44 0.008 
Barrier 0.69 0.416  0.19 0.668 

Recipient ´ Barrier 0.19 0.940  0.12 0.975 
 

 
Figure 4.3. Aboveground (A) and major root (B) biomass of source SG plants in the four studied plant 
combinations (Table 4.2): SG-SG-SG, BC-SG-BC, and BES-SG-BES, which had the same species at both 
sides, and BC-SG-BES with BC and BES presented at each side of rhizoboxes, separately. Error bars and 
dots represent standard deviations and individual data points, respectively. Neither difference between two 
barrier conditions nor among four plant combinations were not significant (p >0.05), thereby not shown. 

Root residues within the rhizobox dividers were identified in X-ray µCT images of soil cores in no 

barrier rhizoboxes (Figure 4.4). However, root residues in the cores taken from the rhizoboxes with barriers 

were not greater than those in the control soil cores taken from unplanted control rhizoboxes (Figure 4.4). 

The results point out that the mesh barriers were effective in keeping away the roots, eliminating direct root 

interactions as needed for testing the study’s hypotheses. The volume of root residues in the SG-SG-SG 

plant combination tended to be above that in all other treatments (p <0.1) (Figure 4.4 and Table 4.4). 
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Figure 4.4. Fractions of root residues detected using X-ray µCT within the rhizobox dividers between source 
SG and recipient plant species in the four plant combinations (Table 4.2): SG-SG-SG, BC-SG-BC, and 
BES-SG-BES, which had the same species at both sides (A), and BC-SG-BES with BC and BES presented 
at each side of rhizoboxes, separately (B). Black *, **, and *** marks on the box plots denote that root 
residue fractions were significantly greater than the fractions of non-planted controls (orange-colored 
dashed lines) at p <0.05, 0.01, and 0.001 level, respectively. Marked ** and *** with corresponding colors 
to the boxes of recipient species and located below the adjacent two boxes indicate significant differences 
between barrier and non-barrier treatments within the species at p <0.01 and 0.001 level, respectively. 
Differences among recipient plants in the four combinations were not significant (p >0.05) (Table 4.4), 
thereby not shown. 

Table 4.4. ANOVA F-test results with p-values for effects of recipient plant species, barrier conditions, and 
their interaction on root residues detected using X-ray µCT within the rhizobox dividers. Significant effects 
(p < 0.05) in the ANOVA table are shown in bold. 

 Root residues 
Effect F-value p-value 

Recipient 2.10 0.087 
Barrier 90.82 <0.001 

Recipient ´ Barrier 3.02 0.021 
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Presence of barriers did not affect either inorganic N (NO3
- and NH4

+) contents in soils (Table 4.5), 

while soils in BC recipient compartments had greater inorganic N contents compared to those in SG and 

BES compartments (Figure 4.5). Such N contents in BC recipient soils in BC-SG-BC plant combination 

were not different from their respective counterparts in BC-SG-BES combination (Figure 4.5). 

 
Figure 4.5. Nitrate (NO3

-) (A and B) and ammonium (NH4
+) (C and D) contents in soils of recipient plants 

in the four studied plant combinations (Table 4.2): SG-SG-SG, BC-SG-BC, and BES-SG-BES, which had 
the same species at both sides (A and C), and BC-SG-BES with BC and BES presented at each side of 
rhizoboxes, separately (B and D). Error bars and dots represent standard deviations and individual data 
points, respectively. Different letters on the bars indicate significant differences in NO3

- and NH4
+ contents 

in soils of recipient species across four plant combinations at p <0.05. Differences between two barrier 
conditions were not significant (p >0.05) (Table 4.5), thereby not shown. 

Table 4.5. ANOVA F-test results with p-values for effects of recipient plant species, barrier conditions, and 
their interaction on NO3

- and NH4
+ contents in soils of four plant combinations. Significant effects (p < 

0.05) in the ANOVA table are shown in bold.  
 NO3

-  NH4
+ 

Effect F-value p-value  F-value p-value 
Recipient 43.10 <0.001  9.85 <0.001 
Barrier 0.15 0.697  0.99 0.322 

Recipient ´ Barrier 1.01 0.405  0.56 0.691 
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4.3.2  13C and 15N excesses in roots of recipient plants 

13C enrichment of recipient roots at the close location was generally greater than that at the far 

location (p <0.001), and likewise, the presence of the barrier led to overall lower 13C enrichment (p <0.01) 

(Table 4.6). However, significant interactions were observed between the effects of the barriers and the 

recipient plant combinations. Specifically, in SG-SG-SG combination, i.e., when SG was both the source 

and the recipient species, in the absence of barriers, the roots of the recipient SG were 13C enriched at both 

close and far locations (p <0.01) (Figure 4.6A). In the presence of the barrier, the recipient’s roots were 

enriched only at the close location (p <0.01) (Figure 4.6A). In BC-SG-BC combination, i.e., when BC was 

the recipient species of the source SG, the 13C root enrichment was detected in both close and far locations, 

both in the presence and in the absence of the barrier (p <0.05-0.01) (Figure 4.6A). In contrast, in BES-SG-

BES combination, the roots of BES recipient plant were not 13C enriched at either close or far locations, 

whether in the presence or absence of the barrier (p >0.05) (Figure 4.6A). 

Table 4.6. ANOVA F-test results with p-values for effects of recipient plant species, barrier conditions, 
sampling locations, and their interaction on 13C and 15N atom % excesses in roots of recipient plants in four 
plant combinations. Significant effects (p < 0.05) in the ANOVA table are shown in bold. 

 13C excess  15N excess 
Effect F-value p-value  F-value p-value 

Recipient 5.05 0.001  3.62 0.007 
Barrier 5.44 0.009  2.53 0.088 

Location 12.96 <0.001  9.88 0.002 
Recipient ´ Barrier 4.50 0.021  1.67 0.156 

Recipient ´ Location 1.60 0.175  0.48 0.747 
Barrier ´ Location 9.34 0.002  2.15 0.144 
Recipient ´ Barrier  

´ Location 1.83 0.123  0.37 0.829 
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Figure 4.6. Atom % 13C (A and B) and 15N (C and D) excesses in the roots of recipient plants neighboring 
the 13C labeled, thereby the source SG in the four studied plant combinations (Table 4.2): SG-SG-SG, BC-
SG-BC, and BES-SG-BES, which have the same species of the non-labeled plants at both sides (A and C) 
and BC-SG-BES with BC and BES sides presented separately (B and D). Results obtained at close and far 
distances from the source plants are reported separately. Note that to ensure that data from all distances and 
plant combinations are clearly visible on the same graph we show the data in a log scale, and due to the 
negative values in % 13C and 15N excess, a constant value was added to the data prior to the log 
transformation. Dots represent individual data points. The black * and ** marks above the box plots denote 
that 13C and 15N excesses significantly exceed non-labelled controls (yellow dashed line) at p <0.05 and 
0.01 level, respectively. Colored * and ** marks under the adjacent two boxes within each sampling 
location indicate significant differences between barrier and non-barrier treatments within the location at p 
<0.05 and 0.01 level, respectively. Different uppercase letters on the boxes indicate significant differences 
among three recipient species across four plant combinations within non-barrier treatments in the close 
location (p <0.05), and different lowercase letters indicate significant differences in the far location (p 
<0.05). Letters are not shown within barrier treatments, as differences were not statistically significant 
among the species (p >0.05).
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When two different species were co-planted alongside the source SG in each rhizobox, i.e., in BC-

SG-BES plant combination (Table 4.2), the 13C excess results in the roots of BC and BES recipients (Figure 

4.6B) were overall similar to those of their respective two-species combinations (Figure 4.6A). For 

example, just as in the two-species combinations, the 13C excess in BC recipients was greater than that of 

the BES recipients, and the sizes of the barrier effects were comparable. Yet, notably, roots of BES 

recipients in the three-species BC-SG-BES combination were 13C enriched at the close location (Figure 

4.6B) unlikely to those in the BES-SG-BES combination (Figure 4.6A). In addition, at the far location, the 

13C excess in the roots of BC recipients was greater than that in far locations of any other recipients. 

Similar to 13C results, the 15N enrichment of the recipient roots at the close location was somewhat 

higher than at the far (p <0.001). Yet, the strength of the barrier effect was much weaker and significant 

only at p <0.1 level (Table 4.6), and the root 15N enrichment of all recipient plants tended to be more 

pronounced than the 13C enrichment (Figure 4.6). For both SG and BC recipients, significant 15N enrichment 

of the roots was observed at both close and far locations not only with the absence but also with the presence 

of the barrier (p <0.05-0.01) (Figure 4.6C). Even roots of BES recipients were 15N enriched at the close 

location without barriers (p <0.05) (Figure 4.6C), while their 13C enrichment was negligible (p >0.05) 

(Figure 4.6A). Again, similar to 13C results, the BES 15N enrichment in the three-species rhizoboxes (BC-

SG-BES combination) tended to be stronger than that in the BES-SG-BES. Specifically, 15N enrichment of 

BES roots was detected even at the far location of the BES side (p <0.05) (Figure 4.6D), while it was only 

found at the close location in the BES recipient of the BES-SG-BES combination (Figure 4.6C). 

13C enrichment in the shoots of the recipient plants was not observed in any of the studied 

combinations or barrier treatments (Figure 4.7A and 4.7B). However, the shoots of recipient plants were 

significantly enriched with 15N in most combinations and barrier treatments (Figure 4.7C and 4.7D). BES 

recipient plants in the barrier treatments of both BES-SG-BES and BC-SG-BES combinations were the 

only ones where 15N enrichments in shoots was not statistically significant. 
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Figure 4.7. Atom % 13C (A and B) and 15N excesses in shoots of recipient plant species in the four plant 
combinations (Table 4.2): SG-SG-SG, BC-SG-BC, and BES-SG-BES, which had the same species at both 
sides (A and C), and BC-SG-BES with BC and BES presented at each side of rhizoboxes, separately (B 
and D). Error bars and dots represent standard deviations and individual data points, respectively. The black 
* and ** marks above the bar plots denote that 13C and 15N excesses significantly exceed non-labelled 
controls, which are all 0 %, at p <0.05 and 0.001 level, respectively. Differences between two barrier 
conditions or among recipient species were not significant (p >0.05), thereby not shown. 

Significant correlations between 13C and 15N excesses in the roots of the recipient plants were 

observed only in SG neighbors in the absence of barrier (p <0.05), and in the BC neighbors in both presence 

and absence of the barriers (p <0.05-0.01), both at close locations (Figure 4.8A). The 13C and 15N excesses 

in the roots of BES plants were not significantly correlated to each other. In none of the plants there were 

significant correlations between 13C and 15N excesses at the far locations (p >0.05). 
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Figure 4.8. Relationships between atom % 13C and 15N excesses in the roots (A) and the rhizosphere soils 
(B) adjacent to the roots of recipient SG, BC, and BES at close location from the source SG. The table 
presents coefficients (r2) and p-values of linear regression models, and models significant at p <0.05 are in 
bold. Shown on figures are observations from barrier and non-barrier treatments (darker and lighter dots, 
respectively) and the linear regressions fitted to the data (darker and lighter lines, respectively). Fitted lines 
are not shown on the figures when regressions were not statistically significant (p >0.05). 

(A)

(B)

Recipient Barrier
Roots Rhizo. soils

r2 p-value r2 p-value

SG
Barrier 0.01 0.960 0.02 0.594

NoBarrier 0.35 0.012 0.19 0.079

BC
Barrier 0.20 0.023 0.28 0.005

NoBarrier 0.36 0.002 0.31 0.004

BES
Barrier 0.03 0.432 0.01 0.985

NoBarrier 0.13 0.097 0.01 0.888
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4.3.3  13C and 15N excesses in rhizosphere soils of recipient plants 

The presence of the barrier led to lower 13C enrichment of rhizosphere soils (p <0.001) (Table 4.7). 

The 13C enrichment at the close location was generally greater than that at the far location (p <0.001) (Table 

S6), and when SG and BC were the recipient species, in the absence of barriers, rhizosphere soils were 13C 

enriched only at the close location (p < 0.01) (Figure 4.9A). On the contrary, rhizosphere soils of BES 

recipient plant were not 13C enriched at either close or far locations (p >0.05) (Figure 4.9A), similar to the 

trend of the 13C enrichment in their roots (Figure 4.6A).  When two different species were co-planted 

alongside the source SG, i.e., in BC-SG-BES plant combination (Table 4.2), the results of 13C excess in the 

rhizosphere soils of BC and BES recipients (Figure 4.9B) were very similar to those of their respective two-

species combinations (Figure 4.9A), having greater 13C excess in BC recipients than that of the BES 

recipients at the close location. 

Table 4.7. ANOVA F-test results with p-values for effects of recipient plant species, barrier conditions, 
sampling locations, and their interaction on 13C and 15N atom % excesses in rhizosphere soils of recipient 
plants in four plant combinations. Significant effects (p < 0.05) in the ANOVA table are shown in bold. 

 13C excess  15N excess 
Effect F-value p-value  F-value p-value 

Recipient 3.21 0.013  6.93 <0.001 
Barrier 24.28 <0.001  9.53 0.002 

Location 18.24 <0.001  9.00 0.003 
Recipient ´ Barrier 2.41 0.049  1.59 0.178 

Recipient ´ Location 3.44 0.009  0.28 0.890 
Barrier ´ Location 11.81 0.001  3.72 0.065 
Recipient ´ Barrier  

´ Location 2.29 0.069  2.23 0.085 
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Figure 4.9. Atom % 13C (A and B) and 15N (C and D) excesses in rhizosphere soils of recipient plants 
neighboring the 13C labeled, thereby the source SG in the four studied plant combinations (Table 4.2): SG-
SG-SG, BC-SG-BC, and BES-SG-BES, which have the same species of the non-labeled plants at both sides 
(A and C) and BC-SG-BES with BC and BES sides presented separately (B and D). Results obtained at 
close and far distances from the source plants are reported separately. Note that to ensure that data from all 
distances and plant combinations are clearly visible on the same graph we show the data in a log scale, and 
due to the negative values in % 13C and 15N excess, a constant value was added to the data prior to the log 
transformation. Dots represent individual data points. The black * and ** marks above the box plots denote 
that 13C and 15N excesses significantly exceed non-labelled controls (yellow dashed line) at p <0.05 and 
0.01 level, respectively. Colored *, **, and *** marks under the adjacent two boxes within each sampling 
location indicate significant differences between barrier and non-barrier treatments within the location at p 
<0.05, 0.01, and 0.001 level, respectively. Different uppercase letters on the boxes indicate significant 
differences among three recipient species across four plant combinations within non-barrier treatments in 
the close location (p <0.05), and different lowercase letters indicate significant differences in the far location 
(p <0.05). Letters are not shown within barrier treatments, as differences were not statistically significant 
among the species (p >0.05).
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The 15N enrichment of the rhizosphere soils at the close location was also higher than at the far (p 

<0.01) (Table 4.7). Similar to the 13C enrichment in rhizosphere soils, 15N enrichment was detected at the 

close location with the absence of barriers in the two-species combinations (p <0.05) (Figure 4.9C), i.e., 

SG-SG-SG and BC-SG-BC (Table 4.2). The presence of the barrier generally led to lower soil 15N 

enrichment compared to its absence (p <0.01) (Table 4.7), and one exception was BES recipients having 

comparable barrier effects (p >0.05) (Figure 4.9C). Notably, in BC-SG-BES plant combination, the 15N 

enrichment of BC rhizosphere soils was detected with the presence of barriers (p <0.05) (Figure 4.9D), 

while it was not found in BC soils of the BC-SG-BC combination (Figure 4.9C). 

At the close location, 13C excesses in rhizosphere soils were positively associated with 13C excesses 

in roots in all three recipient species, when there were no barriers between the source and recipients (p 

<0.05-0.001) (Figure 4.10A). In the presence of barrier, significant positive association between the 

rhizosphere soil and root 13C excesses was observed only in SG recipient (p <0.001). The 15N excess in 

rhizosphere soils from the close location were also positively associated with the 15N excess in roots in both 

barrier conditions in all three recipient species (p <0.05-0.01) (Figure 4.10B). An exception with no 

significant correlation was SG recipients in the presence of barriers (p >0.05). 

Significant correlations between 13C and 15N excesses in the rhizosphere soil of the recipient plants 

were observed only in BC recipient both in the presence and the absence of barriers (p <0.01) (Figure 4.8B). 

The 13C and 15N excesses in the rhizosphere of SG and BES plants were not significantly correlated to each 

other (p >0.05), and in none of the recipient plants, there were significant correlations observed at the far 

locations (p >0.05). 
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Figure 4.10. Relationships of atom % 13C (A) and 15N (B) excesses between the roots and the rhizosphere 
soils adjacent to the roots of recipient SG, BC, and BES at close location from the source SG. The table 
presents coefficients (r2) and p-values of linear regression models, and models significant at p <0.05 are in 
bold. Shown on figures are observations from barrier and non-barrier treatments (darker and lighter dots, 
respectively) and the linear regressions fitted to the data (darker and lighter lines, respectively). Fitted lines 
are not shown on the figures when regressions were not statistically significant (p >0.05).  

(A)

(B)

Recipient Barrier
13C excess 15N excess

r2 p-value r2 p-value

SG
Barrier 0.57 <0.001 0.17 0.089

NoBarrier 0.28 0.013 0.23 0.018

BC
Barrier 0.01 0.73 0.29 0.005

NoBarrier 0.34 0.001 0.20 0.026

BES
Barrier 0.05 0.194 0.20 0.026

NoBarrier 0.56 <0.001 0.28 0.012
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4.3.4  Soil pores between source SG and recipient plants 

When SG and BC were recipient species, fractions of finer pores (8-30 μm Ø) in soils between the 

source and recipients with the absence of the barrier were approximately 70% and 50% greater than that in 

soils with its presence (p <0.01), respectively, and approximately 75% greater than that in control soils 

without plants (p <0.001) (Figure 4.11A and 4.11B). In contrast, fractions of medium (30-150 μm Ø) and 

coarser pores (>150 μm Ø) in such soils were approximately 20% (p <0.01) and 60% (p <0.001) smaller 

than those in the non-planted control soils, respectively. Notably, with the presence of the barrier between 

the source and recipient BC, finer pore and coarser pore fractions were slightly greater (p <0.01) and smaller 

(p <0.01) than those of the non-planted control, respectively (Figure 4.11B). When BES plants were the 

recipient species, pore fractions in three size ranges were not significantly different from those of the non-

planted control in both barrier conditions (p >0.05) (Figure 4.11C). 

 
Figure 4.11. Fractions of pores of three size ranges (8-30, 30-150, and >150 μm Ø) in the soils between 
source SG and recipient SG (A), BC (B), and BES (C) in SG-SG-SG, BC-SG-BC, and BES-SG-BES plant 
combination (Table 4.2), and between source SG and BC side or between source SG and BES side in BC-
SG-BES plant combination (D). Error bars and dots represent standard deviations and individual data 
points, respectively. Black *, **, and *** marks above the bar graphs denote that pore fractions were 
significantly greater or less than the fractions of non-planted controls (yellow dashed lines) at p <0.05, 0.01, 
and 0.001 level, respectively. Marked *, **, and *** with corresponding colors to the bars of recipient 
species and located below the adjacent two bars within each size range indicate significant differences 
between barrier and non-barrier treatments within the size at p <0.05, 0.01, and 0.001 level, respectively. 
Different uppercase letters on the bars indicate significant differences at p <0.05 among recipient plants in 
the four plant combinations without barriers, and different lowercase letters indicate differences with 
barriers. Marks and letters are not shown when differences were not statistically significant (p >0.05).  

 



141 
 

When BES was co-planted with the BC in BC-SG-BES plant combination, finer and coarser pore 

fractions between the source SG and BES recipient side became greater (p <0.001) and smaller (p <0.01) 

than those of the non-planted control, respectively (Figure 4.11D). For the BC recipient side, the trend was 

similar to that in the BC-SG-BC combination (Figure 4.11B and 4.11D), while for the BES recipient side, 

the deviations from the non-planted control were much more pronounced in BC-SG-BES than in BES-SG-

BES combination (p <0.001 in finer pore and p <0.01 in coarser pore fractions) (Figure 4.11C and 4.11D).  

The finer pores showed differences in pore fractions among four plant combinations in the absence 

of barriers, and fractions of these pores followed the trend: SG-SG-SG ~ BC-SG-BC ~ BC side of BC-SG-

BES > BES side of BC-SG-BES > BES-SG-BES (Fig. 4.11). Since soil porosities measured using the 

images were not significantly different among all plant combinations and between two barrier conditions, 

given differences were derived by changes in soil structure (Figure 4.12). 

 
Figure 4.12. Image-based porosity of soils between source SG and recipient SG, BC, and BES (A) in SG-
SG-SG, BC-SG-BC, and BES-SG-BES plant combination, and between source SG and BC side or between 
source SG and BES side in BC-SG-BES plant combination (B) (Table 4.2). Error bars and dots represent 
standard deviations and individual data points, respectively. Differences between two barrier conditions or 
among recipient species were not significant (p >0.05), thereby not shown. 

In the absence of the barrier, the root residues were positively associated with fractions of finer 

pores for all three recipient plants (r2 = 0.47 and p <0.01; r2 = 0.38 and p <0.05; r2 = 0.41 and p <0.05 in 

SG, BC, and BES, respectively). Alternatively, they were negatively associated with fractions of coarser 

pores (r2 = 0.45 and p <0.001; r2 = 0.34 and p <0.05; r2 = 0.33 and p <0.05 in SG, BC, and BES, respectively) 

(Figure 4.13). 

(A) (B)
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Figure 4.13. Relationships betweem fractions of root residues and fractions of pores in 8-30 (A), 30-150 
(B), and > 150 μm (C) diameter size ranges. The table presents coefficients (r2) and p-values of linear 
regression models, and models significant at p <0.05 are in bold. Shown on figures are observations from 
barrier and non-barrier treatments (darker and lighter dots, respectively) and the linear regressions fitted to 
the data (darker and lighter lines, respectively). Fitted lines are not shown on the figures when regressions 
were not statistically significant (p >0.05).  

4.4  Discussion  

SG-assimilated C was transferred via belowground mechanisms to neighboring plants. However, 

the extent of the transfer varied depending on the identity of the neighboring recipient (s), and the transfer 

in the presence of barriers (via fungal-only mechanism) was markedly lower than in the presence of barriers 

(via a combination of root-based and fungal-based mechanisms). The transfer of SG-assimilated N was 

more pronounced than that of C. It occurred through both fungal-only and the root-based mechanisms, and 

the transfer through the root-based ways was present regardless of the identity of the recipient plants. SG-

assimilated C and N in the rhizosphere of the recipients were positively associated with those in the 

recipients’ roots. Patterns in modifications in soil pore-size distributions were consistent with the C transfer 

patterns, demonstrating formation of fine pores where root-based C transfer occurred. 

4.4.1  Mechanisms of C and N transfer 

Rhizoboxes without barriers allowed C and N transfers through both root-based and fungal-based 

mechanisms (Figure 4.1A), and the installation of mesh barriers successfully restricted such transfers 
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through root contacts. This can be supported by the absence of root residues within the mesh barriers while 

significantly greater root residues were found without barriers compared to the non-planted control in all 

plant combinations (Figure 4.4). 

13C and 15N enrichment in recipient roots revealed that fungal-based C and N transfers could occur 

(Figure 4.6). However, the extent of the fungal-based C transfer was significantly less compared to that of 

the root-based C transfer, whereas N transfer remained comparable between the two mechanisms. This 

phenomenon can be explained by the molecular size and complexity of C and N compounds that 

mycorrhizal networks obtain from source roots and transport to their recipients. Mycorrhizal fungi 

efficiently transport smaller molecules such as amino acids, NH4
+, and NO3

- through their extensive hyphal 

networks (López-Pedrosa et al., 2006; Parniske, 2008; Whiteside et al., 2012). This contrasts with larger C 

compounds such as glycogen granules and lipid droplets, which are synthesized from hexoses obtained 

from the source plant (Pfeffer et al., 1999; Keymer et al., 2017). Such C-rich molecules can have greater 

challenges for transport through hyphal networks due to their relatively large size and structural complexity, 

while smaller compounds are more readily transported through these networks (Wang et al., 2018; Salvioli 

di Fossalunga and Novero, 2019). This implies that the movement of the C-rich compounds may require 

more direct pathway, i.e., root-based transfer mechanisms, and this differential transport capability likely 

influenced the discrepancy in this study, particularly between extents of C and N transfers to SG and BES 

recipients (Figure 4.6). 

The discrepancy in barrier effects between C and N transfers may also be attributed to the high 

demand and rapid uptake of N by soil microorganisms. Once N is released into the soil, it tends to be 

immediately assimilated by soil microorganisms (Jones et al., 2005; Kuzyakov and Xu, 2013), leaving little 

available N in the soil for transfer to recipient roots (Luo et al., 2006). This rapid microbial uptake may 

lead to N transfers through more direct and specified pathways such as the mycorrhizae-based mechanism, 

which facilitate the efficient delivery of N directly to the recipient plants.   

Pfeffer et al. (2004) reported a case of the unidirectional C flow within arbuscular mycorrhizal 

symbiosis and implied C transfer from the plant to the fungus, not being assimilated back into recipient 
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plants but largely retained within the intraradical mycelium of fungi in their symbiotic roots. This 

unidirectional flow, possibly occurred in our study, could restrict fungal-based C transfer, thus the root-

based C transfer was predominant (Figure 4.6). This phenomenon might also elucidate very little extents of 

the C transfer detected at far locations of recipient SG and BC (Figure 4.6A). Recipient shoots, which were 

not 13C enriched, can support that the shoot biomass of recipient plants did not assimilate the transferred C 

from the source SG (Figure 4.7A and 4.7B), thereby could not have capability to redistribute C to the other 

sides of recipient roots. On the contrary, mycorrhizal symbiotic roots could utilize forms of the transferred 

N for their further growth (Govindarajulu et al., 2005; Parniske, 2008), having enriched 15N in their shoot 

biomass (Figure 4.7C and 4.7D), and such N was able to be moved to the other sides.  

The potential reach of mycorrhizal hyphae was reported to extend up to 15 cm from their symbiotic 

root (Muneer et al., 2020a, 2020b; Shen et al., 2020) with the spread of up to 111 m cm-3 hyphae in soil 

(Miller et al., 1995). This could be a plausible reason for the fungal-based C transfers to the BC recipient 

within the 13 cm distance from the source to the far location of recipient roots (Figure 4.8A), as legume 

species are known to promote the development of mycorrhizal hyphae due to their strong rhizobium 

symbiotic relationship (de Novais et al., 2020; Liu et al., 2020, 2021). 

4.4.2  C and N input into rhizosphere while their transfer 

Root can release C compounds as exudates and rhizodeposits (Jones et al., 2009), and such root-

derived C compounds and decomposed root and fungal biomass substantially contribute to soil organic C 

pools (Jones et al., 2004; Badri and Vivanco, 2009). Indeed, 13C enrichment in rhizosphere soils was 

detected with the absence of the barrier in recipient plant species of the one- and two-species plant 

combinations, i.e., SG-SG-SG and BC-SG-BC, where the root-based C transfer occurred (Figure 4.6A and 

4.9A). This also aligns with the recent finding by Kravchenko et al. (2021), demonstrating the plant-derived 

C input, which was promoted by the C transfer. Positive associations of 13C excesses between roots and 

rhizosphere soils can support the plant-derived C input during the root-based C transfer (Figure 4.10A).  

Notably, unlikely to the trend of 15N enrichment in roots (Figure 4.6), the presence of the barrier 

led to lower 15N enrichment in rhizosphere soils in SG and BC recipients of the one- and two-species 
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combination and BC recipients of the three-species combination, i.e., BC-SG-BES, compared to the 

absence of the barrier (Figure 4.9). This implies that the amount of the released N in rhizosphere soils was 

not significant, while transferred to the corresponding roots through the fungal-based mechanism. Although 

N is taken up as forms of NO3
- and NH4

+ by fungal hyphae (López-Pedrosa et al., 2006), it is transported 

as arginine, which is relatively stable against release, during the transfer to the connected roots 

(Govindarajulu et al., 2005). 

4.4.3  Influence of recipient species on C and N transfer 

Roots are known to grow towards N-enriched locations within the soil, and legumes enrich soil N 

(Ruffel et al., 2011; Guan et al., 2014; Mounier et al., 2014). Indeed, NO3
- and NH4

+ contents in soils under 

BC recipient plants were greater than those under BES recipients in the BC-SG-BES combination (Figure 

4.5B and 4.5D). This implies more root branching possibly occurred towards this legume plant due to the 

soil N enrichment, potentially facilitating closer proximity and enhanced element exchange between the 

source and the legume plant (Figure 4.6A and 4.6B).   

Interestingly, in the BC-SG-BES combination containing the legume plant, 13C enrichment was 

found in BES roots (Figure 4.6B), while BES roots were not 15N enriched in the BES-SG-BES combination 

(Figure 4.6A). Moreover, 15N excess in BES roots in the combination with the presence of the legume 

exceeded that of the non-labeled BES at the more distant locations in (Figure 4.6D), in contrast to the 

exceeded 15N within the close location in the BES-SG-BES combination without the legume (Figure 4.6C). 

Non-legume plants involved in a plant community plays roles for rapidly depleting the available N in soil 

and resulting in higher N2 fixation in companion legumes (Viera-Vargas et al., 1995). Such stimulatory 

interactions between legumes and non-legumes enhanced the total N uptake by plants in the community 

(Nyfeler et al., 2011). Moreover, legumes synergistically interact with non-legume species that often have 

more fibrous root systems, enhancing soil nutrient dynamics (Mahieu et al., 2009; Chapagain and Riseman, 

2014), and such mixture can promote efficient N transfer, facilitated by arbuscular mycorrhizal fungi, which 

form symbiotic relationships possibly with non-leguminous plants in their plant community (Mahieu et al., 

2009; Chapagain and Riseman, 2015; Suter et al., 2015). 
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4.4.4  Fine pore formation and potential for C storage 

The response of pore size distributions within the rhizobox dividers to plant neighbor and barrier 

effects followed the same pattern as that of 13C transfer. Specifically, changes in pore size distributions 

compared to those of the no-plant controls were observed in SG and BC, but not BES recipients, and were 

more pronounced in the absence of the barriers. 

In the observed plant combinations, there were notable increases in the volume of finer pores (8-

30 μm Ø) and decreases in that of coarser pores (>150 μm Ø) within soils (Figure 4.11) where greater root-

based transfers of C and N occurred (Figure 4.6). Since image-based porosity did not differ among the plant 

combinations and was not affected by the presence of the barrier (Figure 4.12), such modifications in the 

pore structure could be attributed to the reorganization of soil particles via root activity of different plant 

combinations. Root growth can lead to soil compaction as well as the subsequent formation of air-gaps in 

close proximity to the root, after its senescence and shrinking (Lucas et al., 2019; Phalempin et al., 2021; 

Lee et al., 2023b), and such air-gaps can form finer pores around the root (Aravena et al., 2011; Liu et al., 

2022). The physical compaction can also lead either full or partial collapsing of coarser pores (Aravena et 

al., 2011; Pandey et al., 2021). Moreover, root exudates and rhizodeposits together with fluctuations in the 

soil moisture due to root’s water uptake could have led to enhanced formation of finer pores and 

rearrangement of the pore space (Oburger and Schmidt, 2016; Jin et al., 2017). The observed positive 

correlations between root residues and the formation of finer pores, alongside the reduction in coarser pores, 

in all plant combinations support the potential influence of roots on fine pore formation (Figure 4.13). 

One notable observation was that there were increases in finer pores and decreases in coarser pores 

with the presence of the barrier in BC recipient soils (Figure 4.11B and 4.11D) where significant fungal-

based transfers occurred (Figure 4.6). Fungi are known to substantially impact the pore structure as well, 

and in the soils accessible by fungi, the volume of >10 µm Ø pores doubled compared to that in fungi-

inaccessible soils separated by barriers (Feeney et al., 2006; Hallett et al., 2009).  

Such finer pores play a critical role in long-term soil C storage due in part to their not sufficient 

size to accommodate a large microbial community and limited oxygen supplies, potentially hinder 
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microbial activity and subsequent decomposition of organic matter (Bailey et al., 2017; Kravchenko et al., 

2019; Franklin et al., 2021). Plant combinations that facilitated greater C transfers might enhance C 

accumulation within such newly-formed fine pores (Figure 4.6 and 4.11), because the root-based transfers 

released C into the soil (Figure 4.10A), and pores in this size are readily accessible to fungal hyphae (2-20 

μm Ø) from the roots (Smith and Smith, 2011). Quigley and Kravchenko (2022) recently found positive 

correlations between root-derived C and fine pores, which were not accessible to roots, suggesting fungal-

derived C could enter such pores and be protected from further decomposition. 

4.5  Conclusions 

This greenhouse experiment with 13C and 15N isotope labeling and tracing reveals that fungal-based 

C and N transfer occur from SG to recipient BC and BES, native prairie species, as well as to the other SG 

that was grown together. The root-based C transfer was the predominant mechanism, while N was 

effectively transferred via mycorrhizal networks. Notably, the presence of BC plants, legume species, 

enhanced the transfer of both C and N not only to their side but also to co-planted BES side. Both transfer 

mechanisms led to notable increases in C and N within the rhizosphere soils, and newly formed fine pores 

via the root growth could possibly provide the protective storage for the rhizosphere C inputs. These 

findings suggest that root interactions, aided by mycorrhizal networks, are likely to play a critical role in C 

and N exchanges and concomitant soil C accumulation in native prairie vegetation. 
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CHAPTER 5: Root distributions altered by spatial nitrogen availability affects belowground carbon and 

nitrogen transfer and soil pore structure 

Abstract 

Belowground carbon (C) and nitrogen (N) transfer takes place via root-based or fungal-based 

mechanisms, and the mechanisms depend on the development of roots and fungal hyphae, which can be 

affected by soil N availability. Yet, magnitudes of the two mechanisms in the transfer and their contributions 

to pore structure formation remain unexplored under the spatial N variability. Objectives of this study were 

(i) to identify root- and mycorrhizae-based C and N transfer in response to the soil N variability and 

subsequent root distribution in soil, and (ii) to assess the alteration in pore structure derived by the transfer 

mechanisms. Black-eyed Susan (BES, Rudbeckia hirta L.) was grown at both sides of the source 

switchgrass (SG, Panicum virgatum L.) as neighbors, or BES was co-planted with bush clover (BC, 

Lespedeza capitata Michx), a legume species. Half boxes had meshed barriers not to allow root contacts 

but mycorrhizal interactions, and another half was opened to allow both mechanisms. Source SG was 

labelled by 13C and 15N to trace their transfers, and NH4NO3 was only applied to one side of BES 

neighboring recipients to create the spatial N enrichment. After four months, (i) SG roots were 

photographed to estimate their preferential distributions, (ii) roots and rhizosphere soils of recipient plants 

were collected to analyze their 13C and 15N enrichment, and (iii) intact cores were taken from soils between 

the source and recipients and scanned using X-ray CT to analyze pore size distributions. Source SG roots 

grew towards the N applied BES and the co-planted BC plants, and particularly, root-based mechanism 

facilitated C transfers to both sides of BES when N was applied. The two mechanisms led to greater 

formation of 8-30µm diameter pores in the vicinity of the N applied BES and the BC roots in soils spatially 

N enriched. Conclusively, spatial N enrichment attracts recipient plant roots, facilitating C and N transfers, 

fine pore formation, and enhancing root-based transfer in the plant community. 

 



158 
 

5.1  Introduction 

Diverse perennial vegetation is known to enhance soil carbon (C) accumulation and increase overall 

nitrogen (N) availability (Mulder et al., 2002; Sprunger and Robertson, 2018; Lange et al., 2019), thereby 

improving soil health and promoting plant growth (Lal, 2016; Sainju et al., 2017). The beneficial synergy 

of high plant diversity in C accumulation and plant productivity is particularly pronounced in grassland 

ecosystems (Tilman et al., 2001; Lange et al., 2015; Yang et al., 2019).  

One potential driver of this synergy is the belowground transfer of water, C, and nutrients among 

individual plants within the community (Ayres et al., 2007; Thilakarathna et al., 2012; Kravchenko et al., 

2021). The transfers improve efficiency of nutrient cycles and resilience against environmental stresses, 

thereby contributing to plant growth and productivity (Luo et al., 2023). Belowground C and N transfers 

are driven either by root interactions or by mycorrhizal networks (Robinson and Fitter, 1999; Thilakarathna 

et al., 2016; Hupe et al., 2021). Root-based transfers take place when C and N are released from the source 

plant’s roots as rhizodeposits and exudates (Badri and Vivanco, 2009; De Sena et al., 2023), which are then 

absorbed by the roots of neighboring recipient plants (Jones et al., 2004; Segonzac et al., 2007). This 

absorption can occur either through direct root contact between source and recipient plants or when the 

recipient plant roots encounter the released C and N within the soil. Fungal-based transfer involves fungi 

utilizing C and N obtained from plant roots to develop their hyphae (Rillig, 2004a; Parniske, 2008). When 

plants are interconnected through common mycorrhizal networks, the symbiotic fungi and their hyphae 

transport the obtained C and N to roots of the neighboring plants (Smith et al., 2009; Roth and Paszkowski, 

2017; Wipf et al., 2019). Fungal-based transfer can be particularly strong in perennial grass species 

(Martins, 1993; He et al., 2003; Walder and van der Heijden, 2015).  

One hypothesis in drivers of these transfers is that C transfer occurs alongside N transfer as a side 

effect, driven by the plants’ need for N. This process can be influenced by soil N availability, which affect 

root growth and mycorrhizal development (Stober et al., 2000; López-Bucio et al., 2003; Cox et al., 2010). 

Particularly, the root development and the direction of root foraging are known to be determined by the 

spatial variability of available N within the soil (Aibara and Miwa, 2014; Kellermeier et al., 2014; Boer et 
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al., 2020). This hypothesized driver is especially relevant in systems where legumes enrich the soil with N, 

promoting non-leguminous plants to extend their roots towards these N enriched zones (Temperton et al., 

2007; Weidlich et al., 2018), thereby possibly facilitating C and N transfer towards legume plants.  

Both root- and fungal-based transfer are expected to be heavily impacted by soil structural 

characteristics, which, in turn, are affected by the roots. Roots play a crucial role in the formation of soil 

structure through direct penetration, cracks via water extraction, and aggregations of soil particles via root 

exudation (Bengough et al., 2016; Oburger and Schmidt, 2016). Roots typically grow into soil pores > 50 

µm diameter (Ø) (Bauhus and Messier, 1999; Grierson et al., 2014; An et al., 2022), where they release 

various C compounds, such as root exudates and rhizodeposits, and leave behind senesced root residues 

(Farrar and Jones, 2000; Jones et al., 2004; Badri and Vivanco, 2009). Carbon inputs from the residues are 

then decomposed by ample microbial communities residing in such pores and are lost to the atmosphere as 

CO2 (Ruamps et al., 2011; Kravchenko et al., 2019b). 

In contrast, fungal hyphae can access much smaller pores (~10µm Ø) than roots (Carlile, 1995; 

Smith and Smith, 2011), leaving there the organic materials from fungal extracellular enzymes, glomalin-

related proteins, secondary metabolites, and senesced hyphae (Rillig, 2004b; Karlovsky, 2008; Burns et al., 

2013).  Organic C within these small pores is more likely to be protected from further microbial 

decomposition and stabilized (Keiluweit et al., 2016; Kravchenko et al., 2019a; Zheng et al., 2022), 

contributing to soil organic matter accrual (Treseder and Holden, 2013). Despite numerous studies 

examining the relative contributions of root-based and mycorrhizae-based mechanisms to C and N transfers 

(Carey et al., 2004; Ren et al., 2013; Shao et al., 2020; Cahanovitc et al., 2022), there is still a limited 

understanding of how spatial variability of soil N may affect these transfers and their impact on soil C 

processing and accrual.  

I used three-compartment plant boxes, hereafter rhizoboxes, to grow plants of three species 

common in prairie communities: a grass, Switchgrass (Panicum virgatum L.), a forb, Black-eyed Susan 

(Rudbeckia hirta L.), and a legume, Bush clover (Lespedeza capitata Michx). Switchgrass, one of dominant 

grass species of North American prairie, known for promoting soil C accumulation when grown in diverse 
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plant communities (Sanford, 2014; Lee et al., 2023b; Perry et al., 2023), was the focal plant of the study. 

The first objective is to examine how spatial variability in available N, created either via mineral 

fertilization or via legume planting, affects the spatial distribution of switchgrass roots in prairie 

communities. The second objective is to identify how the spatial distribution of switchgrass roots influences 

C and N transfers to the recipient forb plants or legumes, with a focus on comparing the fungal-based 

transfer mechanism to the root-based one. The third objective is to explore associations of C and N transfers 

with inputs of plant-derived C and N into the soil and with alterations in soil pore structure. 

5.2  Materials and Methods 

5.2.1  Soil collection and rhizobox preparation 

Soils used in this study were collected from two experimental sites located in Hickory Corners (42° 

40’N, 85°37’W) and Escanaba (45°76’N, -87°19’W), Michigan, United States. Both sites are part of the 

Great Lake Bioenergy Research Center and will be referred to as HC and ESC sites hereafter. Both soils 

are classified as Alfisols but have disparate physical and chemical properties (Table 5.1). At each site, the 

soils were collected from Ap horizon (2-20 cm), air-dried, sieved (2 mm), and thoroughly mixed. Small 

stones and visible plant residues were removed. 

Table 5.1. Taxonomy and physical and chemical characteristics of two soil types.  
Soil type Taxonomy Texture Total C (%) Total N (%) Inorganic P (ppm) 

Hickory Corners 
(HC) 

Typic Hapludalf 
(Alfisol) Loam 1.17 0.10 17.6 

Escanaba 
(ESC) 

Inceptic Hapludalf 
(Alfisol) Sandy loam 2.27 0.19 8.4 

The greenhouse experiment consisted of a total of 66 rhizoboxes. Each rhizobox (30 cm x 54 cm x 

4 cm) had three equally sized compartments, which were separated by two plastic 2 cm-wide dividers. Open 

dividers were installed in the half (33) of the rhizoboxes, while dividers covered by mesh barriers (35 µm, 

ELKO Filtering Co., Tamarac, FL, USA) were installed in the other half to restrict root-to-root contact, 

while still allowing passage of fungal hyphae (Figure 5.1A). One side of each rhizobox was transparent and 

removable, thereby enabling visual monitoring of root growth during the growing period and facilitating 

root and soil sampling at the end of the period. The three compartments and two dividers of each rhizobox 
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were filled with the prepared soils at consistent volumetric water content of 20% and bulk density of 1.3 

g/cm3. Six replicated boxes with HC soil and five replicated boxes with ESC soil were prepared for each of 

the three treatments. Additionally, rhizoboxes containing all three species were prepared as non-isotope-

labeled controls, and another set of the boxes without plants to serve as non-plant controls. Due to time and 

labor restrictions to process large quantities of the rhizoboxes and plants, the experiment with HC soil was 

conducted first, followed by the experiment with ESC soil. 

 
Figure 5.1. Schematic setting of rhizoboxs (A), showing the arrangement of plants, three neighboring N 
status (without N, with N fertilization, and co-planted with BC), and two barrier treatments (left = open on 
both sides or right = wrapped in 35 µm mesh), and one example picture of the opened rhizobox (B), showing 
schematic sampling locations. A yellow rectangle in the center marks the area that was photographed to 
explore spatial patterns in distribution of source switchgrass (SG) roots. Blue circles mark sampling 
locations for roots of recipient plants and the adjacent rhizosphere soils for 13C and 15N analyses. Green 
cylinders mark locations of intact soil core samples to explore soil pore structure and particulate organic 
matter (POM).  

5.2.2  Experimental treatments and greenhouse experiment 

Switchgrass (SG), black-eyed Susan (BES), and bush clover (BC) were used in the study. Each 

compartment of rhizoboxes contained one plant, with switchgrass positioned in the center compartment, 

and there were three types of rhizobox setting with the center SG (Figure 5.1A): BES with N fertilization, 

BES without N, and BES co-planted with BC. In the BES without N, none of BES sides received N (BES-

N). In the BES with N fertilization, NH4NO3 solution was applied to one BES side (BES+N), while the 

other side of BES did not received N (O-BES+N). In the BES co-planted with BC, one side planted BES 
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(Co-BES) while the other side had BC (Co-BC), an N-fixing legume. Those three sets consisted of five N 

status, thereby aimed to explore the impact of natural N application through legume plants. The 

compartments receiving N and the legume plants were randomly assigned to each side of the rhizoboxes.  

Two different N application methods were utilized for the two studied soils: a variation of a split-

root approach was employed in HC soil and direct additions of small quantities of the fertilizer were used 

in ESC soil. For the split-root approach, the compartments of the BES+N side were outfitted with auxiliary 

boxes separated from the main compartments, where we directed some of the BES roots. The NH4NO3 

solution was applied into the auxiliary boxes and was only available to the roots located within the auxiliary 

box. This approach aimed at ensuring high N available for the BES plant itself, while not affecting the N 

availability within the soil. Unfortunately, in several of the rhizoboxes the roots within the auxiliary boxes 

died, thus for ESC soils, we decided to modify the N application approach. In ESC soil, the NH4NO3 

solution was applied directly at the crown of the BES+N plant. Each application consisted of 1 ml of 100 

ppm NH4NO3 solution. Small quantities and direct application to the plant’s crown minimized the spread 

of the applied N throughout the compartment soil. The N application for both soils was conducted at six 

times across two weeks and terminated before the plant labeling.  

Seeds of each plant species were germinated in seed starter trays for three weeks. Seedlings that 

had developed leaves were transplanted into the center of each compartment in the rhizoboxes and grown 

there for either three (HC soil) or four (ESC soil) months. Plants in ESC soil developed much slower than 

in HC soil, likely due to its low levels of plant available soil phosphorus (Table 5.1), prompting the decision 

to extend the growth period for them. All plants were fertilized using Hoagland’s solution immediately after 

transplanting and again one month later to promote plant growth. Two months after transplanting, since the 

plants in ESC soil showed signs of phosphorus deficiency, 134 mg of KH2PO4 was added to each ESC 

rhizobox (equivalent to 56 kg P/ha).   

Initially, the rhizoboxes were tilted at a 60° angle with the transparent side down to encourage root 

growth towards the transparent side, facilitating visual observation of root development. After two months, 

the boxes were set up in the vertical standing position to ensure that the roots more evenly explored the 
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compartment’s soil and to promote root interactions through the dividers. Each plant was watered daily 

with 0.5 liters of reverse osmosis water. The greenhouse temperature was maintained at a maximum of 

29°C during daylight hours and a minimum of 20°C at night, with 16 hours of artificial fluorescent light 

provided daily. 

5.2.3  13C pulse and 15N foliage labeling 

To trace belowground C and N transfer from the source plants, all SG plants in the center 

compartments were subjected to pulse labeling with 13CO2 and foliage labeling with 15NH4NO3. The 

labeling for both elements was conducted three times for the source plants in HC soil and four times for 

those in ESC soil, with the final labeling event one month before root and soil sampling.   

For 13C enrichment of the source SG plants, first, the recipient plants in each rhizobox were covered 

with light-impermeable plastic bags, leaving only the central source SG exposed to the light. This ensured 

that only the exposed source SG could photosynthesize and assimilate 13C from the produced 13CO2, 

preventing photosynthesis in the covered recipient plants. Then, rhizoboxes were placed into the labeling 

chambers. The pulse labeling process involved using 98 % 13C-enriched NaHCO3 solution mixed with 

H2SO4 to produce 13CO2, releasing 88 mg of 13C per labeling event per chamber. Each labeling event 

involved sealing the chamber for six hours, with ventilators ensuring even distribution of 13CO2 throughout 

the chamber and with thermometers monitoring the internal temperature. When the internal temperature 

increased above 35°C, the lower parts of the chambers were insulated with ice to prevent heat stress. After 

each labeling event, the rhizoboxes were moved to a controlled environment with proper lighting and high 

ventilation to support photosynthesis and to prevent the potential 13C assimilation by the recipient plants 

from the 13CO2 respired by the source SG plants. This procedure has successfully worked in previous 

greenhouse studies (Kravchenko et al., 2021; Zheng et al., 2022). 

For 15N enrichment, foliage labeling was conducted using 45% 15N-enriched NH4NO3 (Chu et al., 

2004; Shao et al., 2020). One undamaged leaf of each source SG plant was inserted into a 2-ml tube 

containing 1.5 ml of 5% (w/v) the 15N-enriched NH4NO3 solution (6.38 g 15N per L). After five days the 

leaf was carefully removed from the tube while ensuring that no 15NH4NO3 dripped on the soil. 15N labeling 
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events were synchronized with the 13C labeling, starting 2 days before and ending 3 days after the 13C 

labeling. 

5.2.4  Spatial patterns in root distributions of the source plants 

At the end of the growing period, the transparent side of each rhizobox was opened, and the exposed 

panel of the central compartment, i.e., the one containing the source SG, was photographed (Figure 5.1B). 

The camera (Canon EOS, Tokyo, Japan) was positioned at 50 cm distance from the panel. The photos were 

used to segment the roots and to assess preferential directions of root growth.     

The central compartment was cropped from the entire image and converted into 8-bit gray scale. 

MaxEntropy threshold method was applied to differentiate potential root area from the soil. To remove 

noise, Gaussian Blur (s = 2) was applied to the binary image, and then the image was re-thresholded using 

Otsu method to enhance the root area segmentation. The segmented root pixel clusters were subsequently 

identified using Particle Analyzer plugin in BoneJ (Doube, 2021).  

Each root image was bisected vertically based on the center of the crown of the SG plant, dividing 

the panel into two sections (Figure 5.2A). The proportion of roots in each section was calculated, and the 

ratio of those proportions between the two sections was used to determine the preferential direction of root 

growth between adjacent neighboring compartments. Ratio 1.0 indicates an equal distribution among the 

two compartments, and ratio >1.0 denotes preferential root growth towards right vs. left side of BES-N 

plants in BES without N status, or towards BES+N vs. O-BES+N sides in BES with N fertilization status, 

or towards Co-BC vs. Co-BES sides in BES co-planted with BC status. 

5.2.5  Root and rhizosphere soil sampling and analysis 

After the source SG roots were photographed, roots and surrounding rhizosphere soils of the 

recipient plants were collected from four locations on the opened side of each rhizobox (Figure. 5.1B). One 

sampling location was approximately 2 cm from the border of the divider, and the other was approximately 

15 cm away, and those will be referred to as close and far locations from the source SG, respectively. The 

collected recipient root and soil samples were stored in 5 ml tubes at 4°C until preparation for 13C and 15N 

enrichment analyses. 
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For root sample preparation, first, 1.8 ml of 0.05M CaCl2 was added to each tube containing roots, 

and tubes were sonicated for five minutes to detach the soil. Roots were then brushed to remove any 

remaining soil particles, and the cleaned roots were oven-dried at 30°C for two days. For rhizosphere soil 

sample preparation, visible roots and organic debris were manually removed from the tubes, and the cleaned 

soil samples were oven-dried at 30°C fir two days. The prepared roots and soils were subsequently ground 

using iron-ball mill for further analyses. 

An elemental analyzer (Vario ISOTOPE CUBE, Elementar Americas Inc., Ronkonkoma, NY) 

coupled to an isotope ratio mass spectrometer (Isoprime Vision, Elementar Americas Inc., Ronkonkoma, 

NY) was utilized to measure 13C and 15N enrichment expressed as δ13C and δ15N (‰). Total 13C and 15N 

contents, δ13C and δ15N, and PeeDee Belemnite and AIR standard were used to calculate atom % of isotope 

rations (13C/12C and 15N/14N) in the prepared root and rhizosphere soil samples (Fry, 2006). Then, 13C and 

15N atom % in roots and soils of the non-labeled controls were subtracted from the obtained atom % in 

samples to calculate atom % excess values.   

5.2.6  Plant biomass and soil inorganic N measurements 

After collecting root and rhizosphere soil samples from recipient plants, the entire aboveground 

biomass was clipped, oven-dried at 60°C for three days, and weighed. Given the extensive root branching 

across the three rhizobox compartments, collecting the total belowground biomass was not feasible. Instead, 

the main root biomass was obtained by plucking out the crown of roots from the opened side of each 

rhizobox and by gently washing the soil off with deionized water. The cleaned root biomass was also oven-

dried at 60°C for three days and weighed. 

After removing the biomass, bulk soils from all three compartments of each rhizobox were 

collected and homogenized. 10 g of the prepared soil was taken for soil inorganic N measurements, 

ammonium (NH4
+) and nitrate (NO3) contents, using alicylate-cyanurate method (Sinsabaugh et al., 2000) 

and vanadium method (Doane and Horwáth, 2003), with spectrophotometry (Victor3 1420 Multilabel 

Counter, Perkin Elmer, Waltham, MA, USA) at 630 and 540 nm, respectively. 
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5.2.7  Intact soil core sampling, µCT scanning, and image analysis 

Intact soil cores (2 cm height and 0.8 cm Ø) were collected from the dividers at depth of 15 cm 

(Figure 5.1B). For the status of BES without N containing BES-N plants at both sides of the source SG, a 

core was collected from one randomly selected side. For the other two status: BES with N fertilization and 

BES co-planted with BC, which contained two different conditions at both sides, i.e., O-BES+N vs. BES+N 

and Co-BES vs. Co-BC, respectively, two cores were collected, one from each side. A total of 70 cores 

were obtained for µCT scanning.  

The cores were air-dried and then scanned at the 13-BM-D station of the GeoSoilEnviroCARS 

sector, Advanced Photon Source, Argonne National Laboratory (Lemont, IL, USA), with an energy of 30 

keV and a scanning resolution of 5.7 μm. The scanned images were cropped into 4.6 × 4.6 × 8.0 mm (800 

× 800 × 1400 pixels) stack to focus on the central portions of the cores, avoiding volumes potentially 

subjected to sampling and scanning artifacts. The images were denoised using 3D non-local mean filter (σ 

= 0.08) (Darbon et al., 2008; Buades et al., 2011), which was performed with scikit-image library in Python 

(Walt et al., 2014). 

The filtered images were used to identify soil particulate organic matter (POM) and pores. POM 

was segmented using U-Net convolutional neural network model within the Dragonfly software's deep 

learning engine (Ronneberger et al., 2015; Abadi et al., 2016; Makovetsky et al., 2018). The segmentation 

model was trained using 16 randomly selected cores from the total of 70, and five slices containing 

representative POM fragments and two additional slices above and below the selected slices were used as 

inputs for training the model. The segmented POM images were visually inspected for accuracy, and 

clusters with fewer than four voxels were removed to denoise the segmentation results. Since pre-existing 

plant residues were removed from the soil before constructing the rhizoboxes, we interpret the POM 

fragments identified within the studied cores as remnants of the new roots grown during the greenhouse 

experiment. Thus, we will interchangeably refer to them either as POM or as root residues. Soil pores were 

segmented from the filtered images using Otsu method in SimpleITK of Python (Beare et al., 2018; Yaniv 

et al., 2018). The previously identified POM fragments were subtracted from the pore images to ensure that 
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only air-filled pores were included in the final images of soil pore space. The resolution of the processed 

POM and pore images was 8 μm. 

The segmented pore images were used to conduct pore size distribution analysis using Local 

Thickness tool in ImageJ-Fiji software (Schindelin et al., 2012). Pores were classified into three pore size 

ranges, namely 8-30 μm, 30-150 μm, >150 μm Ø, as pores in the 30-150 μm range are known to be 

associated with high microbial abundance and activity (Nunan et al., 2003; Strong et al., 2004; Li et al., 

2024). Volume-based pore fractions were determined by dividing the pore volumes (mm3) by the total 

cropped soil (solid + POM + pore) volumes (mm3). 

5.2.8  Statistical analysis 

Statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA), with 

statistical models fitted via PROC MIXED procedure. Statistical models for atom % 13C and 15N excess 

data in the roots and rhizosphere soils of recipient plants included fixed effects of three factors (Fig. 1A): 

barrier treatments (root-based vs. mycorrhizae-based transfers), five N status (BES-N, O-BES+N, BES+N, 

Co-BES, and Co-BC), two sampling locations (close vs. far from the source SG), and their interactions. 

Models for the response variables not measured at multiple sampling locates included fixed effects of 

barrier treatments, five N status, and their interactions. Models for pore fractions of different size ranges 

additionally included the fixed effect of size ranges, treated as a repeated measure factor. Replicated 

rhizoboxes nested within soil types (HC and ESC soils), barrier treatments, and plant treatments served as 

an error term and as the subject of repeated measurements in all models. In all statistical models, the two 

soils were considered as a random blocking effect, representing soil variability among Alfisols in the region 

as well as variations in experimental procedures of the study.  

When interactions among studied factors were significant, slicing for F-tests followed by multiple 

comparisons with t-tests were conducted. Effects and differences were reported as statistically significant 

at p <0.05 level. To determine 13C and 15N enrichment in recipient roots, rhizosphere soils, and shoots, and 

the changes in pores and root residues between compartments, additional t-tests were performed comparing 

them with non-isotope-labelled controls and non-planted controls, respectively.  
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Normality and variance homogeneity assumptions were assessed by examining histograms, normal 

probability plots, and side-by-side box plots of the residuals, as well as by conducting Levene’s test for 

variances. Residuals for all studied variables, except for atom % 13C and 15N excesses in roots and 

rhizosphere soils, were normally distributed and met the equal variance assumption. The atom % 13C and 

15N excess data that did not meet normality assumptions were log-transformed, and to handle negative 

excess data, a constant value was added to all data points before the transformation.  

Pearson’s correlation coefficients were used to assess linear associations among the studied 

response variables via PROC CORR procedure in SAS.  

5.3  Results 

5.3.1  Plant biomass, root growth, and soil inorganic N 

The presence/absence of the barrier did not affect aboveground and root biomass for any of N status 

treatments (Table 5.2 and 5.3). In the absence of barriers, the aboveground biomass of BES+N was greater 

than that of O-BES+N, and also higher than that of BES-N (Figure 5.2A and 5.2B), while the aboveground 

biomass of Co-BES was comparable to that of BES+N (Figure 5.2B and 5.2C). In the presence of the barrier 

the means followed similar numeric trends to those observed in the absence of the barrier, however, were 

not statistically significant (Figure 5.2A, 5.2B, and 5.2C). In the absence of barriers, root biomass of O-

BES+N was comparable to that of BES+N sides (Figure 5.2E), which had greater biomass than BES-N and 

Co-BES (Figure 5.2D, 5.2E, and 5.2F). Interestingly, with its presence, the root biomass of BES+N was 

greater than O-BES+N (Figure 5.2D and 5.2E), and the Co-BES had comparable root biomass to that of 

BES+N (Figure 5.2E and 5.2F). 
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Table 5.2. ANOVA F-test results with p-values for effects of N status treatments, barrier treatments, and 
their interaction on aboveground and major root biomass of recipient plants. Significant effects (p <0.05) 
in the ANOVA table are shown in bold.  

 Aboveground biomass  Major root biomass 
Effect F-value p-value  F-value p-value 

N status 18.01 <0.001  8.37 <0.001 
Barrier 2.13 0.149  1.35 0.304 

N status ´ Barrier 0.41 0.804  1.71 0.159 

Table 5.3. ANOVA F-test results with p-values for effects of N status treatments, barrier treatments, and 
their interaction on aboveground and major root biomass of source SG.  

 Aboveground biomass  Major root biomass 
Effect F-value p-value  F-value p-value 

N status 1.65 0.211  1.38 0.268 
Barrier 0.28 0.601  1.24 0.276 

N status ´ Barrier 3.53 0.043  0.79 0.463 

 
Figure 5.2. Aboveground (A, B, and C) and major root (D, E, and F) biomass of BES-N (A and D), O-
BES+N and BES+N (B and E), and Co-BES and Co-BC plants (C and F). Error bars and dots represent 
standard deviations and individual data points, respectively. Different uppercase letters on the bars indicate 
significant differences in aboveground or major root biomass of N status treatments within barrier 
treatments, and different lowercase letters indicate significant differences within non-barrier treatments at 
p <0.05 level. Differences between barrier and non-barrier treatments were not statistically significant (p 
>0.05) (Table 5.2). 

 



170 
 

 
Figure 5.3. Aboveground (A, B, and C) and major root (D, E, and F) biomass of source SG plants 
neighboring BES-N (A and D), O-BES+N and BES+N (B and E), and Co-BES and Co-BC plants (C and 
F). Error bars and dots represent standard deviations and individual data points, respectively. Any of 
differences among N status treatments or barrier treatments were not statistically significant (p >0.05) 
(Table 5.3). 

Different recipient conditions did not influence the aboveground and root biomass for the source 

SG plants (Figure 5.3 and Table 5.3). The two studied recipient species, i.e., BES and BC plants, differ 

greatly in their aboveground biomass in both barrier treatments, reflecting inherently greater foliage and 

root systems of BES compared to those of BC plants (Figure 5.2). 

The barrier treatments did not affect soil inorganic N (NO3
- and NH4

+) contents (Table 5.4). 

However, soils in BES+N and Co-BC had greater NO3
- contents compared to those under BES plants in 

their opposite side, O-BES+N and Co-BES, respectively, with and without barriers (Figure 5.4A, 5.4B, and 

5.4C). Soil NH4
+ contents in BES+N and O-BES+N showed similar trend to the NO3

- contents, while NH4
+ 

contents in Co-BES were comparable to those in Co-BC when there were barriers (Figure 5.4D, 5.4E, and 

5.4F). 
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Table 5.4. ANOVA F-test results with p-values for effects of N status treatments, barrier treatments, and 
their interaction on NO3

- and NH4
+ contents in soils. Significant effects (p <0.05) in the ANOVA table are 

shown in bold. 
 NO3

-  NH4
+ 

Effect F-value p-value  F-value p-value 
N status 24.51 <0.001  8.57 <0.001 
Barrier 0.12 0.732  1.30 0.256 

N status ´ Barrier 0.27 0.896  0.70 0.590 

 
Figure 5.4. Nitrate (NO3

-) (A, B, and C) and ammonium (NH4
+) (D, E, and F) contents in soils of BES-N 

(A and D), O-BES+N and BES+N (B and E), and Co-BES and Co-BC plants (C and F). Error bars and 
dots represent standard deviations and individual data points, respectively. Different uppercase letters on 
the bars indicate significant differences in NO3

- or NH4
+ contents in soils of N status treatments within 

barrier treatments, and different lowercase letters indicate significant differences within non-barrier 
treatments at p <0.05 level. Differences between barrier and non-barrier treatments were not statistically 
significant (p >0.05) (Table 5.4). 

When the source SG plant had BES neighboring recipients without N application, its roots were 

equally abundant in soils of both side compartments (Figure 5.5B). However, when N was applied to 

BES+N plants, SG roots grew preferentially towards BES+N even with the presence of barriers (p <0.01) 
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(Figure 5.5C). Its roots also grew towards Co-BC than towards Co-BES without barriers (p <0.01), while 

the preferential growth was not significant when barriers blocked the root contact (p >0.05) (Figure 5.5D). 

 
Figure 5.5. Representative photo taken from the source switchgrass (SG) root areas, its segmented binary 
image into root and background (A), and distributions of source SG roots located next to roots of BES-N 
(B), O-BES+N and BES+N (C), and Co-BES and Co-BC plants (D). Darker and lighter boxes represent 
barrier and non-barrier treatments, and dots represent individual data points. Orange dashed line at 1.0 ratio 
indicates that roots were equally distributed at right and left sides of BES-N, at both sides of O-BES+N and 
BES+N, or at both sides of Co-BES and Co-BC. Higher than 1.0 indicates the skewed growth of roots 
toward the right side of BES-N, BES+N, or Co-BC plant side. Marked ** denotes that the ratio was 
significantly higher than 1.0 at p <0.01 level. 
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In the absence of barriers, POM in the soil cores from the compartment dividers was significantly 

higher than that in the control unplanted rhizoboxes (p <0.01-0.001) (Figure 5.6 and Table 5.5). In the 

presence of barriers, POM did not exceed that in the unplanted control soil supporting our interpretation of 

the detected POM as the residues of the plant roots newly grown during the experiment. The highest POM 

was observed in the soil from the BES+N treatment (Figure 5.6). 

 
Figure 5.6. Fractions of particulate organic matter (POM) detected using X-ray µCT within the rhizobox 
dividers between soils in source SG and BES-N, O-BES+N, BES+N, Co-BES, and Co-BC plants. Orange 
**, and *** marks on the bar graphs denote that root residue fractions were significantly greater than the 
fractions of non-planted controls (orange dashed lines) at p <0.01 and 0.001 level, respectively. Black *** 
located below the adjacent two boxes indicate significant differences between barrier and non-barrier 
treatments within each of N status treatments at p <0.001 level, respectively. Letters are not shown within 
barrier treatments, as differences were not statistically significant among the N status (p >0.05). 

Table 5.5. ANOVA F-test results with p-values for effects of N status treatments, barrier treatments, and 
their interaction on particulate organic matter (POM) fractions detected using X-ray µCT within the 
rhizobox dividers. Significant effects (p < 0.05) in the ANOVA table are shown in bold. 

 Root residues 
Effect F-value p-value 

N status 4.55 0.010 
Barrier 137.07 <0.001 

N status ´ Barrier 6.33 0.002 
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5.3.2  13C and 15N excesses in recipient roots and rhizosphere soils 

The presence of the barrier led to overall lower 13C enrichment (p <0.001), and likewise, 13C 

enrichment of recipient roots at the close location was generally greater than that at the far location (p 

<0.001) (Table 5.6). In the absence of barriers, the recipient’s roots were enriched at the close location in 

all recipient N status (p <0.05) (Figure 5.7B and 5.7C), except for roots of BES-N (Figure 5.7A). Notably, 

in the presence of barriers, Co-BC’s roots at the close location were only enriched (p <0.05), and the Co-

BC was the only plants that the 13C enrichment was found at the far location with the absence of barriers (p 

<0.05) (Figure 5.7C). However, the 13C excess in roots of the Co-BC was smaller than that of BES+N 

(Figure 5.7B and 5.7C), while it was greater than that of BES in the other N status, i.e., O-BES+N and Co-

BES (Figure 5.7A, 5.7B, and 5.7C). 

Table 5.6. ANOVA F-test results with p-values for effects of N status treatments, barrier treatments, 
sampling locations, and their interaction on 13C and 15N atom % excesses in roots of recipient plants. 
Significant effects (p <0.05) in the ANOVA table are shown in bold. 

 13C excess  15N excess 
Effect F-value p-value  F-value p-value 

N status 6.26 <0.001  4.38 0.002 
Barrier 21.10 <0.001  19.88 <0.001 

Location 5.12 0.025  9.61 0.002 
N status ´ Barrier 6.37 <0.001  1.90 0.112 

N status ´ Location 1.88 0.114  1.92 0.108 
Barrier ´ Location 4.34 0.038  6.35 0.013 
N status ´ Barrier  

´ Location 2.04 0.090  1.65 0.162 

 

 

 

 

 

 



175 
 

 
Figure 5.7. Atom % 13C (A, B, and C) and 15N (D, E, and F) excesses in the roots of BES-N (A and D), 
O-BES+N and BES+N (B and E), and Co-BES and Co-BC plants (C and F), which were recipients of 13C 
and 15N labelled, thereby source SG. Results obtained at close and far distances from the source SG plants 
are reported separately. Note that to ensure that data from all distances and N status are clearly visible on 
the same graph we show the data in a log scale, and due to the negative values in % 13C and 15N excess, a 
constant value was added to the data prior to the log transformation. Dots represent individual data points. 
Orange * and ** marks above the box plots denote that 13C and 15N excesses significantly exceed non-
labelled controls (orange dashed line) at p <0.05 and 0.01 level, respectively. Black ** and *** marks under 
the adjacent two boxes within each sampling location indicate significant differences between barrier and 
non-barrier treatments within the location at p <0.01 and 0.001 level, respectively. Different letters on the 
boxes indicate significant differences among N status treatments within non-barrier treatments in the close 
location (p <0.05), and letters are not shown within barrier treatments or within far locations, as differences 
were not statistically significant among the conditions (p >0.05).  
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Similar to 13C results, the presence of the barriers led to overall lower 15N enrichment (p <0.001), 

and the enrichment at the close location was generally greater than that at the far (p <0.01) (Table 5.6). 

With the absence of barriers, roots of all recipient N status were 15N enriched at the close location (p <0.05-

0.01), while with its presence, only roots of BES+N and Co-BC were 15N enriched at the location (p <0.05) 

(Figure 5.7D, 5.7E, and 5.7F). Notably, 15N enrichment was found at the far location only in the two 

recipient N statuses as well as Co-BES (p <0.05). Again, similar to 13C results with the absence of barriers, 

the 15N excess in roots of BES+N was the greatest and followed by those of Co-BC, while the excess was 

the least in roots of O-BES+N, Co-BES, and BES-N (Figure 5.7D, 5.7E, and 5.7F). 

Likewise, the presence of barriers generally led to lower 13C and 15N enrichment in rhizosphere 

soils (p <0.05-0.001) (Table 5.7), and this enrichment was only detected at the close location in few of 

recipient N status. Specifically, in the absence of barriers, rhizosphere soils were 13C enriched only at the 

close location of BES+N and Co-BC (Figure 5.8B and 5.8C). In the absence of barriers, the 13C excesses 

of the two N statuses were greater than those with the presence of barriers in the same status as well as 

those of other status with the absence of barriers (Fig. 5.8A, 5.8B and 5.8C). 15N of rhizosphere soils was 

also enriched at the close location of the BES+N and the Co-BC with the absence of barriers, while the 

enrichment was also detected at their close location with the barrier absence and at the close location of Co-

BC with the barrier presence (Figure 5.8D, 5.8E, and 5.8F). Similar to 13C results in rhizosphere soils, 15N 

excesses in the BES+N and the Co-BC were greater than those with the presence of barriers in the same N 

status and those of the other statuses with the absence of barriers. 
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Table 5.7. ANOVA F-test results with p-values for effects of N status treatments, barrier treatments, 
sampling locations, and their interaction on 13C and 15N atom % excesses in rhizosphere soils of recipient 
plants. Significant effects (p <0.05) in the ANOVA table are shown in bold. 

 13C excess  15N excess 
Effect F-value p-value  F-value p-value 

N status 12.65 <0.001  6.90 0.002 
Barrier 20.16 <0.001  5.95 0.045 

Location 14.30 <0.001  13.44 <0.001 
N status ´ Barrier 6.84 <0.001  1.83 0.170 

N status ´ Location 5.84 <0.001  1.54 0.192 
Barrier ´ Location 6.42 0.012  0.91 0.342 
N status ´ Barrier  

´ Location 2.42 0.056  1.23 0.185 
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Figure 5.8. Atom % 13C (A, B, and C) and 15N (D, E, and F) excesses in the rhizosphere soils of BES-N 
(A and D), O-BES+N and BES+N (B and E), and Co-BES and Co-BC plants (C and F), which were 
recipients of 13C and 15N labelled, thereby source SG. Results obtained at close and far distances from the 
source SG plants are reported separately. Note that to ensure that data from all distances and N status are 
clearly visible on the same graph we show the data in a log scale, and due to the negative values in % 13C 
and 15N excess, a constant value was added to the data prior to the log transformation. Dots represent 
individual data points. Orange * and ** marks above the box plots denote that 13C and 15N excesses 
significantly exceed non-labelled controls (orange dashed line) at p <0.05 and 0.01 level, respectively. 
Black * and ** marks under the adjacent two boxes within each sampling location indicate significant 
differences between barrier and non-barrier treatments within the location at p <0.05 and 0.01 level, 
respectively. Different letters on the boxes indicate significant differences among the N status treatments 
within non-barrier treatments in the close location (p <0.05), and letters are not shown within barrier 
treatments or within far locations, as differences were not statistically significant among the N status (p 
>0.05). 
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At the close location, 13C excesses in rhizosphere soils were positively associated with 13C excesses 

in roots in overall, when there were no barriers between the source and recipients (r2 = 0.52 and p <0.001), 

while those were not associated in the presence of barriers (r2 = 0.01 and p >0.05) (Figure 5.9A). The 15N 

excess in rhizosphere soils from the close location were also positively associated with the 15N excess in 

roots in both barrier treatments (r2 >0.29 and p <0.001) (Figure 5.9B). 

 
Figure 5.9. Relationships of atom % 13C (A) and 15N (B) excesses between the roots and the rhizosphere 
soils at close location from the source SG across all recipient conditions. Shown on figures are observations 
from barrier and non-barrier treatments (dark and light grey dots, respectively) and the linear regressions 
fitted to the data (dark and light grey lines, respectively). *** marks indicate r2 significant at p <0.001. 
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5.3.3  Soil pores between source SG and recipients 

When BES plants were the recipient species without any N application, i.e., BES-N, soil pore 

fractions in three size ranges (8-30, 30-150, and >150 μm Ø) were not significantly different from those of 

the non-planted control in both barrier conditions (p >0.05) (Figure 5.10A). However, in the N fertilization 

status, fractions of finer pores (8-30 μm Ø) between the source and BES+N with the absence of barriers 

were approximately 70% and 40% greater than that in soils without plants (p <0.01) and with plants and 

barriers (p <0.05), respectively (Figure 5.10B). Notably, such N fertilization also led to 40% and 35% 

greater fractions of the finer pores in O-BES+N compared to those without plants (p <0.01) and with plants 

and barriers (p <0.05), respectively (Figure 5.10B). In contrast, fractions of coarser pores (>150 μm Ø) in 

soils adjacent to the BES+N and O-BES+N were approximately 50% and 45% smaller than those in the 

non-planted control soils when the barriers did not block the root-to-root contacts (p <0.001). 

 
Figure 5.10. Fractions of pores of three size ranges (8-30, 30-150, and >150 μm Ø) in the soils between 
source and five N status treatments: BES-N (A), O-BES+N and BES+N (B), and Co-BES and Co-BC (C). 
Error bars and dots represent standard deviations and individual data points, respectively. Orange *, **, and 
*** marks above the bar graphs denote that pore fractions were significantly greater or less than the 
fractions of non-planted controls (orange dashed lines) at p <0.05, 0.01, and 0.001 level, respectively. Black 
*, **, and *** located below the adjacent two bars within each size range indicate significant differences 
between barrier and non-barrier treatments within the size at p <0.05, 0.01, and 0.001 level, respectively. 
Different uppercase letters on the bars indicate significant differences at p <0.05 among N status treatments 
with the presence of barriers, and different lowercase letters indicate differences with the absence of 
barriers. Marks and letters are not shown when differences were not statistically significant (p >0.05). 

In the status of BES co-planted with BC, finer pore fractions between the source and Co-BC as 

well as Co-BES were approximately 80% and 50% greater with the absence of barriers than those in soils 

without plants, respectively (p <0.01-0.001) (Figure 5.10C). Moreover, such pores were also 60% and 55% 

greater than those in Co-BC and Co-BES having barriers, respectively (p <0.01-0.001). Notably, in the 
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absence of barriers, the Co-BC led to smaller fractions of medium (30-150 μm Ø) and coarser pores 

compared to those in soils without plants (p <0.01-0.001) (Figure 5.10C). 

The finer pores showed differences in pore fractions among the recipient N statuses in both barrier 

treatments. With the presence of barriers, fractions of such pores were greater in BES+N compared to any 

of other recipient In the absence of barriers, soils in BES+N had 20% greater finer pore fractions than those 

in its opposite side, i.e., O-BES+N, and such pores in Co-BC was also 20% greater than those in its opposite 

side, i.e., Co-BES (Figure 5.10B and 5.10C). Since soil porosities measured using the images were not 

significantly different among all recipient N statuses and between two barrier treatments, given differences 

were derived by changes in soil structure (Figure 5.11).  

 
Figure 5.11. Image-based porosity of soils between source SG and BES-N (A), O-BES+N and BES+N (B), 
and Co-BES and Co-BC plants (C). Error bars and dots represent standard deviations and individual data 
points, respectively. Differences between two barrier treatments or N status treatments were not significant 
(p >0.05), thereby not shown. 

In the absence of barriers, the root residues were positively associated with fractions of finer pores 

in soils between the source SG and recipients (r2 = 0.28 and p <0.001), and alternatively, they were 

negatively associated with fractions of coarser pores (r2 = 0.11 and p <0.05) (Figure 5.12). There were any 

of relationships with the presence of barriers, and medium pores were not associated with fractions of root 

residues even without barriers. 
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Figure 5.12. Relationships betweem fractions of root residues and fractions of pores in 8-30 (A), 30-150 
(B), and > 150 μm (C) diameter size ranges. Shown on figures are observations from barrier and non-barrier 
treatments (darker and lighter dots, respectively) and the linear regressions fitted to the data (darker and 
lighter lines, respectively). * and *** marks indicate r2 significant at p <0.05 and 0.001, respectively. 

5.4  Discussion 

Roots of source SG plants tended to grow towards the neighboring plants with higher N availability, 

i.e., both towards fertilized BES and legume BC plants. Greater root growth towards the N-enriched 

neighbor apparently modified soil pore structure, reducing the volume of large (>150 um) while increasing 

the volume of fine (8-30 um) pores. C and N of SG origin were found in the roots of the neighboring plants, 

but only in the cases of enhanced N availability. SG-assimilated N was transported to the roots of the N-

enriched neighbors both via direct/close root contact and via fungal-based mechanism. Transport of SG-

assimilated C to BES occurred via root-based mechanism only, while both mechanisms seemed to be 

involved in the C transfer to BC plants. Interestingly, in the presence of a N-enriched neighbor, the SG 

plants had greater root-based interactions, as indicated by C and N transfers, even with their non-N-enriched 

neighbors. When the transfers occurred through direct/close root interactions mechanism, both SG-

assimilated C and N in the roots of the neighbor plants were positively associated with those in the 

rhizosphere soils, supporting the notion that N availability impacts the quantities of plant-assimilated inputs 

into the soil. Yet, in case of the fungal-based transport such relationships were only found for N.  

5.4.1  Plant growth in response to soil inorganic N 

It is well known that legume plant species can increase plant-available N in soil via N fixation 

(Kakraliya et al., 2018; Tian et al., 2021), and indeed, soils under Co-BC had greater soil inorganic N (NO3
- 
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and NH4
+) contents compared to those in the Co-BES within the same rhizobox (Figure 5.4C and 5.4F). 

Expectedly, greater inorganic N contents were also found in BES+N than other side of the soil, O-BES+N 

(Figure 5.4). This N application to plants could enhance soil plant-available inorganic N by increasing root 

biomass and exudation. The root exudates serve as C sources for soil microorganisms, promoting microbial 

activity and stimulating N mineralization and thus converting organic N into the plant-available forms 

(Meier et al., 2017; Liu et al., 2022a). This could be supported by the greater root biomass of N applied 

BES side compared to that of another BES side, which had no N application in this study (Figure 5.2D and 

5.2E). 

Spatial variability of soil N is known to influence the root development and the foraging direction 

in response to immediate availability of soil N (Aibara and Miwa, 2014; Kellermeier et al., 2014; Boer et 

al., 2020), and specifically plant roots tend to grow towards N-enriched locations within the soil (Ruffel et 

al., 2011; Guan et al., 2014; Mounier et al., 2014). This aligns with our findings that roots of source SG 

plants grew towards BES+N or Co-BC instead of O-BES+N or C-BES within their rhizoboxes (Figure 5.5C 

and 5.5D), leaving greater amount of root residues between the source SG and the two N-enriched status 

(Figure 5.6). 

Interestingly, even though greater N availability increased the belowground biomass of BES 

(Figure 5.2), SG biomass did not respond to higher N availability in its neighborhood. This result is 

consistent with a weak response of SG to N fertilization in the field studies reported in the past (Mulkey et 

al., 2006; Ruan et al., 2016; Wang et al., 2020). However, given the strong preferential patterns towards N 

sources in SG root growth (Figure 5.5C and 5.5D), such lack of impact on its biomass is still surprising. 

5.4.2  C and N transfers 

Rhizoboxes without barriers allowed C and N transfers through both root-based and fungal-based 

mechanisms, while only fungal-based transfers were possible in the presence of the mesh barriers (Figure 

5.1A). As evident from the absence of POM, i.e., root residues, in the soil cores (Figure 5.6), the barriers 

indeed successfully restricted direct/close root contacts. Unsurprisingly, the C and N transfers in all root-
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exclusive barrier treatments were lower than those observed in the absence of the barriers (Figure 5.7 & 

Table 5.6). 

Fungal-based transfer of both C and N could occur when the source roots were relatively close (< 

4 cm) to the recipient roots, i.e., at close locations (Figure 5.5 and 5.7), but only N could be transferred to 

the far locations, i.e., ~13 cm away from the source SG (Figure 5.7). This phenomenon can be explained 

by differences in mobility of C and N within the framework of the fungal-based transfer. Mycorrhizal fungi 

can efficiently transport N-containing smaller molecules such as amino acids, NH4
+, and NO3

- through their 

extensive hyphal networks (López-Pedrosa et al., 2006; Parniske, 2008; Whiteside et al., 2012). Meanwhile, 

relatively large C compounds such as glycogen granules and lipid droplets involved in mycorrhizal transfer 

(Pfeffer et al., 1999; Keymer et al., 2017) can have greater challenges being moved through hyphal networks 

(Wang et al., 2018; Salvioli di Fossalunga and Novero, 2019).  

Moreover, this discrepancy between the 13C and 15N enrichment at the far location (Figure 5.7) may 

also be attributed to the unidirectional C flow, which is the C transport only from the host plants for fungal 

hyphae development within arbuscular mycorrhizal symbiosis. This implies that the transferred C to the 

recipient plants were not assimilated but largely retained within their symbiotic roots (Pfeffer et al., 2004). 

In this study, recipient shoots were not 13C enriched (Figure 5.13A, 5.13B, and 5.13C), and this can support 

that the shoots of recipient plants did not assimilate the transferred C from the source, thereby could not 

have capability to redistribute C to the other sides of recipient roots. On the contrary, mycorrhizal symbiotic 

roots could utilize the transferred N compounds for their further growth (Govindarajulu et al., 2005; 

Parniske, 2008), having 15N-enriched shoot biomass (Figure 5.13D, 5.13E, and 5.13F), thereby enable to 

move them to the far location from the source.   
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Figure 5.13. Atom % 13C (A, B, and C) and 15N (D, E, and F) excesses in shoots of BES-N (A and D), O-
BES+N and BES+N (B and E), and Co-BES and Co-BC plants (C and F). Error bars and dots represent 
standard deviations and individual data points, respectively. The black * and ** marks above the bar plots 
denote that 15N excesses significantly exceed non-labelled controls, which are all 0 %, at p <0.05 and 0.001 
level, respectively. 

Despite the unidirectional C flow within arbuscular mycorrhizal symbiosis, the fungal-based C 

transfers to the far location of the BC recipients were observed (Figure 5.7C). The potential reach of 

mycorrhizal hyphae was reported to extend up to 15 cm from their symbiotic root (Muneer et al., 2020a, 

2020b; Shen et al., 2020) with the spread of up to 111 m cm-3 hyphae in soil (Miller et al., 1995). This 

could be a plausible reason for the observed long-distance C transfers to the 13 cm away from the source, 

as legume species are known to promote the development of mycorrhizal hyphae due to their strong 

symbiotic relationship (de Novais et al., 2020; Liu et al., 2020, 2021). Burrows and Pfleger (2002) reported 

that BC species increased arbuscular-mycorrhizal fungal species richness and spore density within the 

diverse plant community. 

5.4.3  C and N transfers vs. C and N in rhizosphere 

Interplant interactions via direct/close root contacts led to greater quantities of interplant C transfer, 

which were positively correlated with C in the rhizosphere soil surrounding the roots (Figure 5.9). Roots 
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are the main source of soil C inputs, and a substantial share of such inputs are added as a variety of exudates 

(Jones et al., 2009). Thus, we can surmise that greater extents of interplant C transfer and subsequent higher 

quantities of recently plant-assimilated C ending up in the rhizosphere soil are beneficial for soil C gains. 

This finding also aligns with the recently reported plant-derived C input, which was promoted by the C 

transfer in the similar prairie plant community (Kravchenko et al., 2021). The 13C excesses in recipient 

roots were not associated with those in rhizosphere soils in the presence of barriers (Figure 5.9A), 

suggesting that an availability of direct/close root contacts is instrumental to this type of soil enrichment 

with recently assimilated plant C. 

The trend of plant-derived N input was similar to that of the C input, as input sources were expected 

to be shared as rhizodeposits, exudates, decomposed root, and symbiotic fungal biomass (Jones et al., 2004; 

Badri and Vivanco, 2009). However, unlike the negligible fungal-based C transfer and its subsequent soil 

input, the substantial N transfer to the N-enriched statuses through mycorrhizal networks could release N 

into soil while the transfer (Figure 5.8E and 5.8F). Positive associations of 15N excesses between roots and 

rhizosphere soils can support the plant-derived N input while the fungal-based transfer (Figure 5.9B). 

5.4.4  Changes in pore size distributions 

The response of pore size distributions within the rhizobox dividers to recipient conditions and 

barrier effects followed the pattern of root-based C transfer. Specifically, increases in the volume of finer 

pores (8-30 μm Ø) and decreases in that of coarser pores (>150 μm Ø) compared to those of the no-plant 

controls were pronounced with two N-enriched statuses, i.e., BES+N and Co-BC (Figure 5.10B and 5.10C). 

Such modifications in the pore structure could be attributed to the reorganization of soil particles, as image-

based porosity did not differ among all recipient conditions or between the presence and absence of barriers 

(Figure 5.11). Root activity was possibly the major factor for the modification in the pore structure. Root 

growth is known to lead soil compaction, and after its senescence and shrinking, air gaps were subsequently 

formed in close proximity to the root (Lucas et al., 2019; Phalempin et al., 2021; Lee et al., 2023b). Such 

air gaps can contribute to the formation of finer pores around the root (Aravena et al., 2011; Liu et al., 

2022b). This physical compaction also leads either full or partial collapsing of coarser pores, possibly 
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converting them into finer pores (Aravena et al., 2011; Pandey et al., 2021). Moreover, root exudates and 

rhizodeposits, combined with soil moisture fluctuations by root water uptake, likely enhance the formation 

of finer pores and rearrange the coarse pore space (Oburger and Schmidt, 2016; Jin et al., 2017). Indeed, 

recipient BES root biomass was greater under the N fertilization (Figure 5.2D, 5.2E, and 5.2F), and the 

source SG roots were also grown towards the N-enriched statuses (Figure 5.5C and 5.5D). The observed 

positive correlations between root residues and the formation of finer pores, alongside the reduction in 

coarser pores, can strongly support the influence of root growth in the pore structure modification (Figure 

5.12). 

Fungi are also known to influence the pore structure in soil, and approximately doubled volume of 

pores > 10 µm Ø was reported when fungi were accessible to soil as compared to that in fungal-inaccessible 

soils (Feeney et al., 2006; Hallett et al., 2009). This aligns with the increases in finer pores and decreases 

in coarser pores with root-exlcusive barriers between the source SG and BES+N (Figure 5.10B), where 

roots of the source plant were located close to the barrier (Figure 5.5C).   

Such pores < 30 μm Ø are known to have a smaller microbial community size and oxygen supply 

due to their size limit (Bailey et al., 2017; Kravchenko et al., 2019a; Franklin et al., 2021), while pores in 

30-150 μm size are often found to be associated with high microbial abundance and activity (Nunan et al., 

2003; Strong et al., 2004; Li et al., 2024). In this study, root-based transfers included the transfer mechanism 

through mycorrhizae (Figure 5.1A), and such finer pores are accessible to fungal hyphae grown from roots 

(Smith and Smith, 2011). Therefore, soils with artificial and natural N enrichment, i.e., under BES+N and 

Co-BC status, that enhance C transfers, may promote C accumulation in those newly formed finer pores 

(Figure 5.7B, 5.7C, 5.10B, and 5.10C). A recent study by Quigley and Kravchenko (2022) demonstrated 

positive associations between root-derived C and fine pores, which were not accessible to roots, suggesting 

fungi-derived C could enter these pores and be protected from further decomposition. 
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5.5  Conclusions 

This study reveals that root-based C and N transfer to recipient roots were strongly affected by 

spatial variability of soil N, as roots of source plants were grown towards to this N-enriched location, which 

could be achieved by applying N directly into plants or growing legume plants. Only root-based transfer 

mechanism led to notable increases in C within the rhizosphere soils, while N in rhizosphere soils increased 

even by fungal-based transfer mechanism. The preferential root growth of the source plants towards the 

available soil N led to the formation of fine pores there, and those newly formed fine pores could possibly 

provide the protective storage for the rhizosphere C inputs. Even though N fertilization promoted greater C 

and N exchanges compared to the legume plant growing, this is not the usual case for native prairie. 

Therefore, this study suggests legume species involved in the prairie vegetation could be promising to 

promote C and N exchanges and concomitant soil C accumulation within the prairie community.    
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Conclusion 

Soil is an important terrestrial compartment acting as a major role in the cycling of carbon (C) in 

bioenergy cropping systems. This study explored the complex relationships among plant roots, soil physical 

structure, and microbial interactions and their implications in soil C processing and subsequent 

accumulation in monoculture switchgrass and polyculture prairie. By utilizing advanced experimental 

techniques such as flatbed root scanning, X-ray micro-computed tomography (μCT), stable isotope 

labeling, and in-situ root growth analysis, this research provided insights into strategic approaches for 

optimizing soil C sequestration in switchgrass-based bioenergy cropping systems.  

 

Figure 7.1. Diagram of interconnected factors influencing soil C sequestration in switchgrass-based 
bioenergy cropping systems. 

Key findings of my dissertation research demonstrated that bioenergy crops, particularly the 

assemblage of diverse perennial species, significantly enhance soil C sequestration by promoting medium-

sized pore formation and microbial biomass (Figure 7.1). Results highlighted that prairie vegetation with 

extensive root system promoted microbial biomass and concomitantly led to soil C accrual. Soil texture and 

mineralogy played a pivotal role in forming soil pore structures conducive to C sequestration, offering 
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optimal microbial habitats and facilitating soil C processing. Moreover, switchgrass cultivars with greater 

volumes of very fine roots positively impacted the formation of the beneficial pore structure, leading to 

increases in soil microbial biomass and potential C accrual (Figure 7.1). The importance of legume plant 

species was revealed in belowground root-soil interactions within prairie plant species. Root growth 

towards N-enriched locations enhanced C and N exchanges within the switchgrass-based perennial plant 

community, possibly promoting soil C accumulation through the formation of fine pores (Figure 7.1).  

In conclusion, my dissertation research advanced the understanding of how bioenergy cropping 

systems should be managed to enhance soil C sequestration through detailed examination of root traits, soil 

structure, microbial C processes, and their interactions. It emphasizes the need for in-depth understanding 

of root-soil interactions to optimize bioenergy cropping systems, maximizing their contribution to soil C 

sequestration to achieve their ultimate goal, mitigating climate change. 

There is a need for further studies on root-soil-microbial interactions to optimize bioenergy 

cropping systems for maximum soil C sequestration. Field experiments are required focusing on 

incorporating legume species into switchgrass-based cropping systems to enhance nutrient exchanges 

without decreases in cellulosic biomass for biofuel production. Additionally, breeding efforts should 

emphasize developing switchgrass cultivars with root traits that can promote beneficial pore structures.  


