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ABSTRACT

BRIDGING THE GAP BETWEEN REGENERATIVE AGRICULTURE AND THE BIOLOGICAL

MECHANISMS CONTROLLING SOIL ORGANIC MATTER DYNAMICS

This dissertation investigates the complex impacts of regenerative agriculture on soil organic
matter (SOM) dynamics and soil fauna biodiversity, addressing a broad range of objectives from
uncovering global patterns and policy needs to mechanistic understanding. Through global meta-analyses,
policy evaluations, field studies, and mechanistic experiments, this research provides a comprehensive

understanding of how regenerative practices influence soil health, carbon sequestration, and biodiversity.

Chapter 2 aimed to understand global patterns through a meta-analysis quantifying the effects
no-till (NT) and cropping system intensification significantly increase SOM, via impacts on both
particulate organic matter (POM) and mineral-associated organic matter (MAOM). The analysis reveals
that NT and cropping intensification synergize with integrated crop-livestock (ICL) systems to greatly
enhance soil organic carbon (SOC) stocks, highlighting the potential of regenerative practices to mitigate

climate change and promote soil health.

Chapter 3 sought to evaluate the impacts of diversified agricultural systems on SOC, soil health,
and yield across the United States. The findings indicate that diversified systems consistently show higher
levels of SOC, improved soil health, and improved agronomic outcomes. The policy recommendations
include increasing funding for soil health practices, supporting longer participation of producers in

conservation programs, and tailoring these programs regionally to maximize their effectiveness.

Chapter 4 focused on field-level impacts by examining the effects of varying degrees of
regenerative practice adoption on SOM dynamics and soil fauna biodiversity in 22 farms within the
Cheney Watershed, of central Kansas. By developing a Regenerative Farming Index (RFI), the study

il



clearly links regenerative practices to increased carbon and nitrogen stocks in both POM and MAOM, and
indicates a positive correlation between regenerative practices and soil biodiversity. Path analysis

suggests that soil fauna indirectly influence SOM through their role in enhancing regenerative practices.

Chapter 5 aimed to provide a mechanistic understanding of SOM dynamics by exploring the
interactions between predatory mites and bacterivorous nematodes. The study highlights how these
interactions shape microbial necromass accrual and MAOM formation. The findings underscore the
importance of considering the entire soil food web in ecological studies to fully understand SOM

formation and stabilization mechanisms.

Overall, this dissertation advances the understanding of SOC dynamics under regenerative
agriculture, providing valuable insights for sustainable soil management and climate change mitigation.
By integrating global and local scales, it offers a holistic view of how regenerative practices can restore

soil health and contribute to more resilient and productive agricultural systems.

iii



ACKNOWLEDGMENTS

Completing this PhD would not have been possible without the unwavering support and
encouragement of many incredible individuals. First and foremost, I extend my deepest gratitude to my
advisor, Francesca Cotrufo. Her trust in me and her constant push to help me realize my full potential
have been instrumental in my journey. Francesca's thorough feedback and validation have been a
cornerstone of my academic growth. She is not only the best mentor I have ever had but also a remarkable
scientist and human being. From Francesca, I have learned invaluable lessons about science, mentorship,
and what it means to excel in academia. Her unwavering dedication to my success, coupled with her
respectful and empowering approach, has been truly inspiring. Every day, she exemplifies the kind of
scientist and mentor I aspire to become. Francesca's influence extends far beyond this dissertation, and I

can only hope to mirror her excellence and integrity in my future endeavors.

Next, I would like to extend my heartfelt thanks to my committee members. Steve Fonte, thank
you for allowing me to pick your brain and geek out about soil fauna. Your enthusiasm and deep
knowledge have been both motivating and enlightening. I greatly look forward to continuing our
collaboration and exploring our shared research interests. Steve Rosenzweig, your balanced perspective
on agriculture from the business and farmer point of view has been invaluable. You pushed me to place
my work in a broader context and strive to communicate effectively with a wider audience. Pankaj
Trivedi, your kindness and reassuring presence have been a constant source of support. Finally, Ed Hall, I
am deeply grateful for your willingness to step in at the last minute to read my dissertation, participate in

my defense, and offer fascinating philosophical perspectives.

I also owe a great debt of gratitude to the Soil Innovation Lab (SoIL). Special thanks to Rebecca
Even and Michelle Haddix. I would have never been able to complete my incubation experiment without
their support and guidance. Their patience and expertise have transformed me into a competent lab
scientist. Thank you to Jacob Stier for fractionating nearly a thousand samples for me. To my fellow PhD

v



students Laura van der Pol, Katie Rocci, Paige Hansen, Sam Leuthold, Erica Patterson, and Tayin Wang,
thank you for the amazing conversations that refined my thinking and for your endless support and love.
Also, a very special thank you to Ellie Ellis for her profound and grounded insights and for always
encouraging me to celebrate myself and enjoy the journey. She taught me that we are allowed to have fun
while doing a PhD. Megan Machmuller, thank you for always being in my corner and offering both
technical and emotional support. Everyone else in the lab, thank you for making it feel like a family and

always bringing enthusiasm and passion to this field of science.

I am grateful to Dan Reuss, Guy Beresford, Rod Simpson, Dawn Koschnitzki, Jeannie Roberts,
and Kierra Jewell for their lab and admin support. Huge thanks to Diana Wall, Cecillia, and Andre Franco
for all the nematode support. Emilija Miskinyte, thank you for being an amazing mentee and helping run
my pilot study, which significantly improved the experimental design. My heartfelt thanks go to Rebecca
Dunning and all the amazing people in the FFAR Fellows program, especially the incredible cohort 3
(2020-23). Thank you to General Mills for supporting this research, and to Jane Zelikova and Helen
Silver for your support on the policy brief, which introduced me to a new way of thinking. My mentor
Stephen Wood, thank you for your refreshing conversations. You allowed me to vent but offered balance

and perspective that reignited my passion, often swallowed by the work.

Of course, my deepest gratitude goes to my life partner, Carli Donoghue. There is no possible
way I would have achieved this without you. You are my challenge and my gift, and I would quite
literally have starved without your care. We’ve faced so much together, and I am stronger for having you
by my side. I am excited to continue growing with you. To my mom, Kim Prairie, thank you for always
making me feel better, grounding me, and putting things into perspective. I know my dad and Dawhoa
would be proud. Kyle Tag, you are gone far too early, but your memory remains a guiding light. To my
friends, the Cat Buttholes, and my men’s group, thank you for continually pushing me towards self-
gentleness and rest. And to my new Fort Collins friends, your support and love have helped anchor my

work in the real world, for which I am profoundly grateful.



TABLE OF CONTENTS

ABSTRACT .ttt ettt et ettt e e et e st e te e et e se bt e st et e eseenseeseent e seestenseereentenseeneensenseentenseenes il
ACKNOWLEDGMENTS ...ttt ettt ettt ettt s b et e bt sbe et e e bt sate et eseeeesbeeneenbesaeeneens v
CHAPTER 1: INTRODUCTION .....ooitiiieiiitieieeie ettt ettt tete st et steseteseeseessesseensensesseensasseensesesnsensesees 1
R 27 Te) (<4 (1114 U« USSP SUP 1
2. The philosophy of regenerative agriCulture .............coooeeiierieiie it 2
2.1 L0707 (T o) 518130 1S SRR 3
2.2 The NEEd fOT SYNETEY .. .eeviriiiiiiiitete ettt sttt sttt et st 4
3. Conceptual framework for studying SOM.........ccooiiiieiiiiiiieriieeee et bee e enes 5
4. Soil fauna and regenerative agriCUITUIE ..........cccooeeiiririerieneeieeee ettt st 6
5. Integrating global and mechanistic perspectives on regenerative agriculture...........cccccveevveerveeeneenne. 6
S 51 (S5 1 o1 8
CHAPTER 2: RESTORING PARTICULATE AND MINERAL-ASSOCIATED ORGANIC CARBON
THROUGH REGENERATIVE AGRICULTURE........cooiiiiiiiiieeseeee et 14
O 113 (o To L (o710 s DO T OSSP 14
20 RESUIES ettt ettt st e b e e bt e b e e s bt st et e bt et enbee s 17
2.1 Distribution and relative importance of stock change for POC and MAOC ..........c.cccceveeueennen. 17
2.2 No-till and cropping system intensification build POC and MAOC in topsoil ..........ccceeueeneee. 18
23 Effects of no-till on SOC fractions vary with experimental duration, tillage frequency, and
CTOPPING SYSEEIM INTETISIEY ...euveeuteetiertiertieeie et et et te st testteeaeeeteebe et eesueesateeateeaseeseenseesseesneeenseenseenseenseens 19
2.4 Effects of cropping system intensification on SOC fractions vary with experimental duration,
type of intensification, and tillage ManagemMENt .............cceecvierierierieeieeie et 20
2.5 Potential synergies within integrated crop-livestock SyStems ..........ccccceveviierciieenieenciee e, 22
2.6 Regenerative practices effective across a range of soil and climate conditions ...........c..c..c..... 25
3 DHSCUSSION ...ttt ittt ettt ettt ettt et e s bt e sht e sat e e a bt e bt e bt e bt e e bt e e ae e eate e bt e bt e beenhteshaesateenteenne 26
3.1 Overall effects of regenerative agriculture on SOC pools and relationship to stocks ............... 26
3.2 SOC changes Under NO-ll..........c.ooiiiiiiiii ettt 27
33 SOC changes under cropping system intensifiCation .............ceccverververcreecriereeneeseesre e eneenns 27
34 Potential synergies within integrated crop-livestock SYStems .........ccecverierierieeiienieeseeeeieene 28
3.5 Regenerative practices effective across a range of soil and climate conditions ........................ 29
3.6 Limitations and NEXE SEEPS .....eeeueeeueeitieitieriiesiie et et et erteesttesttesiteeteebeesbeesseesseeeneeenteeseenseanaeens 30
Y (<111 1o T (RSOSSN 30
4.1 StUAY SELECLION......eeuteetieitie ettt ettt ettt et e bt e s at e st e et e e bt e bt e sbeesaeesnneenteenne 30
4.2 Data collection and MaNaGEIMENT . ..........cccvrerciieeiiieeiieeeeerreeeireesteesreeesebeesseeesaeessseessseesssens 31
4.3 DAta ANALYSIS....uviiiieiieiiesieseeete et ettt et et e st e st e eb e et e e teestaesraeerbe e b e e ra e seessteenseenseenreeseensaens 33
RETEIEIICES ...ttt ettt a e et e bt et e e s bt e sateeate et e e bt e bt e saeesateemteenbeenbeenbeens 36



CHAPTER 3: EVALUATING THE IMPACT OF REGENERATIVE AGRICULTURAL SYSTEMS ON

SOIL CARBON, SOIL HEALTH, AND YIELD: A POLICY BRIEF......cccceciiiiieiieeeeeee e 41
L. EXCCULIVE SUIMIMATY ...oouviiiieiieiiesiesie et eteeteesseesteeseeessaessseesseesseeseesssesssesssesssessseesseessessssssssenssennsennns 41
2. INEEOAUCTION. ..ottt ettt ettt ettt e sb e s bt e sat e eate et e e bt e bt e saeesaeeembeenbeenbeenbeens 42
B MELROAS .ttt et h ettt a e bt s b e et et st et e bt enee e 44
3.1 Scoping criteria and reCOTA TEVIEW ......cccveieriieeiiiieiiieerieerieeereeesteeereeestbeeeveeestseesseeessseesssaeans 44
3.2 ANALYHICAl APPIOACKH ......eiiiiiieciie ettt et e e ta e e b e e eereeenreas 47
33 Analysis of soil carbon stock changes in regenerative SyStems..........coeeverereerienereeneneeneennes 48
34 Soil Health and Yield IMPaCES .......cccviieiiieiie ettt e eire e e e eeaeesnneeens 50
4. FINAINES .ottt bt et b e a et b et b e e a et bbbt s bt bbb bt e it et sheete b 51
4.1 Impacts on Soil Organic CarbOm............cccviiriieeiiieeiie ettt e e eeaeesbeesereessseas 51
4.2 Length of Practice AdOPHION........cociiiiiiiiiiiieieeeeteeet ettt s 52
4.3 ComDINAtIONS OF PIACLICES ..veevviererieeiiieiitieeiireeieeeteesteesteeesebeesbeeeeseessseeesseeesssaessseeessseessseeans 53
4.4 PractiCes DY TEEION ....ecvieriieiiieiie ettt eteete ettt et e e e e e staessaessseesseessaesseesssessseasseenseesseesseens 55
4.5 Carbon @t AEPLh........eiieiiieiiee ettt et e ab e e b e e e ba e e s b e e e baeeabaeeabaeen 57
4.6 Higher yields and healthier soils with regenerative agricultural Systems............ccceccvevveerreenenene 58
5. ReECOMMENAATIONS ... .ciiuiiiiiiiiteieet ettt ettt ettt et e bt e bt e s bt e s ateeabeeateenbeebe e bt e sbeesatesaneeneeenne 59
5.1 Increase funding for carbon positive soil health practices under the Conservation Stewardship
Program and the Environmental Quality Incentives Program ...........c.ccocovvevvininiininienininicnenceee, 59
5.2 Support longer participation times in CSP, EQIP, and other federal programs ............ccccceueee... 59
53 Incentivize regionally effective practices and encourage a combination of practices............... 60
5.4 Provide resources and fund research to fill critical information gaps .........ccccceevvvevveeernreennnen. 60
5.4.1  Institute rigorous research ProtOCOLS .......cvirierieriieeieerieerteesee e sreere e ereesseeseaesrneesseesseenns 60
5.4.2  Expand the types of crops and practices Studied...........cceceerierirriinieeiieeeeeree e 61
5.4.3 Emphasize integrated crop-liveStoCK SYSIEMS ........cccuieriveriierierieniiereereeieeseeesaeseresneesre s 61
5.4.4  Fill critical aps DY T@ZIOM. ....ccueiiuiiiiieiieieeieeeie ettt ettt ettt sb e st esaeeeate e e 62
5.4.5 Expand USDA reporting of soil health practices ...........ccccvevveriirciincriecierieree e eve e 62
5.5 Research IMILAtIONS .......cceeiiiiiiiiieii ettt ettt ettt et e s bt e st e et e et e eeeeaeesaee s 63
LT 01013 Te] 1313 T ) TSRS 64
RETETEIICES ...ttt ettt b et st e a et s bt et e bt e st et e e bt et e sbeeatebesbeenee b 66
CHAPTER 4: INTEGRATING REGENERATIVE AGRICULTURE: EFFECTS ON SOIL FAUNA
BIODIVERSITY AND SOIL ORGANIC MATTER DYNAMICS ..ot 68
R 13 (o To L (o730 s DO USRS 68
B Y (<115 1o T (TSRS 71
2.1 STUAY FIELAS ...ttt ettt et ettt e st e e ettt e bt e sbeesatesnteeare e 71
2.2 Regenerative Farming INAEX ........cccccieviiirieiiiiiicieeiieieeree st ere et sn e ve s e esaesnaesnae s 72
2.3 Soil fauna sampling and identifiCation ............ceerierieritiie ettt 75

vil



24 SOOI SAMPLING ....veeniieiieitie ettt ettt et e e bt e bt e s et e e sbeeateense e bt e saeesaeesnseenseenne 78

2.5 POM and MAOM fraCtioNAtioN ........cceerueruieieriieiierieetieie st eieseesteeeesteestesseeseeneeseeeneeseeseeeneennens 78
2.6 Estimation of C saturation and saturation deficit of MAOM .........cccoievieniinienieeieeeeeeiee 79
2.7 StatiStICAl ANALYSES .. .ccuvieeiiieeiie ettt eee ettt tee et e e st e e b e e s baeestbeeebeeetaeeebaeenbeeenreeans 80
K TR T 11 J OO PUSRPRRT 81
3.1 Regenerative Farming INAEX ........cooouiiiiiiiiiiiie ettt 81
3.2 Influence of Regenerative Farming Index on soil fauna abundance, diversity, and functional
COTTPOSTEION ...ttt ettt ettt ettt ettt b e sh et b e e st et eb e et sh e eat e bt eb e em b e e bt ea b e sbeest et e sbeen b e bt eate bt sbeennenaes 82
33 Regenerative Farming Index as a predictor of SOM, POM, MAOM, and C saturation ........... 86
34 Biodiversity and SOM relationShips.........coeeieririiriininienieriere ettt 89
3.5 Path @NalySis ...ccccueieiiie ittt e e et e et e e e rbeeetaeeenraeennneennreas 90
4. DISCUSSION ..eutieuiieiieeiteeete et et esteestteettesateeateesbeesseesssesnseenseanseenseessaesasesasesnseenseenseenseesnsesnsesnseenseeseesseens 92
4.1 Regenerative management increases rare soil fauna and shifts functional composition............ 92
4.2 Regenerative management enhances POM and MAOM..........cccoevvveiieniienienienieereereeiee s 93
4.3 Linkages between RFI, biodiversity, and SOM...........ccccciiiiiiiiiiiiiiieieteseese e 96
T 01013 To] 18153 o) 1S OO SPRUR PRSP 97
RETEIEIICES ...ttt ettt ettt ettt e bt e bt e s bt e sateeateenbe e bt e bt e saeesmeeemteenbeenbeenbeens 98
CHAPTER 5: PREDATORY PRESSURE DRIVES BACTERIVORE-STIMULATED MICROBIAL
NECROMASS ACCUMULATION AND MAOM FORMATION .......coooiiieieiieieieeiietesie et 106
B 113 (016 1 (7310 s DO OO PSPPSRI 106
2. Materials and MethodS. .......cooiiiiiiiiiieee ettt sttt 109
2.1 Soil used in the experiment and defaunation pretreatment.............ccccveeeveerciieereeercieeerreeenen. 109
2.2 Production and defaunation of *C and '°N enriched plant litter ..............ccccocevevevveeerererenennen. 109
2.3 Soil fauna isolation and INCUDALION ..........ccciiiiiiiiiiiieieie e 110
2.4 Design and establishment of the incubation eXperiment ............cceccveveveecveerieerieereeneerevesnenenes 110
2.5 Soil and labeled [Itter TeSPITAtION ......eecuierieriieiieeie ettt ettt ettt et seee e 112
2.6 Microcosm harvest and fauna analySes ...........cccevcveriirciieciienieniesee et 112
2.7 MICTODIAL DIOIMASS .....eeeeeiieeieestie ettt ettt ettt e st esat e st e et e et e e beesbeesneesneeeneas 113
2.8 AMINO SUZAT ANALYSIS ...veevieiieriieiieeteeteeieeteeseestesreebeeseeseessaessaesssessseasseasseesseesseesssesssessses 114
2.9 SOM fTaCHONALION ...ttt ettt et ettt et s bt et e st s bt e e e sbe et enbesbeeneenne s 115
B L B T 34 - <SPS 116
211 StatiStCAl ANALYSES...uviiiieiieriieiieeee ettt ettt ettt et ettt st e snaeeabeebe e be e taesneesnteennes 117
B R ESUIES ettt et e b e e bt bt sa b e st e e bt e bt e bt e naeeeates 118
3.1 Fauna manipulation treatments.............cveruierierienieeieeieeieeteree e seeetesbe e esseeseesnneennes 118
32 Y ST (e] o 1 B To 4 USSR 119
33 Microbial biomass and NECTOMASS .........cc.eruieriiruieienieeiere st ete st eeee sttt eeeseeenee e et eneeseeeneeee e 121
34 Effect on POM and MAOM ......ccociiiiiiieiiettecteee ettt ettt sttt et sbee s e snee e 123



. DISCUSSION .ottt 127

4.1 Microbial activity responded to nematode PreSSUIe .........ccvvevveerierierieeireeieesieesreeseesreseneeenas 128
4.2 Predatory mites enhance nematode tUIMOVET ...........ccviriieiiieriierieerie et 129
4.3 Nematodes under mite pressure drive microbial necromass accrual...........cccoccvvevevieerieennenns 129
4.4 Soil fauna enhance MAOM formation and alter SOM stoichiometry...........ccocveevverviereennnnne 131
4.5 Future research dir€Ctions..........eeiiiiiiiiiieii ettt ettt 132
5. COMCIUSIONS ...ttt ettt ettt b e e e et e bt et e s bt e at et e sbeemeeebeeaeenteeneeneeneeeneennenes 133
RETEIEIICES ...ttt ettt h e bt s et sttt et e e bt e s bt e satesatesateeabeebe e bt e sneeeaeeenees 135
CHAPTER 6: CONCLUSION ...ttt sttt ettt ettt et sbe et e s bt s et e te s bt e e e seeeneeneenes 142
FN 0] 81S) 110 ) OO USSR 144
1. Supplementary file fOr Chapter 2.........cccveiiiiiieiieeie ettt saesrreerbeebe e e e ssaessnennnas 145
1.1 FIUTES ettt ettt b e e bttt b ettt et bt et be et 145
1.2 TADIES ..ttt st st sttt e b e bt e st eaeas 151

X



CHAPTER 1: INTRODUCTION

1. BACKGROUND

Soils are among Earth's most vital resources, controlling a diverse array of ecosystem services
including the provisioning of food and fiber, decomposition and nutrient cycling, water filtration, and the
maintenance of terrestrial biodiversity (Smith et al., 2015). However, agricultural practices, particularly
those associated with conventional farming, have significantly altered soil structure and function, often
leading to soil degradation, loss of biodiversity, and reduced soil organic matter (Montgomery, 2007).
Agriculture uses about one-third of global land, contributes around 15% of global greenhouse gas
emissions, and is responsible for an estimated 133 petagrams of soil organic carbon (C) loss, while the
need for increased food production continues to rise (Bodirsky et al., 2015; Sanderman et al., 2017).
Ensuring that soils remain healthy is crucial for sustaining crop production, despite the challenges posed
by climate change and the pressures of extractive agriculture (FAO, 2020). Regenerative agriculture has
emerged as a promising solution to these challenges by reducing environmental impacts and enhancing
social benefits. Implementing regenerative practices can address the intertwined challenges of soil
degradation, biodiversity loss, and climate change while enhancing agricultural productivity and

resilience (Rhodes, 2017; Schreefel et al., 2020; Giller et al., 2021).

Soil organic matter (SOM) is critical for soil health, contributing to nutrient availability, water
retention, and soil structure (Smith et al., 2015; Baveye et al., 2016). Studying SOM is essential because it
not only supports soil biodiversity and plant growth but also acts as a significant C sink, helping to
mitigate climate change (Lal, 2004; Schmidt et al., 2011). Improving SOM through regenerative
agriculture can harness these benefits, making soils more resilient and productive (Giller et al., 2021;

Meena et al., 2024).



Soils support diverse microbial and faunal communities that drive key ecological functions
(Bardgett and van der Putten, 2014). These belowground communities are increasingly threatened by land
degradation due to agricultural expansion and simplification (Tsiafouli et al., 2015; de Graaff et al., 2019).
Managing soil health effectively requires understanding the biological processes driven by soil organisms
and their responses to management (Lavelle, 1997; Altieri, 1999; Kibblewhite et al., 2008; Parker, 2010).
Soil fauna regulate nutrient fluxes, SOM dynamics, soil structure, and pest suppression (Altieri, 1999;
Lavelle et al., 2006, 2020; Barrios, 2007; Brussaard et al., 2007; Smith et al., 2015). Their roles in these

processes are vital for regenerative agricultural systems (Doran et al., 2002).

Quantitative assessments of the combined impacts of various regenerative practices on SOM
dynamics and soil fauna diversity are limited. Additionally, the mechanisms through which regenerative
management affects SOM dynamics and soil fauna are not well understood. This dissertation investigates
how regenerative agriculture practices enhance SOM and soil biodiversity, and explores the mechanisms
by which soil fauna contribute to SOM formation and stabilization. This research is guided by the two-
pathway model of SOM formation, providing insights for policy focused on improving soil health and
carbon sequestration through targeted management practices (Cotrufo et al., 2015; Cotrufo and Lavallee,

2022).

2. THE PHILOSOPHY OF REGENERATIVE AGRICULTURE

The term “regenerative agriculture” dates back to the 1980s, with pioneers like Wes Jackson and
Robert Rodale advocating for the restoration of agricultural resources degraded by conventional practices
to achieve sustainability (Jackson, 1980; Rodale, 1983). However, the concept is rooted in ancient
agricultural practices, drawing from the deep ecological understanding and traditional knowledge of
indigenous peoples. These practices emphasize the reciprocal relationship between humans and the
environment, promoting sustainable food production long before modern agricultural methods emerged.

This approach offers a tremendous opportunity to restore soil functioning and reduce atmospheric CO;



concentrations (Lal, 2004; Minasny et al., 2017; Zomer et al., 2017). The soil carbon debt, largely due to
practices like tillage, bare fallowing, and replacing diverse perennials with annual crops, can be addressed

through regenerative practices (Crews and Rumsey, 2017; Sanderman et al., 2017).

Awareness of the need for alternative management practices to maintain or improve productivity
while preventing soil degradation has led to the development of management paradigms such as organic
farming, agroecology, climate-smart agriculture, and sustainable intensification (Godfray and Garnett,
2014; Lal, 2015; Lampkin et al., 2015; Paustian et al., 2016). These approaches frequently draw on
similar practices, including reducing soil tillage intensity, growing cover crops, and integrating perennials
and livestock into arable rotations. Such practices are valued for their potential to increase SOM and
contribute to climate change mitigation through soil C sequestration. What distinguishes regenerative
agriculture is its holistic approach, emphasizing the restoration and enhancement of ecosystems while
incorporating social and economic components to improve the overall sustainability of food production
(Giller et al., 2021; Bless et al., 2023). Effective policy development is crucial to support the widespread

adoption of regenerative practices and achieve meaningful impacts on soil health and climate resilience.

2.1  Core principles

The core principles of regenerative agriculture include minimizing soil disturbance, maintaining
continuous vegetation cover, and increasing the quantity and diversity of organic residues returned to the

soil. These principles are embodied in various practices:

1. Principle: Minimize Soil Disturbance

Practices include: No-till farming, amendment with organic nutrients (e.g., compost, manure), and organic
pest control (e.g., pollinator strips).

Benefits: Enhances SOM stabilization through improved aggregation, soil structure, and reduced erosion
(Six et al., 1999; Franzluebbers, 2010; Luo et al., 2010; Ogle et al., 2012; Mondal et al., 2020; Lee et

al., 2021).



2. Principle: Maintain Continuous Cover

Practices include: Cover crops, cropping system intensification (eliminating summer fallow, increasing

the number of annual crops grown per year), and including perennial crops in rotation.

Benefits: Increases SOM by utilizing otherwise fallow periods, enhancing root carbon inputs (Guo and
Gifford, 2002; Ogle et al., 2005; Conant et al., 2017; Husakova et al., 2018; King and Blesh, 2018;

Fulton-Smith and Cotrufo, 2019; Sokol et al., 2019; Ledo et al., 2020).

3. Principle: Maximize Biodiversity

Practices include: Integration of livestock and diverse crop rotations.

Benefits: Enhances microbial decomposition efficiency, modifies nitrogen cycling, and increases soil C
inputs (Acosta-Martinez et al., 2004; Tracy and Zhang, 2008; Tian et al., 2010; Fultz et al., 2013;

McDaniel et al., 2014; Brewer and Gaudin, 2020).

2.2 The need for synergy

While practices like no-till and cover cropping have been extensively studied for their potential to
stabilize SOM in the topsoil (Luo et al., 2010; Paul et al., 2019; McClelland et al., 2021), the synergies
between multiple regenerative practices and their combined impact on SOM are less understood.
Implementing a single practice can be beneficial, but there are often trade-offs, such as yield reduction,
that can hinder adoption and long-term effectiveness (Jordon et al., 2022). Adopting a systems approach
that addresses multiple regenerative agriculture principles can buffer against negative outcomes and
provide additive or even synergistic effects for greater and more rapid soil health improvement (Lemaire
et al., 2014; Lehman et al., 2019). Although substantial evidence supports individual regenerative
practices, their combined impact on SOM and broader sustainability goals remains underexplored.
Therefore, understanding these synergies is crucial for advancing regenerative agriculture and achieving

sustainable food production.



3. CONCEPTUAL FRAMEWORK FOR STUDYING SOM

This research is largely guided by the two-pathway model of SOM formation (Cotrufo et al., 2015),
which describes the formation and stabilization of particulate organic matter (POM) and mineral-
associated organic matter (MAOM). POM is formed via the fragmentation of structural plant inputs and is
primarily protected by physical occlusion in aggregates, but it receives minimal protection from the soil
matrix. Due to its limited protection from decomposition, POM typically has relatively short mean
residence times unless decomposition is constrained by physical or physiological limits on microbial
activity, leading to POM accumulation in certain environments (von Liitzow et al., 2007; Cotrufo and
Lavallee, 2022). POM plays a crucial role in providing carbon and nutrients for microbial energy use and
plant growth and serves as the primary energy source driving biological functions in the soil (Bu et al.,
2015; Bailey et al., 2019; Lavallee et al., 2020). In contrast, MAOM is formed through the sorption of
microbial necromass, decomposition products, and soluble plant inputs to soil mineral surfaces (Haddix et
al., 2016; Kallenbach et al., 2016; Liang et al., 2019). These mineral bonds make MAOM relatively
inaccessible to microbial decomposition, resulting in, on average, longer mean residence times compared
to POM (von Liitzow et al., 2007; Poeplau et al., 2018) and can be used to assess management impacts on
SOM stabilization and sequestration of atmospheric CO, (Hassink, 1997; Cotrufo et al., 2019). Because
MAOM is inherently bound to soil minerals, it has a limited storage capacity depending on the available
surface area of minerals; this concept is commonly referred to as 'saturation' (Hassink and Whitmore,

1997; Feng et al., 2013).

Understanding the differential responses of POM and MAOM to regenerative agriculture practices
can offer critical insights for restoring soil health and enhancing long-term carbon sequestration. These
two SOM fractions have distinct pathways for formation and stabilization. By examining how
management practices specifically influence POM and MAOM, we can infer the underlying mechanisms
driving these changes. This approach allows us to develop new hypotheses about the processes that

contribute to SOM dynamics and devise more effective strategies for soil management.



4. SOIL FAUNA AND REGENERATIVE AGRICULTURE

Regenerative agriculture not only enhances SOM but can also promote soil biodiversity, which is
crucial for maintaining soil functions and resilience (Bender et al., 2016). Soil fauna, such as earthworms,
nematodes, and arthropods, play essential roles in organic matter decomposition and nutrient cycling,
contributing significantly to SOM formation and stabilization (Lavelle et al., 2006). While certain
regenerative practices are known to enhance soil fauna communities (Rizk and Mikhail, 1999; Fonte et
al., 2007; Briones and Schmidt, 2017; de Graaff et al., 2019; Kumar et al., 2020; Kelly et al., 2021;
Olayemi et al., 2022), the comprehensive impact of systems-level management involving multiple stacked
practices on these communities remains unclear. These soil organisms can, in turn, influence soil health
and ecosystem properties, ultimately affecting farm productivity and profitability (Franco et al., 2020;
Fonte et al., 2023). Further, understanding the distinct contributions of these organisms to POM and
MAOM dynamics can provide insights into the mechanisms driving SOM changes under different
management practices. This knowledge is vital for developing effective regenerative agriculture strategies

that enhance both SOM and soil biodiversity.

5. INTEGRATING GLOBAL AND MECHANISTIC PERSPECTIVES ON REGENERATIVE

AGRICULTURE

This dissertation explores the multifaceted impacts of regenerative agriculture on SOM dynamics and
soil fauna biodiversity, spanning broad objectives from global patterns and policy needs to mechanistic
understanding. Through a combination of a global analysis, policy evaluation, field study, and a
mechanistic experiment, it offers a comprehensive insight into SOM dynamics under regenerative
agriculture. The research highlights the importance of stacking practices to achieve sustainable food
production and informs agricultural policies and management practices that enhance both environmental

health and agricultural productivity.



The chapters in this dissertation are interconnected, moving from broad-scale analyses to specific
mechanistic studies. Chapter 2 sets the stage with a global meta-analysis, establishing the broad potential
of regenerative practices to enhance SOM C. Chapter 3 narrows the focus to the US, evaluating the
impact of diversified systems on SOM C, soil health, and yield, providing policy recommendations based
on empirical findings. Chapter 4 further narrows the focus, examining the effects of regenerative practices
on soil fauna biodiversity and SOM dynamics at the farm level. Finally, Chapter 5 delves into the
mechanistic interactions between soil fauna and microbial processes, highlighting the biological
underpinnings of SOM stabilization. This dissertation advances the understanding of SOM dynamics
under regenerative agriculture, providing valuable insights for sustainable soil management and climate
change mitigation. By integrating global and local scales, this dissertation offers a holistic view of how
regenerative practices can restore soil health and sequester C, contributing to more resilient and

productive agricultural systems.
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CHAPTER 2: RESTORING PARTICULATE AND MINERAL-ASSOCIATED ORGANIC CARBON

THROUGH REGENERATIVE AGRICULTURE'

1. INTRODUCTION

Since the development of agriculture, an estimated 133 petagrams of soil organic carbon (SOC)
have been lost from soils (Sanderman et al., 2017). In addition to contributions to climate change, this
SOC loss has imperiled soil fertility and global food security (Paul, 2016; Jayaraman et al., 2021), as SOC
stocks are positively related to both yield and yield stability (Pan et al., 2009; Oldfield et al., 2019). ‘Re-
paying’ this SOC deficit presents a tremendous opportunity to restore soil functioning and reduce
atmospheric CO; concentrations (Lal, 2004; Minasny et al., 2017; Zomer et al., 2017). As much of this
SOC debt is due to select practices of tillage, bare fallowing, and replacement of diverse perennials with
annual crops (Crews and Rumsey, 2017), SOC can be regenerated with climate-smart management
(Paustian et al., 2016), also termed regenerative management (Jordon et al., 2022). Regenerative
agriculture is an approach to farming that aims to improve not only the environmental but also the social

and economic aspects of sustainable food production (Schreefel et al., 2020).

Principles of regenerative agricultural leverage ecological understanding to build SOC and
thereby regenerate soil health (Ogle et al., 2005; Paul et al., 2019). These principles include: (1)
minimizing soil disturbance; (2) maintaining continuous vegetation cover; and (3) increasing quantity and
diversity of organic residues returned to the soil (Crews and Rumsey, 2017). Practices that address one or
more of these principles include reduced tillage/no-till (principle 1), cropping system intensification
(principles 2 and 3), and the integration of livestock into crop production systems (principle 3). While
reduced tillage and no-till have received extensive attention as a category of practices that can promote

the stabilization of SOC in the topsoil through enhanced aggregation, improved soil structure, and

! Published as Prairie, A.M., King, A.E., Cotrufo, M.F., 2023. Restoring particulate and mineral-associated organic
carbon through regenerative agriculture. Proceedings of the National Academy of Sciences 120, ¢2217481120.
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reduced erosion (Six et al., 1999; Franzluebbers, 2010; Luo et al., 2010; Ogle et al., 2012; Mondal et al.,

2020; Lee et al., 2021), cropping system intensification and livestock integration are more fluid concepts.

We define cropping system intensification to comprise of four main strategies: i) eliminating
summer fallow in monocrop systems, ii) increasing the number of annual crops grown per year, iii)
planting cover crops, and iv) including perennial crops in rotation. All of these strategies aim to increase
SOC by capitalizing on niches in time that would otherwise be left fallow and unproductive (King and
Blesh, 2018). Increasing the number of annual crops grown per year increases SOC directly through
greater C inputs and indirectly through increased microbial biomass and soil aggregation (Rosenzweig et
al., 2018). Similarly, cover cropping can increase SOC by enhancing the quantity and diversity of carbon
(C) inputs to soil (McDaniel et al., 2014; Poeplau and Don, 2015; Abdalla et al., 2019; McClelland et al.,
2021). Intensification with perennial crops can greatly increase SOC (Guo and Gifford, 2002; Ogle et al.,
2005; Conant et al., 2017; Ledo et al., 2020). Perennials produce larger and deeper roots than annual
crops (Husakova et al., 2018), a key factor for SOC accrual as root C inputs are preferentially retained in

soil compared to aboveground C inputs (Fulton-Smith and Cotrufo, 2019; Sokol et al., 2019).

While a single regenerative practice can build SOC when used in isolation, the potential for
synergies between multiple practices is only hinted at in current work. For example, in a dryland system,
planting cover crops is more effective at supporting SOC formation when used in combination with no-till
management (McClelland et al., 2021). As a regenerative practice that requires multiple strategies to be
simultaneously deployed, integrating livestock into cropping systems has shown promise as a means to
increase SOC stocks (Lemaire et al., 2014). Crop-livestock integration (ICL) impacts multiple SOC
stabilization pathways by shifting C deposition belowground, modifying N stocks and cycling, and
increasing the efficiency of microbial decomposition (Acosta-Martinez et al., 2004; Tracy and Zhang,
2008; Tian et al., 2010; Fultz et al., 2013; Brewer and Gaudin, 2020). Despite the likelihood for
regenerative practices in ICL and in other systems to increase SOC when adopted in a ‘stacked’ fashion,

large-scale studies to evaluate regenerative practice synergies on SOC are lacking.
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Although evidence that regenerative agricultural practices can increase SOC stocks is
unequivocal, system responses are context specific and accurate prediction of SOC responses to improved
management at the field scale remain arduous (Mondal et al., 2020). We posit that these system-specific
responses arise in part because SOC is not a uniform substance. Separating it into particulate (POC) and
mineral-associated (MAOC), its two most contrasting forms, can facilitate understanding and prediction
of broad-scale SOC dynamics to provide recommendations to managers and policymakers (Lavallee et
al., 2020; Just et al., 2021). These two fractions can be separated by size and/or density (Leuthold et al.,
2022) and show consistent differences in turnover times (Poeplau et al., 2018). POC, widely considered a
key indicator of soil fertility, cycles faster than MAOC and therefore is more vulnerable to disturbance
(Lavallee et al., 2020). Conversely, MAOC can be used to assess the capacity for regenerative agriculture
to promote SOC sequestration and mitigate atmospheric CO; (Hassink, 1997; Cotrufo et al., 2019).
Indeed, the millennia of SOC loss from agricultural soils was preferentially from the POC fraction, and a
low proportion of POC characterize agricultural relative to unmanaged soils (Lugato et al., 2021).
However, until now, the extent to which regenerative agriculture can restore soil health or sequester

carbon long-term by promoting POC and MAOC formation has not been synthesized at the global scale.

With recent emphasis on regenerative agriculture to regenerate soil fertility and mitigate climate
change, it is crucial that we understand how these two distinct pools of SOC (POC and MAOC) respond
to management. We therefore conducted the first global systematic meta-analysis of 1) the overall
response of POC and MAOC to no-till management and cropping system intensification across the soil
profile; 2) the impact of agronomic moderators of no-till and cropping intensification on POC and
MAOC; and 3) the potential synergy of multiple regenerative interventions to build POC and MAOC in
integrated crop-livestock systems. We also explored the effects of climate and soil variation on the
response of POC and MAOC to management. We hypothesized, broadly, that due to assorted pathways
for regenerative management to augment total SOC, that regenerative practices would differently affect

POC and MAOC.
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2. RESULTS

2.1  Distribution and relative importance of stock change for POC and MAOC

Overall, 118 studies comprising 157 experiments were analyzed in this study (Appendix) In most
soils, POC made up a small proportion (~18%) of total SOC stocks (Mg C ha™') compared to MAOC (Fig.
2.1A). Consequently, a large relative change in the POC concentration (g C kg soil™') resulted in only a
minor absolute change in SOC stocks (Fig. 2.1B). For instance, a 50% increase in POC concentration was
associated with an average change of only 2.3 Mg C ha™', whereas the same percent increase in MAOC

and SOC pools was associated with an average stock change of 8.6 Mg C ha™' and 13.9 Mg C ha™',

respectively.

We focus on meta-analytic comparisons of relative change in C concentrations, rather than

absolute changes in C stock, due to paucity of bulk density data available and high variation in soil

sampling depth increments.
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Figure 2.1. A, Density plot of carbon (C) stocks (MgC ha™) in total soil organic carbon (SOC),
mineral-associated organic carbon (MAOC), and particulate organic carbon (POC). B, Plot of linear
relationship between Mean Percent Change of C concentrations (gC kg soil') and absolute response
of C stocks (AMgC ha™) for SOC, MAOC, and POC.
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2.2 No-till and cropping system intensification build POC and MAOC in topsoil

To compare the impact of regenerative management across the soil profile we delineated between
topsoil and subsoil at 20 cm, as this was the average tillage depth across studies. Regenerative
management significantly increased SOC content in the topsoil but did not significantly affect SOC
fractions in subsoil, which had much fewer observations (Fig. 2.2). Compared to conventional tillage
(CT), no-till (NT) increased topsoil SOC by 11.3%, with an 8.5% increase in MAOC and a 19.7%
increase in POC (Fig. 2.2A). Cropping system intensification as defined above increased SOC by 12.4%,
with a 7.1% increase in MAOC and a substantial 33.3% increase in POC (Fig. 2.2A).There was a
tendency for a large positive response of POC to cropping intensification in subsoil (+22.5%, Fig. 2.2B),
but with substantial variation around the mean (CI: -2.76 — 54.5%), indicating the influence of other

moderator effects on POC response.
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Figure 2.2. Overall response of carbon concentrations (g C kg soil™") in total soil organic carbon
(SOC), mineral-associated organic carbon (MAOC), and particulate organic carbon (POC) to
regenerative agricultural management in topsoil (A, 0-20 cm) and subsoil (B, 20-100 ¢cm). No-Till
systems are compared to conventional tillage systems. Cropping Intensification includes 1)
eliminating summer fallow in monocrop systems, ii) increasing the number of annual crops grown
per year, iii) planting cover crops, and iv) incorporating perennial crops in rotation. Effect sizes were
considered significant if 95% confidence interval did not overlap zero.
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2.3 Effects of no-till on SOC fractions vary with experimental duration, tillage frequency, and cropping

system intensity

Since the response of SOC fractions to NT are only significant in topsoil, we analyzed agronomic
practices as moderators effecting the SOC, MAOC, and POC response to NT for topsoil only (Fig. 2.3,
Supplementary Table 2.1). We found that NT significantly increased SOC, MAOC, and POC only in
experiments lasting greater than 6 years. Tillage frequency moderated the effect of NT on MAOC (Fig.
2.3B), but not on POC (Fig. 2.3C) resulting in a slight trend towards significance in SOC (Fig. 2.3A).
Further, MAOC concentrations under NT were 14.2% higher than CT systems with multiple tillage
disturbances per year and only 5.0% higher than CT systems with only one tillage disturbance per year

(Fig. 2.3B).

Cropping intensity of the rotation moderated the effect of NT on SOC (Fig. 2.3A), MAOC (Fig.
2.3B), and POC (Fig. 2.3C). Compared to CT cropping systems, total SOC increases in NT systems with
only one cash crop per year (+13.8%) were significantly higher than SOC increases in systems including
multiple cash crops in a year (+6.1%, p = 0.006) and systems with cover crops (+6.8%, p = 0.0001). For
MAOC, NT had the greatest effect in systems with multiple crops per year (+13.3%) compared to systems
with cover crops (+7.3%, p = 0.003) and systems with one cash crop (+8.1%, p = 0.10). The effect of NT
on POC was only significantly different than zero in systems with a single cash crop (+32.7%). In
systems with multiple cash crops per year and systems with cover crops, NT did not increase POC

compared to CT.
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Figure 2.3. Effect of no-till (NT) compared to conventional tillage (CT) on topsoil (0-20 cm)
carbon concentrations (g C kg soil™) in total soil organic carbon (A; SOC), mineral-associated organic
carbon (B; MAOC), and particulate organic carbon (C; POC), as moderated by experimental duration,
tillage frequency, and cropping intensity. Cropping rotation, residue management, fertilization regime,
and environmental variables held constant. Tillage frequency and cropping intensity on per year basis.
Effect sizes were considered significant if 95% confidence interval did not overlap zero. The number
of observations (n), experiments (exps.), and studies analyzed for each moderator variable is
displayed on the far right of figure.

2.4 Effects of cropping system intensification on SOC fractions vary with experimental duration, type

of intensification, and tillage management

Intensification increased C in soil fractions only in experiments lasting greater than 6 years (Fig.
2.4). In experiments that lasted longer than 12 years, intensification increased total SOC by 17.6%,
MAOC by 10.8% and POC by 44.0%. These were significantly higher than increases in experiments 6 —

12 years for SOC (+12.3%, p = 0.012) and MAOC (+6.5%, p = 0.039).

SOC increases were greatest when perennial cropping systems were compared to annual cropping
systems (+16.2%), significantly higher than the effect of multiple crop intensification (p < 0.001) and

cover crop intensification (p = 0.024). The response of POC to intensification was greatest when one-crop
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systems were compared to crop-fallow systems (+57.5%). This effect was significantly higher than the

effect of multiple crop (p <0.0001), cover crop (p < 0.0001), and perennial intensification (p = 0.0001) on
POC. Further, the effect of cover crops and perennial intensification on SOC and POC were significantly
higher than the effect of multiple crops (p < 0.0001). In contrast to SOC and POC, MAOC increases were

greatest when comparing systems with multiple crops per year to one-crop systems (+8.9%).

Increasing cropping diversity did not modify the positive effect of intensification on SOC but
reduced it for MAOC and POC; with polyculture surprisingly showing the least benefit (Fig. 2.4). The
response of SOC, MAOC, and POC to intensification was significantly higher in CT systems compared to

NT systems (Fig. 2.4).
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Figure 2.4. Effect of cropping system intensification on topsoil (0-20cm) carbon concentrations (g C
kg soil™") in total soil organic carbon (A; SOC), mineral-associated organic carbon (B; MAOC), and
particulate organic carbon (C; POC) as moderated by experimental duration, type of cropping intensity,
rotation diversity, and tillage management. Tillage management, residue management, fertilization
regime, and environmental variables were held constant. ‘Intensification Type’ signifies type of
intensification (i.e., ‘1 crop’ = intensification of crop-fallow to rotation of 1 annual cash crop per year,
‘Multiple Crops’ = intensification of 1 cash crop per year to multiple cash crops per year, ‘Cover Crop’
= intensification of annual cash crop system to annual rotation + cover crop, ‘Perennial’ = intensification
of annual cropping system to system with a perennial crop included in rotation). Effect sizes were
considered significant if 95% confidence interval did not overlap zero. The number of observations (n),
experiments (exps.), and studies analyzed for each moderator variable is displayed on the far right of
figure.

2.5  Potential synergies within integrated crop-livestock systems

We synthesized the effects of integrating livestock (ICL) in combination with NT and cropping
system intensification on SOC, MAOC, and POC in topsoil (Fig. 2.5). Integrating livestock into annual
cropping systems had a tendency to increase SOC (Fig. 2.5A) and POC (Fig. 2.5C), but not MAOC (Fig.

2.5B).

Cropping systems that combined livestock integration with NT practices increased total SOC by
29.9% compared to CT systems without livestock, more than double the effect of NT alone (+11.3%).

This SOC increase occurred primarily through increases in POC (+38.1%), suggesting an additive effect
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of combining ICL (+17.0%, ns) with NT (+19.6%). There was a tendency for increased MAOC under NT
+ ICL (+9.1%) compared to CT without ICL, however, the response was not significantly different from

Z€ro.

When livestock integration was used in conjunction with cropping system intensification, C
increases were greater than the sum of individual practices. Combing ICL with cover crops has the
potential to significantly increase SOC, MAOC, and POC (Fig. 2.5). The 33.1% increase in MAOC
suggests a potential synergy between ICL (+1.8%, ns) and cover crops (+7.3%) as it greatly exceeded the
additive increase of individual practices. However, the 26.3% increase in POC with ICL + cover crops are
lower than POC increases with cover crops alone (+35.9%). The differential responses of POC and
MAOC under ICL + cover crops resulted in a 14.6% increase in SOC which was comparable to SOC
increases under cover crops alone (+12.8%). Similarly, ICL in combination with perennials increased
MAOC by 53.6% showing signs of synergetic effects far exceeding the effects of ICL (+1.8%, ns) and

perennial intensification alone (+7.5%). This synergy was not observed for POC or SOC (Fig. 2.5).
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Figure 2.5. Potential synergistic effects between integrated-crop livestock with no-till and cover
crop intensification on topsoil (0-20cm) carbon concentrations (g C kg soil™) in total soil organic
carbon (A; SOC), mineral-associated organic carbon (B; MAOC), and particulate organic carbon (C;
POC). ‘ICL Only’ compares ICL systems to annual cropping systems without livestock. ‘ICL + NT’
compares ICL systems that are no-till (NT) to annual systems without livestock that are conventionally
tilled. ‘ICL + Cover Crop’ compares ICL systems that have been intensified using cover crops to less
intense systems without livestock. ‘ICL + Perennial’ compares ICL systems that have been intensified
using perennial grass to annual systems without livestock. Residue management, fertilization regime,
and environmental variables were held constant. Effect sizes were considered significant if 95%
confidence interval did not overlap zero. The number of observations (n), experiments (exps.), and
studies analyzed for each moderator variable is displayed on the far right of figure.
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2.6 Regenerative practices effective across a range of soil and climate conditions

Our synthesis included soils with a wide range of sand content (1.0-89%), soil pH (4.2—-8.6), mean
annual temperature (MAT; —2.8-30.1 °C), mean annual precipitation (MAP; 302-3100 mm yr™"), and
potential evapotranspiration (PET; 787-2145 mm yr'). MAT was the only significant moderator of the
effect of no-till on SOC, MAOC, and POC (Supplementary Table 2.1). For every 10°C of MAT, the effect
of no-till was increased by 8.3% for SOC, by 6.3% for MAOC, and by 14.2% for POC (Fig. 2.6A). For
cropping system intensification, the only significant environmental moderator was sand content for SOC
and POC, but not MAOC (Supplementary Table 2.2). For every 10% increase in sand content, the effect

of intensification was increased by 3.7% for SOC and by 10.6% for POC (Fig. 2.6B).

A No-Till B Cropping System Intensification
200 1 200 1 ¥ socC
~ ® MAOC
2 POC
o 1501 150 1 .
(o))
C °
© 8 Wis is 4
6 100 1 s 100 - §
c
S 50 50
(O]
o
S 07 o4
()
= s
-50 1 o 50
0 5 10 15 20 25 20 40 60
MAT (°C) Sand Content (%)

Figure 2.6. A, Meta-regression of mean annual temperature (MAT °C) against mean response of no-
till on total soil organic carbon (SOC), mineral-associated organic carbon (MAOC), and particulate
organic carbon (POC) concentrations (g C kg soil™") in topsoil (0-20cm). B, Meta-regression of sand

content (%) against mean response of cropping system intensification on SOC, MAOC, and POC in
topsoil.
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3. DISCUSSION

3.1 Overall effects of regenerative agriculture on SOC pools and relationship to stocks

Our global synthesis provides clear evidence for the ability of regenerative practices to increase
both MAOC and POC in topsoil (0-20 cm) compared to conventional management. As MAOC was the
larger fraction (~80% of C) in all soils, any changes to this fraction correlated with changes in total SOC.
The absolute response of POC to regenerative practices was smaller and more variable than that of
MAOC, suggesting that moderating factors are more important in governing the persistence and
stabilization of POC compared to MAOC under regenerative management. MAOC is often positioned as
a target for soil C sequestration due to its longer turnover times (Poeplau et al., 2018). Our results suggest
that it is in fact an appropriate target also because of its larger absolute increases under regenerative
management. While POC absolute increases are of minor importance to SOC gains (Fig. 2.1), this
analysis pointed to a few practices having high effect on POC accrual (>50% increases), indicating their
potential on the long-term to regenerate in cropland soils to a more balanced distribution of C in POC and

MAOC, typical of natural soils (Lugato et al., 2021).

Practitioners of regenerative practices are unlikely to see the positive benefits to SOC (POC or
MAOC) until after six years of implementation, and in many instances may see significant decreases in
SOC before accumulation occurs (Fig. 2.3 & 2.4). Monitoring for fast (1-5 years) SOC stock changes
under regenerative agriculture should thus not be used to draw conclusions about long-term SOC

response.

We did not observe decreases in subsoil (20-100 cm) C due to regenerative management, as has
been occasionally observed with no-till (Luo et al., 2010). In fact, in many instances, POC was
significantly increased in the subsoil from cropping intensification, especially with the inclusion of
perennials (Fig. 2.2, Supplementary Fig. 2.1). While there is evidence of publication bias favoring
reporting of positive, significant results, the skew is very slight and likely only minorly impacts our

results (Supplementary Fig. 2.2).

26



3.2 SOC changes under no-till

We hypothesized that no-till would primarily increase POC due to its effect on maintaining soil
aggregates, an acknowledged mechanism of POC protection (Six et al., 1999; Mondal et al., 2020).
However, we found that, in topsoil, no-till increases MAOC as well as POC. No-till may alter quantity
and distribution of C inputs through roots. After initial yield decreases due to soil compaction (de Moura
et al., 2021), no-till may increase root C inputs, a strong pathway for MAOC formation (Fulton-Smith and
Cotrufo, 2019; Sokol et al., 2019). Alternatively, differences in POC and MAOC could be the direct result

of reduced C losses by erosion in NT systems (Lee et al., 2021).

Surprisingly, the frequency of tillage did not moderate the effect of tillage on POC, possibly
because any amount of tillage was enough to disrupt aggregate formation and prevent POC accumulation.
MAOC stabilization, however, was greatly affected by the frequency of tillage. This is possibly a result of
chronic disturbance which may prevent the recovery of fungal networks and other soil organisms, such as
earthworms (Briones and Schmidt, 2017), which have shown to be critical for stable SOC formation

(Angst et al., 2019; Liang et al., 2019).

The negative effects of tillage on POC are mitigated by intensifying the cropping system,
suggesting that in regenerative systems occasional tillage events will not greatly affect POC stocks. In
contrast, cropping system intensity had a synergistic effect with NT on MAOC with MAOC increases
from NT being greatest in systems with multiple crops per year. This is possibly because intact fungal

networks are able to efficiently process the continuous plant inputs to form MAOC (Wei et al., 2022).

3.3 SOC changes under cropping system intensification

Consistent with our expectations, cropping system intensification increased both MAOC and POC.
With cropping system intensification, C increases are likely the result of increased C inputs( King and
Blesh, 2018), and established pathways link POC formation with plant structural residues and MAOC

formation with plant exudation through living roots( Fulton-Smith and Cotrufo, 2019).
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We found the most important method of intensification for increasing POC was the elimination of
summer fallow with continuous cropping. Additional intensification with multiple crops per year did not
increase POC further, although intensifying continuous cropping with cover crops and perennials did
further increase POC. Differences in quantity or quality of belowground inputs with cash crop vs. cover
crops or perennial crops may explain this apparent discrepancy. Perennial intensification was especially
important for increasing POC as this was the only practice that also increased POC in both subsoil and
topsoil. This is likely due to the greater and deeper root system in perennials as compared to annuals

(Husakova et al., 2018).

The benefit of intensification on POC and MAOC was lessened as diversity increased. Common
choices in research site design may help to explain this finding, as systems that were intensified using
perennials often did not increase in diversity (e.g., corn-soy intensified to corn-alfalfa-alfalfa-alfalfa).
Similarly, more diverse systems containing summer fallow were frequently compared to continuous
annual monoculture (e.g., corn-soy-fallow compared to continuous corn). MAOC formation appears to

depend less on diversifying the rotation than on reducing fallow to maintain continuous inputs.

Finally, cropping intensification had a greater effect in CT than in NT systems, especially for
MAOC. The explanation could be that SOC concentrations in CT systems are lower than in NT systems,
therefore, the same SOC absolute change due to intensification will be proportionally larger under CT; or
that in heavily disturbed CT systems, intensification may reduce bare ground minimizing loss of SOC and

nutrients through erosion (Komissarov and Klik, 2020).

3.4 Potential synergies within integrated crop-livestock systems

As only a limited number of studies explored combinations of regenerative practices with ICL, we
consider our results compelling preliminary evidence, with further research needed to provide
unequivocal support of synergies. Nevertheless, our results show an enormous potential for ICL to
increase SOC, POC, and MAOC, primarily when used in combination with NT and cropping

intensification. When ICL was used in combination with NT, we found significant POC increases that
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exceeded those from NT alone indicating an additive interaction likely through enhanced aggregation and

improved soil structure (Fultz et al., 2013; Bansal et al., 2022).

We also found evidence of synergy between ICL and cropping system intensification. Though ICL
and cover crop together and cover crop alone both raised total SOC to the same extent, the distribution of
C increase shifted from POC to MAOC when livestock were included. The synergy between ICL and
perennial intensification on MAOC was even more pronounced, yet the variation in effect sizes makes it
difficult to draw firm conclusions about the effect on POC. Positive synergies between ICL and cropping
system intensification on SOC may occur due to impacts of grazing on root photosynthate allocation
(Chen et al., 2015) and microbial decomposition through changes to C-to-N ratios of plant litter and the

addition of animal waste (Pifieiro et al., 2009; Tian et al., 2010).

3.5  Regenerative practices effective across a range of soil and climate conditions

Environmental moderators explained a minor portion of the variance in effect sizes of
regenerative management on SOC, MAOC, and POC. The only environmental variable to significantly
moderate the effect of NT was MAT. A greater relative effect of NT compared to CT on POC and MAOC
in warm climates may be due to a synergistic interaction between disturbance due to tillage and overall
high microbial activity in warmer climates. In other words, when microbes are inhibited by cooler
temperatures, soil disturbance would not stimulate additional decomposition (Cotrufo and Lavallee,

2022).

Across environmental moderators, only sand content significantly moderated the effect of
cropping intensification on POC, but not MAOC. Since MAOC formation depends on the availability of
binding sites in the silt/clay mineral matrix, we expected a negative relationship between percent sand and
MAOC gains. However, a recent analysis has shown that agricultural systems are only at ~31% MAOC
saturation (Georgiou et al., 2022), and indeed we found no evidence for a constraint on MAOC formation

in soils with low silt/clay content.
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3.6  Limitations and next steps

Our meta-analysis was constrained by data available in the literature. Although SOC stock change
with management can inform about C budgeting, fewer than half the studies reported information needed
to calculate SOC stocks, so we focused on C concentrations. The lack of baseline SOC data prevented
conclusions about whether true C sequestration, emissions avoided, or a combination of the two, were
observed with soil C change. Average soil sampling depth in our database was 20 cm, and future studies
will enable a more comprehensive understanding of soil C if reported across the soil profile. Finally,
though all major continents are represented in our analysis, our database revealed data gaps in South

America, Africa, Eurasia, and Oceania (Supplementary Fig. 2.3).

This analysis shows that crop intensification and no-till increase POC and MAOC, thus both
improving soil health and promoting long-term carbon stabilization. However, the optimization of stacked
management strategies to enhance POC and MAOC still has specific knowledge gaps, including the
mechanisms driving observed synergies in the integration of livestock into cropland in combination with
other regenerative practices. Developing a comprehensive understanding of these and other synergies is
essential for maximizing regenerative agriculture’s ability to mitigate climate change and provide

additional ecosystem services to benefit producers, the environment, and society at large.

4. METHODS

4.1  Study selection

We searched Web of Science and Agricultural Online Access Database (AGRICOLA) to conduct
a systematic meta-analysis on the response of SOC pools to tillage management, cropping intensification,
and integrated-crop livestock management (ICL) (see Supplementary Table 2.3 for list of Boolean search
terms). The search included all papers published until January 2021. After removal of duplicates, our
search yielded 4,706 publications. We screened publications following PRISMA guidelines (Moher et al.,

2009) using the following criteria: (1) peer-reviewed, primary literature; (2) measured SOC fractions that
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are or can be combined to MAOC and POC; (3) measured response of POC and/or MAOC to soil
management intervention with a control that was not treated with that intervention; (4) experimental
treatments must include one of these soil management practices: tillage management, cropping
intensification management, and integrated livestock management. Studies were excluded if the treatment
of interest was not isolated within the experimental design (e.g., when corn-soybean crop rotations w/
fertilizer are compared to corn-soybean-wheat-winter rye rotations w/o fertilizer the causal effects of

rotation intensification cannot be disentangled from fertilization treatment).

To be included in this study, at least three replicates of SOC, MAOC, and/or POC needed to be
measured to ensure robustness of the dataset. Soil had to be sieved to 2mm or less and dispersed using
either sodium hexametaphosphate, sonication, or shaking with glass beads such that aggregates would be
adequately broken down. For this study, MAOC was defined as the fraction of SOC smaller than 50-63
um, when separated by size, or heavier than 1.6-1.85g cm™, when separated by density (Leuthold et al.,
2022). POC was defined as the coarse (>50-63 um) and/or light (<1.6-1.85g cm™) fraction, the
counterpart to MAOC. Heavy, coarse SOC fractions resulting from the combination of size and density
fractionation (i.e >1.6 g cm™ and > 50-63 pum) were considered MAOC due to having low C:N similar to
the fine, heavy fraction(Samson et al., 2020). Only studies that directly quantified C using direct

combustion or wet oxidation methods were included.

4.2 Data collection and management

In total, we identified 139 studies, 187 experiments, and 1250 observations across the world
(Supplementary Fig. 2.3) that met our inclusion criteria. A complete list of publications included in the

analysis can be found in SI References.

We extracted information on C concentrations, percent organic C, and C stocks. If only total
SOC and one of the pools was measured, the other was calculated by subtraction. If free and occluded
POC content were reported in a study, we summed them as POC content. If different size MAOC content

were reported in a study, we summed them as MAOC content. If C concentrations were reported on per
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aggregate mass basis, we converted to per soil mass (g C kg™ of soil). We included data under control

and treatment at last sampling time point if the soils were collected at different times. We extracted data

from tables using Tabula software (https://tabula.technology/). If data were only presented in figures,

metaDigitize package in R (Pick et al., 2019) was used for the extraction of data.

For the moderator analyses, we extracted information on agronomic factors including
experimental duration, tillage frequency (tillage events per year), and cropping system. In addition, we
extracted information on soil sampling depth, soil properties (e.g., bulk density, soil texture, percent
sand/silt/clay, soil pH, and initial concentration of SOC), and climate characteristics (i.e., mean annual
precipitation [MAP], mean annual temperature [MAT], and lat/long). If percent sand/silt/clay were not

reported, we converted soil texture classification into percent sand/silt/clay using the USDA soil texture

calculator. If lat/long were not reported, we estimated coordinates by searching site name on Google
Earth. If climate characteristics were not reported, we extracted MAT and MAP from WorldClim v2.1
(Fick and Hijmans, 2017). Potential evapotranspiration (PET) data were extracted from the Global Aridity

Index and Potential Evapotranspiration Database (Zomer et al., 2022).

Cropping system was characterized based on total number of species in rotation (diversity), crop
species identities (corn, soy, etc.), frequency of crop occurrence, crop functional group (e.g., grass,
legume, other), crop life history (e.g., annual or perennial), and crop residue management (e.g., grain
harvest, hay harvest, no harvest). Frequency of crop occurrence was calculated as the number of times a
crop appeared in rotation divided by the rotation years. Cropping system intensity was calculated as sum

of all crop frequencies. For example, the cropping system intensity of a four-year rotation of corn-soy-
corn-wheat would be calculated as 2/ 4 (corn) + 1/ 4 (soy) + 1/ 4 (wheat) = 1. Cover crops were counted

the same as other crops. Perennial crops were given an occurrence of 2 for each year in rotation since the

crop occurred during both spring/summer and summer/fall growing seasons. For example, the cropping

system intensity of a four-year rotation of corn-alfalfa-alfalfa-alfalfa would be calculated as 1 / 4 (corn) +
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1 1/ 2 (alfalfa) =1 3/ 4 Effect sizes for cropping intensification were calculated comparing systems with

an intensity equal to 1 (one crop per year) to those with an intensity < 1 (crop-fallow) and systems with an
intensity > 1 (multiple crops per year) to rotations with an intensity < 1. Diversity moderator categories
were determined based on the difference in diversity between the more intense and less intense cropping
system. Three diversity moderator categories were used: i) intensification with no change in diversity
(monoculture), ii) intensification with an increase in diversity of two species (biculture), or iii)

intensification with an increase of more than two species (polyculture).

4.3  Data analysis

We chose C concentration (g C kg soil™") as the response variable for SOC, MAOC, and POC
over C stock (Mg C ha™') because 44% of the studies did not report stock or bulk density values. If stock

and bulk density was reported, we calculated concentration using the following equation:

C.=10x* C;/(BD * depth) (D

where C, is the C concentration in g C kg soil ', C; is the C stock in Mg C ha™, BD is the bulk density in g
cm™, and depth is the soil sampling depth increment in cm.

Variance data were frequently not reported. Instead of excluding these publications (28
publications, 219 observations - 18% of total) from analysis, which could introduce bias, we imputed

missing standard deviations using the following equation (Bracken, 1992):

— X{ S,
5Dy = j<Z{(Xi> ()

where X j1s the observed mean of the study with missing SD, and K is the number of jth studies with SD.
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We estimated the effect size of SOC, MAOC, and POC for tillage treatment, cropping
intensification, and ITL using the metafor package (Viechtbauer, 2010) in R ver 4.2.1. The effect size

was calculated as:

InRR = In <)_?m> 3)

ctrl
where InRR is the natural log of the response ratio, X,,, is the mean value of regenerative practice (i.e.,
no-till, cropping intensification, livestock integration), and X, is the mean value of the conventional
control. To improve interpretation, we transformed these values to mean percent change (MPC) using the

following equation:
Mean Percent Change = (e™FR — 1) x 100% (4)

We applied a three-level multivariate approach using the rma.mv function in metafor package to
account for dependency of effect sizes. The model structure accounts for three levels of variance: (1)
sampling variance of individual effect sizes, (2) variance between effect sizes from the same study, and
(3) variance between studie s(Assink and Wibbelink, 2016). To account for the level of precision between
studies, individual effect size was weighted by the inverse of the sampling variance(Hedges and Olkin,
2014).

We used log likelihood-ratio tests to evaluate homogeneity of within-study and between-study
variance and found significant variation across effect sizes (Assink and Wibbelink, 2016). We tested each
individual moderator with each regenerative intervention-SOC pool pairing and performed pairwise
comparisons of each level of moderator using an omnibus test of model coefficients. To determine
robustness of these relationships, we added all significant moderators into one model. We considered the
relationships robust if moderators were still significant following the multiple moderator test (Assink and

Wibbelink, 2016).
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We tested for publication bias using Egger’s regression test by including standard error of the
effect sizes as a moderator (Habeck and Schultz, 2015). The relationship between the precision and size
of studies is considered asymmetrical, and therefore biased, when the intercept of this regression test
significantly deviates from zero (p <0.1) (Egger et al., 1997). To further evaluate publication bias, we
visually assessed histograms of InRR for left or right skew (Supplementary Fig. 2.2). Histograms of the
overall log response ratio (InRR) provided evidence for a lack of publication bias (Supplementary Fig.
2.2). However, Egger's test indicated slight overestimation of effect sizes for SOC (int=0.111, p <
0.001), MAOC (int = 0.059, p <0.001), and POC (int = 0.278, p < 0.001) in response to regenerative
management.

We conducted a sensitivity analysis to assess the robustness of the overall results. To quantify the
impact of each eliminated study, we employed a jackknife approach to remove specific studies from each
regenerative intervention-SOC pool pair and recalculate the mean effect sizes(Basche and DeLonge,
2019) (Supplementary Fig. 2.4). The sensitivity analysis indicated these results were robust and that no

particular publication drove the overall response (Supplementary Fig. 2.4).
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CHAPTER 3: EVALUATING THE IMPACT OF REGENERATIVE AGRICULTURAL SYSTEMS ON

SOIL CARBON, SOIL HEALTH, AND YIELD: A POLICY BRIEF?

1. EXECUTIVE SUMMARY

The primary objective of this research was to evaluate the impacts of regenerative agricultural
systems on soil carbon, soil health, and agronomic outcomes and how these outcomes vary across space
and time. Regenerative agriculture is defined as a system the employs more than one USDA NRCS soil

health principle This work has resulted in four major findings:

1. Regenerative agricultural systems are frequently associated with higher levels of SOC.

2. Most studies show that implementation of multiple practices for a period of ten years or more is
necessary to support positive carbon impacts.

3. The efficacy of practices in maintaining or enhancing carbon stocks varies by region.

4. Regenerative agricultural systems support higher yields and better soil health, including drought

resilience, nutrient cycling, resistance to erosion, and biodiversity.

These findings give rise to the following recommendations:

1. Increase funding for practices that support soil health and positive carbon outcomes under the
Conservation Stewardship Program and the Environmental Quality Incentives Program;

2. Support longer participation times in USDA NRCS conservation programs;

3. Tailor conservation programs regionally; and

4. Fund research and other activities to fill critical information gaps using regionally representative

research farms.

2 In preparation to be published as a policy brief with Helen Silver, Megan Machmuller, and Jane Zelikova. Project
funded by Breakthrough Strategies & Solutions, Regenerative Agriculture Foundation, and Panta Rhea Foundation
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2. INTRODUCTION

A robust and resilient agricultural sector is essential for maintaining food security amidst
accelerating climate risks. The USDA NRCS has established four key principles for soil health:
minimizing disturbance (physical, chemical, and biological), maximizing the presence of living roots,
maximizing soil cover, and maximizing biodiversity, including the integration of livestock. Depending on
implementation, a single soil health practice may touch on one or more of these principles. For instance,
cover crops terminated by crimp rolling may more effectively increase soil cover and minimize
disturbance compared to cover crops terminated with chemicals. Determining appropriate practices to
implement these principles must be conducted on a case-by-case basis for the crop or grazing land in

question.

Research and farmer experience demonstrate that soil health practices both maintain and build
soil organic carbon (SOC) stocks in the soil and enhance other metrics of soil health, including soil
biodiversity, soil structure (an indicator of resistance to erosion and drought resilience), nutrient
provisioning, and water infiltration (Tahat et al., 2020; Tully and McAskill, 2020; Yang et al., 2020).
These principles and practices are generally considered a synergistic system, and optimizing all principles

may require implementing multiple practices.

In recent years, the overall adoption of soil health practices has increased. According to the
USDA, no-till is practiced on approximately 35% of total cropland acres, reduced tillage on 32%, and
cover crops on 5.9% *. These practices have contributed to significant progress in maintaining the health
of our crop and grazing lands. For instance, between 1982 and 2017, total erosion on croplands decreased
from nearly 3 billion tons annually to less than 2 billion tons annually (USDA, “Workbook: RCA DV
Erosion by State NRI 2017 1,”). These metrics demonstrate that while NRCS programs have been

effective, significant room for improvement remains.

3 Excludes land enrolled in the Conserve Reserve Program.
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Soil organic carbon is not only the single best indicator of general soil health, but measuring SOC
stocks is also critical for estimating the climate change impacts of agricultural management practices. To
understand climate impacts, changes to SOC stocks must be measured, which requires both SOC
concentrations in a given unit of soil and calculating the bulk density (soil mass per volume) of soil.

Compared to measuring SOC concentrations, relatively few studies calculate SOC stocks.

SOC accumulates, and management practices can influence SOC stocks at varying depths in the
soil profile, sometimes up to one meter. SOC stocks are often measured at a depth of 15 cm if the primary
research objective is to estimate impacts on soil health metrics, such as nutrient cycling and drought
resilience. If the objective is to understand impacts on SOC stocks for climate mitigation purposes, SOC

should be measured to a depth of at least 40 cm and may include depths of up to one meter.

Assuming accurate measurement of SOC stocks, increases in SOC between different management
regimes may result from either carbon sequestration (drawdown of CO, from the atmosphere) or reduced
SOC loss from the soil. Both scenarios have positive climate impacts, but only carbon sequestration
directly draws down atmospheric CO; concentrations. Estimates of the potential climate impacts of
carbon sequestration vary widely and are often attributable to differences in research design and methods
in SOC measurement. However, significant gaps remain in understanding the impact of regenerative
agricultural systems, which implement two or more soil health practices, compared to monocropped

systems with conventional tillage.

Three important limitations exist concerning regenerative agricultural systems. First, the majority
of studies focus solely on the impacts of an individual soil health practice. This is likely because
examining a single practice significantly reduces the complexity of establishing causal and correlational
relationships. Second, most research has focused on a few well-established practices, such as changes in
tillage management and cover crops, though an abundance of evidence shows that other practices are

critically important, including livestock integration, diversified rotations, and intercropping (Prairie et al.,
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2023). Finally, most research targets a few commodity crops, namely corn, soy, and wheat, likely because

these crops are the largest economic drivers in the US food system and receive more funding.

In summary, climate risks are accelerating with potentially devastating impacts on US agricultural
production, food security, and rural livelihoods. Further, research to date has been narrowly limited in
terms of the number and types of soil health practices and crop types studied. While understudied,
regenerative agricultural systems may significantly contribute to climate resilience. This study is a critical
starting point for this evolving area of research and emphasizes the need for practical analyses to inform

policy, justifying a less scientifically rigorous and broader impact approach.

The primary objective of this research is to evaluate the impacts of regenerative agricultural
systems on soil carbon, soil health, and agronomic outcomes, and how these outcomes vary across
different regions and time periods. This work addresses the need for practical analyses to inform policy,
providing a broad understanding of the benefits and challenges associated with regenerative agricultural

systems.

Due to constraints in the literature, our study makes no conclusions regarding whether
regenerative agricultural systems show better carbon sequestration or drawdown than control systems.
Instead, our results focus on overall soil carbon levels without distinguishing between sequestration or

reduced SOC losses.

3. METHODS

3.1  Scoping criteria and record review

To identify studies for inclusion, we developed several screening criteria. First, we defined regenerative
agricultural systems as those systems that applied more than one regenerative agricultural practice
simultaneously. Second, we limited our search to only those studies that evaluated impacts on SOC.

Third, we restricted our research to published, peer-reviewed studies in the United States with at least
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three replicates and a valid control (Fig. 3.1). After rejecting several thousand studies, we reviewed a total

of 146 studies* (Fig. 3.2; Table 3.1).

Breakthrough Sites
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Fruitful Rim
Heartland
Mississippi Portal
Northern Crescent
Northern Great Plains
Prairie Gateway
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Figure 3.1. Map of studies used in quantitative literature review colored by USDA Farm Resource
Region.

4 Of the original 6,992 records retrieved, we rejected 2,284 records as duplicative and screened the abstracts of 4708
records. Of those, 2747 were excluded because they did not meet the scoping criteria. An additional 48 were
unavailable. The remaining 1,913 were read and a total of 1,767 were excluded. This left a total of 146 studies that
met the screening criteria.
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Figure 3.2. Literature review flowchart

Table 3.1. Boolean combinations of agricultural management terms.

Cropping
Systems

AND

Soil Health

TOPIC: (Cropland* OR "cropping system*" OR “agricultur* management”
OR “regenerative agricultur®*” OR “conservation agricultur®*” OR
“sustainable agricultur®” OR "soil management” OR "soil management
practice*" OR agro-ecosystem® OR agroecosystem* OR crop OR "field
crop*" OR farm* OR "conservation agricult*” OR “diversified farming
system” OR “climate smart agricultur*” OR “climate-smart” OR “organic™)

AND TOPIC: (“soil organic carbon” OR “SOC” OR SOM OR “soil organic
matter”)
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Cropping TOPIC: ("cover crop” OR "cover-crop*" OR "cover crop*" OR “green
Diversification manure” OR “crop* rotation*”” OR “mixed crop*” OR “diverse crop*” OR
“crop* divers*” OR “crop* intensity” OR “sustainable intensification” OR
rotation OR “double crop*” OR perennialization OR perennial* OR
"perennial * crop*" OR “interseed”)
Tillage TOPIC: ("conservation till*" OR "conventional till" OR "no-till" OR "no
Management till*" OR "reduced till*" OR "minimum till*")
Integrated TOPIC: ("integrated livestock" OR “livestock integration” OR “integrated
Livestock crop-livestock” OR ” integrated crop-livestock system” OR “grazing
inclusion” OR “crop grazing” OR “mixed crop-livestock” OR “mixed crop-
livestock system” OR crop-livestock OR “integrated grazing”)
Pest TOPIC: (pesticide seed treatment* OR "seed treatment™*" OR "systemic
Management insect*" OR neonic* OR pyrethr* OR (foliar AND insecticide*) OR
“integrated pest management” OR IPM)

3.2 Analytical approach

We categorized studies and the regenerative practices examined by USDA’s four soil health

principles as shown in Table 3.2.

Table 3.2. Categorization of soil health principles and implementing practices.

Soil health principle

Practices

Maximize Presence of Living Roots e Cover Crops

e Cropping System Intensification

Minimize Disturbance

e Notill

e Amendment with Organic Nutrients (e.g.,
Compost, Manure)

e Organic Pest Control (e.g., Pollinator
Strips)
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Maximize Soil Cover e Cover crops

e Cropping System Intensification (defined
below)

Maximize Biodiversity e Integration of Livestock’
¢ Cropping System Intensification
e Increased diversity of crop rotation

Cropping system intensification refers to the number of crops grown in a single piece of ground
over the course of one year and may include. i) eliminating summer fallow in monocrop systems, ii)
increasing the number of annual crops grown per year, iii) including perennial crops in rotation.
“Increased diversity of crop rotation” refers to increasing the diversity of crops grown by at least 2
species within a defined period of time, for instance changing from 2 crops grown over the course of two

years to at least four.

3.3 Analysis of soil carbon stock changes in regenerative systems

Studies reportedSOC impacts on soil carbon both in terms of changes to concentration and
changes to soil carbon stocks. Since changes to soil carbon concentration are of limited value in
determining climate change impacts, we limited our analysis of climate impacts to those studies reporting
changes in SOC stocks. While measurements of carbon concentrations are useful for assessing overall
impacts on soil health, they are not sufficient to assess climate change impacts because they cannot
determine a specific amount of carbon in a particular area of soil. Instead, measurements of soil carbon
stocks are needed, which account for both the concentration of carbon in the soil and the soil’s bulk
density, which measures the amount of soil per unit volume. Further, few studies contained baseline

measurements of SOC stocks. Therefore, our analysis is restricted to reporting differences in SOC levels

3 Studies did not allow for assessment of the impacts of different grazing management systems (e.g., continuous
grazing vs. rotational grazing).
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and not the cause of those changes, for instance a slowing of SOC losses or an increase in plant inputs.

While both have positive climate implications as compared to the control, the policy implications differ.

We analyzed the remaining studies based on 1) the time since practice implementation; 2) the
number of practices and their combined effect; and 3) the regions in which studies were located. For all

analyses, we used the SOC stocks measured to the deepest layer reported by the authors.

For the regional analysis, we used USDA Economic Research Services’ Farm Resource Regions

(Fig. 3.3) (Heimlich, 2000). This characterization has the benefit of accounting for important policy
considerations, namely similar geomorphic, climatic, and soil characteristics, as well as the specialization

of production types and commodities.

Researchers looked at soybean production changes across farm
resource regions designated by USDA, Economic Research Service

Northern |
Great Plains’

Basin and Range

Fruitful Rim

Fruitful Rim

Source: USDA, Economic Research Service.

Figure 3.3. Farm Resource Regions combine areas of analogous farm types with uniform physiographic,
soil, and climatic characteristics as defined by USDA's Land Resource Regions and are aligned with the
boundaries of NASS Crop Reporting Districts, which are aggregates of counties.
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3.4 Soil Health and Yield Impacts

Table 3.3 shows the soil health metrics examined and their importance. Unlike the climate

analysis, studies measuring concentration, as well as those measuring stocks, were included. We recorded

all soil health metrics in regenerative systems as either improved (1), unchanged (0), or declined (-1)

compared to conventional management. When comparing yield between regenerative and conventional

systems, we reported the difference in yield for the same cash crop, as presented by the authors.

Table 3.3. Soil health indicators examined.

Metric

Definition

Importance

Respiration

Amount of microbial
activity

Soil fertility

Active Carbon

Pool of SOC that can be
easily decomposed or
metabolized by microbial
organisms. Includes
dissolved organic carbon,
particulate organic carbon,
and permanganate
oxidizable carbon

Soil fertility

Bacteria Diversity

Extent of different types of
bacteria in the soils

Soil fertility, disease suppression,
soil structure

Fungi Diversity

Extent of different types of
bacteria in the soils

Soil fertility; potential for
beneficial mycorrhizal
associations; improvements to
soil structure, disease
suppression, overall biodiversity
support

Fauna Diversity

Diversity of insects and
other organisms (e.g.,
earthworms, beetles,
protozoa, and nematodes)

Soil structure, nutrient and carbon
cycling, soil fertility
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Aggregate Stability

Ability of soil aggregate to
resist erosion and other
disruptive forces

Erosion resistance, water
infiltration, root penetration, and
microbial habitat

Water Holding Capacity

Ability of soil to retain and
store water

Drought resilience

Potentially Mineralizable
Nitrogen

Amount of nitrogen in the
soils that is potentially plant
available

Soil fertility

4. FINDINGS

The results of this study indicate that regenerative agricultural systems have significantly more

positive impacts compared to conventional controls. These benefits extend across SOC and climate

impacts, biological and chemical indicators of soil health, and yield outcomes.

4.1  Impacts on Soil Organic Carbon

Our findings strongly suggest that regenerative systems have more positive climate impacts than

single-practice systems, with the length of practice implementation being the most influential factor.

Across all 129 studies, 80% showed higher SOC stocks in regenerative agricultural systems as compared
to a conventional control with differences ranging between -15.3 and 76.9 megagrams of SOC per hectare
(Mg C ha™). In fact, 76% showed that regenerative systems had greater than one Mg C ha™' compared to

conventional controls (Fig. 3.4). Many of the studies examined (n = 101) did not quantify SOC stocks and

only reported SOC concentrations (Fig. 3.4)
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Figure 3.4. Frequency distribution of changes in SOC as reported in the literature. Of the 129
observations of stock changes, 123 studies that reported stock changes also reported concentration
changes. 101 studies reported only SOC concentrations and not stocks.

4.2 Length of Practice Adoption

Aside from climate, the largest factor affecting soil carbon stocks is the length of practice
adoption with longer timeframes having more positive climate impacts. In studies less than 10 years,
76% of regenerative systems showed increased levels of SOC as compared to the conventional control
with most studies reporting up to 5 tons per acre (Fig. 3.5). In studies of ten years or more, the effect is
more pronounced with 94% of studies reporting positive changes in SOC stocks in regenerative

agricultural systems (Fig. 3.5).
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Figure 3.5. The frequency distribution of changes in soil organic carbon (SOC) stocks is shown as a
function of study duration. Fifty-seven of the studies had durations of 10 years or more, while 66 studies
had durations of less than 10 years.

4.3 Combinations of practices

Our findings strongly indicate that the efficacy of practices in maintaining or increasing carbon
stocks varies by region but is greatly improved by stacking multiple practices together (Lehman et al.,
2019; Prairie et al., 2023; Villat and Nicholas, 2024). Table 3.4 shows the top two combinations of
practices in each ERS region, with all but one combination involving multiple practices. Although the
reviewed studies covered a range of practice combinations, they did not evaluate all potential approaches,
especially within a region. Therefore, while robust, these findings highlight the need for additional

research.

No-till is the most commonly studied soil health practice (Paul et al., 2019). When combined with
organic nutrients (e.g., compost or manure) or livestock integration, it showed the highest SOC stocks

compared to conventional controls. Specifically, three studies in corn systems in the Eastern Uplands
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reported differences in carbon stocks of 60.3, 71.6, and 76.9 Mg C ha™ in the top 30cm of soil after 21,
15, and 21 years, respectively, compared to conventional controls (Table 3.4). These significantly higher
impacts highlight the need for long-term studies and implementation of these systems. Although livestock
integration has not been extensively studied (only 16 studies), it consistently emerged as one of the most

influential practices when combined with others (Table 3.4).

These findings are unsurprising. First, numerous studies confirm that no till is critical to
maintaining and building carbon stocks (Franzluebbers, 2010; Luo et al., 2010; Ogle et al., 2012). In a no
till system, carbon can become protected in soil aggregates and become more resistant to loss through
decomposition and erosion (Six et al., 1999; Devine et al., 2014). Second, manure and compost
amendments add carbon directly to the system. Third, integrating livestock contributes carbon directly
through manure deposition and can stimulate carbon exudation through plant roots (Brewer and Gaudin,
2020) which can enhance SOM stabilization (Pifieiro et al., 2009). Rasmussen et al. (2024) likewise found

that livestock integration was the single most influential practice with respect to positive outcomes.

Table 3.4. Table of the top combinations of agricultural practices contributing to soil organic carbon
(SOC) stock change in megagrams per hectare (ASOC Mg ha™') compared to a conventional control
without soil health practices. The regions are organized based on USDA's Farm Resource Region
classification system.
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Region

Combination

Average_SOC

Min_SOC

Max_SOC

Observations

Basin and Range
Basin and Range
Eastern Uplands
Eastern Uplands
Fruitful Rim
Fruitful Rim
Heartland
Heartland
Mississippi Portal

Northern Crescent

Northern Crescent

Northern Great Plains
Northern Great Plains
Prairie Gateway
Prairie Gateway
Southern Seaboard

Southern Seaboard

org.nut-livestock.integration
perennial-livestock.integration
NT-org.nut

NT-diversity-perennial
org.nut-CC-intensification-perennial
org.nut-CC-diversity-intensification
NT-diversity
NT-intensification-perennial
NT-intensification

org.nut-CC-intensification-perennial-
livestock.integration

CC-intensification-perennial-
livestock.integration

intensification
NT-diversity
NT-org.nut
NT-CC-intensification
NT-org.nut

NT-org.nut-CC-perennial

4.4  Practices by region
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Figure 3.6 shows the impact of different soil health practices on carbon stocks by USDA Farm

Resource Region. Pie chart sizes are proportional to the number of observations in each region divided by

the total number of observations of the dataset. Each pie chart’s wedge sizes represent the average SOC

stock difference attributable to specific agricultural practices as a fraction of the total regional average

SOC stock difference. For instance, The Basin and Range region is relatively unstudied, with the

literature addressing only six practices, each having a roughly equivalent effect on carbon stocks. In

contrast, the Heartland region, representing much of the Midwest, is well-studied in both the number of

studies and practices examined.

These findings demonstrate that the impact of practices on SOC stocks is highly context-

dependent. Livestock integration explained the most variation in the Heartland and Northern Crescent.

Organic nutrient addition was most impactful in the Prairie Gateway, and cover crops had the greatest

impact in the Northern Great Plains. In the Fruitful Rim, perennial systems were the most effective. In the
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Basin and Range, no-till, livestock integration, perennial systems, and diversity had roughly the same

impacts.
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Figure 3.6. The map presents a visualization of the relative impact of regenerative practices on soil
organic carbon stock (SOC) changes across the USDA Farm Resource Regions. Pie chart sizes are
proportional to the number of observations in each region divided by the total number of observations in
the dataset. Each pie chart's wedge sizes represent the average SOC stock change attributable to specific
agricultural practices as a fraction of the total regional average SOC stock change.

As with other findings, more research is needed to increase our confidence in these results. Our
findings are also limited by the practice combinations actually studied in these regions. Only the
Heartland, Northern Crescent, and Southern Seaboard had studies testing all seven practices. Limitations
in the Basin & Range and Mississippi Portal areas are particularly concerning, as these regions had
significantly fewer studies—six and four studies, respectively. Additionally, the Basin and Range tested

five of the seven practices, while the Mississippi Portal tested only three of the seven.
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4.5  Carbon at depth

As discussed above, soil C changes can occur in both surface layers and deeper layers of the soil
and understanding changes in both are critical. Of the 129 studies examined, 74% examined changes only
in topsoil data® with the remaining studies (33) measured down to the subsoil (Fig. 3.7).” Accounting for
subsoil SOC is crucial, as 66% of studies report SOC increases when including subsoil measurements,
compared to 85% for topsoil only. Additionally, the maximum observed SOC loss reduces from -15.2 Mg
C ha' to -5.6 Mg C ha™' when subsoil is considered. Including subsoil measurements could alter the

perceived climate change impacts of regenerative farming systems (Knebl et al., 2017).
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Figure 3.7. Changes in SOC stocks as reported in the literature. Ninety-six observations were for topsoil
and 33 for subsoil, contributing to their respective distributions out of a total of 129 observations.

% Topsoil data refers to measurements from 0 to 30 cm (11.8 inches).

7 Subsoil data refers to measurements from 0 to greater than 40 cm (15.5 inches).
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4.6  Higher yields and healthier soils with regenerative agricultural systems

Our research shows that on the whole, regenerative agricultural systems support greater soil
health and higher yields than conventional controls (Figure 3.8). While some studies showed either a
decrease (-1) or no change (0) on biological and chemical parameters and yield, the vast majority of
papers showed positive effects. The effects on yield are notable, suggesting that regenerative systems are
feasible from an economic perspective. Furthermore, soil health metrics related to drought resilience
(water holding capacity), nutrient cycling (potentially mineralizable nitrogen, PMN), resistance to erosion
(aggregate stability), and biodiversity all showed significant increases in regenerative agricultural

systems, highlighting the additional benefits of adopting these practices.
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Figure 3.8. The impact of regenerative management on yield and soil health indices. The x-axis
categories indicate the direction of change: a decrease (—1), no change (0), and an increase (+1) in the
parameter in response to SOC changes. Transparent regions on the bars indicate studies with a decrease in
soil organic carbon (SOC) stocks (ASOC < 0), while the darker shade represent studies with an increase
in SOC stock (ASOC > 0). Active carbon refers dissolved organic carbon (DOC), particulate organic
carbon (POC), and permanganate oxidizable carbon (POXC). PMN refers to potentially mineralizable
nitrogen.
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5. RECOMMENDATIONS

Our research points to two main sets of suggestions to support increased transition by farmers to
regenerative agricultural systems: 1) Adjustments to USDA NRCS programs to optimize the positive
carbon and soil health impacts and 2) funding for research and other activities that will fill critical

information gaps.

5.1  Increase funding for carbon positive soil health practices under the Conservation Stewardship

Program and the Environmental Quality Incentives Program

The Conservation Stewardship Program (CSP) provides assistance to farmers and ranchers
seeking to maintain and adopt a suite of conservation practices on their operations. While EQIP takes an
a la carte approach that is helpful for producers who are new to adopting soil health practices. Despite
being the most significant conservation program, funding for CSP has been steadily declining and only
about ¥ of applicants receive CSP contracts (Coppess, 2023). In contrast, funding for EQIP has steadily
increased, but it too remains oversubscribed with approximately just one quarter of applicants receiving

contracts (“Environmental Quality Incentives Program,” 2024).

CSP and EQIP provide funding for the adoption of several types of agricultural management
practices, not all of which directly support positive soil carbon and soil health outcomes. Given the
critical importance of soil health and soil organic carbon in the face of accelerating climate risks,
Congress should provide more funding for and place increasing programmatic emphasis on carbon
positive soil health practices in a manner that does not reduce funding for other important conservation

practices.

5.2 Support longer participation times in CSP, EQIP, and other federal programs

As our findings demonstrate, more positive carbon benefits are seen at a point of ten years or
more and ample experience confirms that soil health benefits may take up to five to seven years to accrue

(Prairie et al., 2023). Congress should therefore incentivize longer participation times in all USDA NRCS
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programs that promote soil health or positive SOC outcomes. Specifically, Congress should reinstate the
automatic renewal provision for CSP contracts so that farmers who have completed five years may
participate for up to ten years. Further, Congress should consider whether certain circumstances warrant

contracts of more than ten years.

5.3 Incentivize regionally effective practices and encourage a combination of practices

As Table 3.4 and Figure 3.6 demonstrate, the efficacy of practices in creating positive carbon
impacts varies by region, but is greatly improved when employing a diverse combination of practices.
Therefore, we recommend that conservation professionals consider this data when developing rankings

for practices.

5.4 Provide resources and fund research to fill critical information gaps

As emphasized above, significant gaps in existing research limit the application of our findings.
This section outlines several recommendations for both research protocols, areas of study, and agency

action to fill these gaps.

5.4.1 Institute rigorous research protocols

Federally supported research and programmatic monitoring should have the following to ensure

scientific rigor:

e Valid controls;
e Baseline measurements of all relevant metrics, including SOC and soil health metrics;

e Measurements of soil organic carbon stocks down to at least 30 cm and ideally up to a meter or
more to capture the entire soil profile;

e  Measurements of other GHGs from soils, such as soil N>O emissions, to facilitate a more
complete understanding of the GHG profiles of operations; and

e Intermediate measurements soil health metrics and SOC to determine the rate of impacts.

e  Where possible we recommend that studies be long-term, for a period of ten years or more.

Additionally, rather than simply recommending more extensive sampling, which can be prohibitively
expensive, we propose setting up regional long-term research farms. These farms would serve as

representative sites for their respective regions, providing valuable baseline data and long-term datasets.
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This approach allows for the validation of regionally appropriate models and the prediction of regional
trends, thus reducing overall sampling costs. By focusing research on these representative farms, we can
generalize findings to broader areas within each region effectively. This regional aspect of the study
enhances its novelty and applicability, offering a scalable solution to the challenge of comprehensive

sampling.

5.4.2  Expand the types of crops and practices studied

Predictably, research efforts have predominantly targeted a select few commodity crop systems,
such as corn, soy, wheat, and cotton. This focus is understandable given that commodity crops receive the
majority of Farm Bill funding and have the most significant economic impact on the agricultural sector.
(Johnson and Monke, 2024) Additionally, the studied conservation practices have mainly centered on
well-established techniques already eligible for payments under NRCS conservation programs. However,
this narrow focus has created a self-reinforcing cycle that excludes alternative production systems and
innovative soil conservation methods. This limitation must be overcome to ensure that policies support
effective responses to climate change. First, the efficacy of many frontier practices, including biochar,
agroforestry, and inoculants, may match if not supersede that of existing practices both in terms of carbon
impacts but also soil health and yield outcomes (Muchane et al., 2020; Alkharabsheh et al., 2021).
Second, responding to climate change will likely require relying on regenerative crops both for purposes

of increasing diversity in rotations and for consumption, including drought resilient crops such as millet.

5.4.3  Emphasize integrated crop-livestock systems

Despite some limitations in research, studies on livestock integration consistently demonstrate
significant positive impacts on soil organic carbon (SOC) stocks across various regions, including the
Northern Great Plains, the Heartland, and the Northern Crescent (Fig. 3.6). The combination of livestock
integration with other soil health practices—such as cover cropping, intensification, and the use of
perennials—has shown substantial benefits for SOC in these areas (Table 3.4). These practices have the

potential to be synergistic, building more SOC than single practices alone (Prairie et al. 2023, Rasmussen
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et al. 2024). Moreover, grazing livestock on cover crops provides an additional revenue stream, turning
what would otherwise be a sunk cost into income. Research into crop-livestock systems should focus on
the comparison of specific management strategies such as high-density, rotational grazing compared to

low-density, continuous grazing.

5.4.4  Fill critical gaps by region

As Figure 3.6 demonstrates, the vast majority of studies were conducted in the Heartland,
Northern Crescent, and Southern Seaboard. This geographical focus aligns with the emphasis on
commodity crops. However, this leaves important areas of the country understudied, notably the Basin
and Range area. While this region has relatively little cropland, understanding the efficacy of practices
here is critical due to its potential for climate mitigation in vast rangelands and its importance to US grain

production.

5.4.5 Expand USDA reporting of soil health practices

Following the above recommendation, Congress should require the USDA to gather and report
detailed data on soil health practices through the Census of Agriculture. Currently, the Census reports
primarily on the use of no-till, reduced till, intensive tillage, and cover crops (“List of Reports and
Publications | 2022 Census of Agriculture | USDA/NASS,” 2022). It also reports on amendment
applications but lacks detail to determine whether these amendments support soil health or positive
carbon outcomes. Additionally, while the Census reports the amount of organic farming, it does not

provide details on how these operations are managed.

Producers, whether on organic or conventional operations, implement a variety of other practices
that should be captured by the Census of Agriculture. This data would provide valuable information on
the prevalence of practices within regions and nationally, assisting researchers and the USDA in

determining which practices merit further study and/or federal support.
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5.5  Research limitations

In general, our findings confirm that regenerative agricultural systems support increased SOC
stocks and greater soil health and yields than conventional systems. As noted above, however, our
findings are subject to certain limitations. First, the climate implications of our findings are limited to
assessing the relative carbon stocks in systems with different treatments. Since qualifying studies did not
contain baseline soil measurements, we cannot attribute differences to carbon sequestration as opposed to
a slower loss in carbon stocks. Moreover, this study does not account for differences in N,O emissions
between regenerative and conventional systems, which could impact the directionality and/or magnitude
of the climate impact. At the outset, it is important to note that despite the strength of these findings, our
findings cannot be interpreted to extend to carbon sequestration for the reasons explained above, namely:
1) lack of baseline measurements in many studies and 2) a lack of intermediate sampling during the study
period. For these reasons, we were unable to quantify rates of soil carbon sequestration, only differences

in SOC stocks between treatments at a single point in time.

Second, regarding the regional importance of different practice combinations are limited by both
the number of studies and the practices examined. In general, studies were conducted only on a few types
of production systems - namely, corn, soy, wheat, and cotton. Finally, the practices examined were quite
limited and did not include frontier practices, such as microbial inoculants, rock dust amendments,
agroforestry, biochar, and foliar amendments, which may result in more carbon sequestration and greater
soil health benefits. As discussed below, it is critically important to increase not only the number of

studies, but also the diversity of production types and practices.

Third, the response of SOC to regenerative management at depths greater than 30cm is critical for

evaluating the soil C sequestration potential of regenerative agriculture.

Most studies did not permit estimating carbon impacts of practices because they did not measure
C stocks in the soil. As noted above, two different methods exist for measuring carbon in soils: 1)

measuring the concentration of carbon and 2) measuring carbon stocks within a given area. While
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measuring carbon concentrations is important for understanding impacts of practices on soil health

metrics, measuring C stocks is necessary to estimate carbon sequestration changes.

Measuring C stocks requires measuring both carbon concentrations and the bulk density of the
soils.® Forty-four percent of the studies that we examined were excluded from SOC analysis because they

did not measure stocks.

6. CONCLUSION

Our findings are consistent with a growing body of literature demonstrating that regenerative
agricultural systems are associated with a range of beneficial outcomes. These systems not only improve
soil health, yield, and environmental conditions but also positively impact social outcomes, such as
human well-being (Rasmussen et al., 2024). Regenerative systems enhance SOC stocks, improve drought

resilience, nutrient cycling, and resistance to erosion, and increase biodiversity.

These practices contribute to more stable and productive agricultural ecosystems capable of
withstanding climatic fluctuations and other stressors. Our research emphasizes the importance of
implementing multiple soil health practices to achieve these benefits, as combining practices often results

in more significant improvements than single practices alone.

This study highlights the critical need for practical analyses to inform policy, emphasizing a less
scientifically rigorous but broader impact approach. By providing a comprehensive review of existing
research on regenerative agricultural systems, we aim to support policymakers in making informed
decisions that promote sustainable and resilient agricultural practices. The positive impacts of
regenerative systems on SOC and other soil health metrics align with global efforts to mitigate climate

change and promote sustainable land management.

8 Bulk density is the mass of soil per unit of volume usually measured in g cm™
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Further research is needed to fill existing gaps, particularly in understudied regions and with less-
explored practices. Long-term studies and detailed measurements of SOC stocks at various soil depths are
crucial for accurately assessing the climate mitigation potential of regenerative systems. Additionally,
expanding research to include a wider variety of crops and innovative soil health practices will provide a

more comprehensive understanding of the benefits and challenges associated with these systems.

In conclusion, our findings support the integration of regenerative agricultural systems as a viable
strategy for enhancing soil health, improving yields, and contributing to broader environmental and social
goals. By adopting these practices, farmers can build more resilient agricultural landscapes, contributing

to the overall sustainability and productivity of the agricultural sector.
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CHAPTER 4: INTEGRATING REGENERATIVE AGRICULTURE: EFFECTS ON SOIL FAUNA

BIODIVERSITY AND SOIL ORGANIC MATTER DYNAMICS’

1. INTRODUCTION

Soils are critical for delivering a multitude of ecosystem services, but their ability to do so
depends on soil health. Healthy agricultural soils are those that sustain productivity by supporting nutrient
recycling, water retention, and increased organic matter content (Smith et al., 2015). Our ability to feed a
growing population relies on healthy soils that can sustain crop production in the face of challenges posed
by climate change and degradation from extractive agriculture (FAO, 2020). Agricultural landscapes
encompass a significant proportion of the world's soil, yet management practices vary widely and can

either enhance or degrade soil health (Doran et al., 2002; Swift et al., 2004).

There is now widespread interest in regenerating soil health and reversing long-term trends of soil
degradation. However, the adoption of regenerative practices remains low, particularly in major corn and
wheat-producing states, partly due to a lack of understanding of how systems-level agricultural
management affects soil health. Regenerative practices such as no-till, diversified cropping rotations,
reduced synthetic inputs, cover crops, and livestock integration have been shown to improve soil health
and biodiversity (Doran and Zeiss, 2000; Brussaard et al., 2007; Lemaire et al., 2014; McDaniel et al.,
2014; Lehman et al., 2015; Liu et al., 2018; Rosenzweig et al., 2018; Fenster et al., 2021; Bowman et al.,
2022). However, these practices are rarely considered together at a system level, and the challenge

remains to elucidate their potentially synergistic impact on soil health.

Soil is a dynamic, living body containing a network of organisms operating through complex

interactions with the abiotic environment (Brussaard, 1997). The capacity to manage soil health depends

% Manuscript in preparation for peer review publication with Steven Rosenzweig, Jonathan Lundgren, Daniel Kane,
and M. Francesca Cotrufo
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on a mechanistic understanding of the biological processes provided by these organisms (Lavelle, 1997;
Altieri, 1999; Kibblewhite et al., 2008; Parker, 2010) and how they respond to management. Soil fauna
are essential for regulating nutrient flux, SOM dynamics, soil physical structure, and suppression of
soilborne pests (Altieri, 1999; Lavelle et al., 2006, 2020; Barrios, 2007; Brussaard et al., 2007; Smith et
al., 2015). These services constitute an important measure for the sustainable management of agricultural
systems (Doran et al., 2002). Certain management practices can greatly influence the structure of these
belowground communities and, subsequently, the functions they provide (Doran and Zeiss, 2000;
Kibblewhite et al., 2008; Lehman et al., 2015). While soil health is believed to embrace the biological
component of soil (Lehman et al., 2015), to date the focus has been on microbial diversity and functions
(Cordova-Kreylos et al., 2006; McDaniel et al., 2014; Hartmann et al., 2015; Venter et al., 2016; Lori et
al., 2017; Morugan-Coronado et al., 2022; Narayana et al., 2022, 2022; Paudel et al., 2023), and
quantitative assessments of different regenerative practices on soil fauna abundance and diversity remains

scarce (Puissant et al., 2021; Betancur-Corredor et al., 2022).

The most used soil health indicator throughout the world is soil organic matter (SOM), because of
the numerous chemical, physical, and biological processes it influences (Lehman et al., 2015; Meena et
al., 2024). However, SOM is incredibly complex and requires separation into multiple components with
contrasting behavior to study and predict its dynamics. Separating SOM into particulate organic matter
(POM) and mineral-associated organic matter (MAOM) offers a promising strategy to understand and
predict broad-scale SOM dynamics due to the distinct formation pathways, vulnerability to disturbance
and set of controls of these two pools (Lavallee et al., 2020; Cotrufo and Lavallee, 2022; Hansen et al.,
2024, p. 202). POM cycles faster than MAOM and is considered a key indicator of soil fertility; however,
POM is also more vulnerable to disturbance (Poeplau et al., 2018). Conversely, MAOM represents a
SOM pool with, on average, slower turnover and can be used to assess management impacts on SOM

stabilization and sequestration of atmospheric CO» (Hassink, 1997; Cotrufo et al., 2019).
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Each of these pools of SOM has been studied from somewhat different perspectives, but there is a
growing awareness that effective SOM management relies on a comprehensive understanding of how
both POM and MAOM respond to management practices (Cotrufo and Lavallee, 2022; Angst et al.,
2023). Particulate organic matter is formed from the fragmentation of plant and microbial structural
inputs and can be physically occluded in aggregates, but it receives minimal protection from the soil
matrix. Mineral-associated organic matter, is protected by soil mineral surfaces, leading to a finite storage
capacity known as 'saturation' (Hassink and Whitmore, 1997; Cotrufo et al., 2013; Feng et al., 2013). The
concept of C saturation in MAOM assumes a soil-specific upper limit, which has been widely adopted to
estimate MAOM-C storage capacity both regionally and globally (Beare et al., 2014; Georgiou et al.,
2022). Agricultural lands, particularly in the Southern Great Plains, have lost significant amounts of soil
carbon and are far from saturation (Sanderman et al., 2017). This suggests that regenerative management
efforts should focus on soils that are more depleted in SOC relative to their C saturation to maximize C

storage in MAOM (Angst et al., 2023; Castellano et al., 2015).

To understand how soil fauna diversity, POM, and MAOM respond to management, it is crucial
to study on-farm systems that employ multiple regenerative practices in combination. On farms,
regenerative practices are often used in combination and stacking multiple soil health promoting practices
is likely to have a greater beneficial impact on soil biodiversity and POM and MAOM dynamics than
single practices (Nunes et al., 2018; Lehman et al., 2019; Prairie et al., 2023; Villat and Nicholas, 2024).
However, the linkages between regenerative management, soil fauna diversity, and POM and MAOM

remain unclear, especially within real on-farm systems.

Successful management for sustainable soil health must be implemented at the ecosystem level,
integrating soil biological processes with human decision-making. Bridging this gap requires initiatives
that catalyze farmer transitions to regenerative agricultural systems. One such pilot initiative launched by
General Mills (GMI) in 2020 established educational and technical assistance programs with

Understanding Ag to support farmers in developing and implement a regenerative agriculture
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management plan while receiving financial incentives delivered by GMI through the Ecosystem Services

Market Consortium (ESMC) (GMI-ESMC-SGP). We selected 22 of these farms, which represented a

broad range of historical management from over 100 years of conventional wheat farming to more
regenerative systems with at least 10 years of no-till, cover crops, diverse cash crops, or integrated
livestock. Our goal was to understand the relationship between management practices, soil biodiversity,
and C and N storage in bulk SOM, as well as their distribution in POM and MAOM. To address the gaps
in understanding and to provide a comprehensive evaluation of stacked regenerative agricultural practices

effects on key soil health metrics, this study had the following objectives:

1) Develop regenerative farming index (RFI): Create a continuous regenerative management
variable through a scoring index by integrating normalized management scores for disturbance
(tillage), cropping system intensity, crop diversity, cover crops, and livestock integration.

2) Evaluate management effects on soil biodiversity and SOM dynamics: Investigate the
relationships between regenerative farming, soil fauna biodiversity, C and N stocks in SOM,

POM and MAOM, and the edaphic controls of these relationships.

By achieving these objectives, this study aims to advance our understanding of how regenerative
agricultural practices influence soil biodiversity, soil C sequestration, and SOM dynamics. This
knowledge will be crucial for developing effective strategies to enhance soil health and sustainability in
agricultural systems, ultimately contributing to climate change mitigation and more resilient and

productive landscapes.

2. METHODS

2.1  Study fields

The study was conducted on 22 farms located within the Cheney Watershed in central Kansas, with

all farms situated within a 60-km radius (Fig. 4.1). Soils in the study region are fine-loamy, mixed,

71


https://ecosystemservicesmarket.org/srv/htdocs/wp-content/uploads/2020/01/ESMC-News-Release_Jan-28-2020.pdf

superactive, mesic Pachic Argiustolls primarily composed of Funmar-Tarver loam, Shellabarger sandy
loam, and Hayes-Solvay loamy fine sand (1-5 % slope). The climate is characterized by a mean annual
temperature of 13.2 °C and a mean annual precipitation of 777.5 mm. The soil pH across these sites
ranged from 4.63 to 6.74. The soil texture varied significantly, with sand content ranging from 8.4% to
83.8%, and bulk density ranging from 1.12 to 1.9 g cm?. These farms exhibited a range of management
practices, including conventional 'control' farms and those implementing a variety of regenerative
practices. The primary cash crop across all farms was rainfed wheat, but other crops including soybean,
corn, pea, milo, sorghum, alfalfa, canola and rye were grown on some of the fields at some point in the
last 10 years. Out of the 24 farms that opted in to the GMI initiative, we selected 22 farms , each with one

field designated as a study field where both soil carbon and soil fauna sampling was conducted.
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Figure 4.1. Map of the 22 producer fields sampled in this study.

2.2 Regenerative Farming Index

Historical management data from 2010-2020 was collected for each farm to develop the
Regenerative Farming Index (RFI). The data included information on crop diversity, cover crop usage,
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tillage disturbance, cropping system intensity, and livestock integration. We collected data on pesticide,

herbicide, and fertilizer use but the data were too incomplete to include in the index.

The RFI was calculated based on composite scores derived from multiple management practices,
allowing for a comprehensive, standardized, and easily interpretable measure that integrates diverse
aspects of regenerative farming. Composite scores have been used in many fields to integrate complex
and multidimensional data. For instance, in social sciences, sustainability science, and agricultural
studies, composite indices help summarize social phenomena (Nardo et al., 2008), aggregate
environmental, economic, and social dimensions into a single index (Singh et al., 2009), and evaluate
farming practices by considering factors such as soil health, crop yield, and environmental impact

(Tilman et al., 2011; Talukder et al., 2017; T. L. D. Fenster et al., 2021).

In this study, each practice was scored and normalized to a scale of 0 to 2, ensuring that the
overall index was comprehensive and comparable across different farms. The following steps were

undertaken to calculate the composite scores:

1. Crop diversity score

Crop diversity was calculated based on the number of crop species, including cover crops, grown in
rotation. The diversity score was min-max normalized on a scale of 0 to 2 using the following formula:
diversity — 1

Diversity score = X 2
4 max diversity — 1

2. Cover crop score

Cover crop usage was scored categorically, with 2 points assigned if cover crops were used every year
and 0 points if they were not. There was not enough information on cover crop variety and establishment

to develop a more nuanced score.
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3. Tillage intensity rating (gTIR) score

The general-purpose Tillage Intensity Rating (gTIR) was derived from the USDA-NRCS's STIR and

modified by the Soil Health Institute (SHI) to measure the degree of soil disturbance caused by tillage
equipment (unpublished). It accounts for all implements used and includes no-till seeder but excludes

livestock grazing disturbance. The average gTIR per year is calculated as follows:
gTIR =325XT XD XA

Where T is the tillage type modifier, D is the tillage depth, and A is the area of soil disturbed per
pass (percentage). Tillage type modifiers depend on the classification of the implement including
inversion, mixing, lifting/fracturing, compression. All implements used in a year are added together. A

farm was only considered no-till if implemented for at least 10 years.

The gTIR score was min-max normalized, inversed, and scaled to 2, with higher scores indicating

less disturbance:

TIR
g >><2

TIR = (1 -
g score max gTIR

The gTIR was compared against a categorical tillage score variable (NT, MT, CT) but performed

better in variable importance tests.
4. Cropping intensity score

Crop intensity was based on the number of cash crops grown per year and was scored as 1 for single

cropping and 2 for double cropping (e.g., wheat and soybean double crop).

5. Livestock integration score
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Livestock integration was assessed through several components based on core metrics of grazing
patterns (Stanley et al., 2024). The basic presence of livestock was scored as 1 point if present and 0
points if not. The intensity of livestock management was scored as 1 point for high intensity (high-
density, rotational grazing) and 0.5 points for low intensity (low-density, continuous grazing). The timing
of grazing was scored as follows: 0.25 points for fall grazing, 0.5 points for spring and fall grazing, 0.75
points for spring and summer or summer and fall grazing, and 1 point for spring, summer, and fall
grazing. These values were chosen based on the type of cover (i.e. crop residue or cover crops) and length
of time grazing occurred. The overall livestock score was the sum of each score normalized to a total

possible score of 2:

livestock basic score + livestock intensity score + livestock timing score)
X

livestock score = ( 3

6. Regenerative Farming Index

Finally, the composite Regenerative Farming Index (RFI) was calculated by summing the individual

scores for each management practice, resulting in a possible maximum score of 10.
RFI = diversity score + cover crop score + gTIR score + intensity score + livestock score

2.3 Soil fauna sampling and identification

Soil fauna communities were sampled in each field in June and July along 150 m transects. Soil
cores (10 cm diameter, 10 cm deep) were extracted three in three locations (50 m, 100 m, and 150 m
marks) along the two transect lines in each field (n = 6 soil cores/field) and transported to Blue Dasher
Farm for soil macrofauna extraction. Upon return to the laboratory, cores were placed in a Berlese funnel
extraction system for 7 days, which permitted each soil core to completely dry and all arthropods to

evacuate from the core (Pecenka and Lundgren, 2018). Upon completion of the Berlese system arthropods
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were stored in 70% isopropyl alcohol, until they could be identified and cataloged. Since sampling effort

was equal across fields, we report total abundances summed from all 6 cores per field.

Each arthropod specimen collected was identified to the lowest taxonomic level feasible. Due to
limitations in taxonomic references and time constraints, certain groups such as mites (Arachnida: Acari),
Protura, thrips (Insecta: Thysanoptera), Symphyla, millipedes (Diplopoda: Julida), Diplura, and
springtails (Hexapoda: Collembola) were identified only to their respective class or order. Other
specimens were identified to the genus or species level and assigned a morphospecies identification
number. Larvae of holometabolous insects were considered separate morphospecies from adults due to
their different ecological roles. Based on current knowledge and ecological hypotheses, each
morphospecies was categorized into one of seven functional guilds. The seven guilds were: detritivore,
fungivore, omnivore, predator, herbivore, mite, and ant. Since we were unable to identify mite to family,
they were considered a unique group due to their remarkable diversity and abundance. Ants were also
categorized separately because of their unique and specific roles, including ecosystem engineering and
eusociality. Voucher specimens are housed in the Mark F. Longfellow Collection at Blue Dasher Farm
(Estelline, South Dakota, USA). All sampling, processing, and identification of arthropods was done by

Ecdysis Foundation.

Family-level diversity was assessed using three primary metrics: family richness, Shannon-
Weiner diversity index (Shannon's H’ index; Shannon, 1948), and Hill numbers (Hill 1 and Hill 2; Hill,
1973). Family richness, the simplest measure of diversity, represents the total number of different families
present in the sample, providing a straightforward count of distinct family taxa without considering their

relative abundances.

Shannon's H’ index accounts for both the abundance and evenness of families in a sample. It is

calculated using the formula:
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s
H' = _Zpi In(p;)
=1

where S is the total number of families (family richness) and pi is the proportion of individuals belonging
to the i-th family. The Shannon index increases with both the number of families and the evenness of their

distribution.

Hill numbers, also known as the effective number of species, provide a unified approach to
measuring diversity that includes family richness and Shannon's H’ index as special cases (Hill, 1973).

Hill numbers of order q are defined as:

1

(3

i=1

where q determines the sensitivity to rare versus common families. For this study, we used Hill 1 and Hill
2 diversity. Hill 1 diversity, equivalent to the exponential of Shannon's entropy, provides a measure of
diversity (D) more sensitive to the evenness of the distribution, or the effective number of rare species,
and is calculated as: D = e!’ where H’ is Shannon's H’ index. Hill 2 diversity, equivalent to the inverse
of Simpson's index, is less sensitive to rare families and focuses more on the dominant families in the

community. It is calculated using the formula:

D = (Zf=1 Piz)_l

The use of Hill numbers allowed for a nuanced interpretation of diversity by balancing sensitivity to rare

and common families.
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2.4 Soil Sampling

Soil sampling was conducted by Resource Environmental Solutions (RES) in March 2020 using a
Giddings hydraulic sampling unit mounted on a Polaris ATV. Sampling points were selected using a
conditioned Latin Hypercube Stratification (cLHS) algorithm (Minasny and McBratney, 2006), which
allocated 27 soil cores per field based on multiple data layers including texture, NDVI, slope, and soil
type to characterize field variability (we selected 594 of 2592 total cores). Soil cores were delivered to the
University of Missouri’s Soil Health Assessment Center (SHAC) for core descriptions, splitting, and
compositing. Cores were divided into four depth increments: 0-15 cm, 15-30 cm, 30-50 cm, and 50-100
cm. For this study, only the 0-15 cm and 15-30 cm increments were used. SHAC conducted
measurements of bulk density, total carbon by dry combustion, and inorganic carbon by pressure
calcimeter, with the organic carbon obtained by difference (REF). One sample per stratum was also
analyzed for texture (particle size determination) and pH. The 0-15 cm and 15-30 cm increments were
pressed through an 8-mm sieve. After air drying, a representative 50 g subsample from the 8-mm-sieved
samples was placed into a 2-mm sieve and shaken, with any remaining soil gently ground with a mortar
and pestle to pass through the sieve. The 2-mm air-dried samples were shipped to Colorado State

University for further size fractionation for POM and MAOM.

2.5 POM and MAOM fractionation

The size fractionation method employed in this study was adapted from Cotrufo et al. (2019) as
described in Leuthold et al. (2022). An 8 g subsample of the 2 mm air-dried soil was oven-dried overnight
at 60°C to remove residual moisture. To disperse soil aggregates, 35 mL of 0.5% sodium
hexametaphosphate (SHMP) solution and twelve 4 mm glass beads were added to the subsample. The
samples were shaken at 112 rpm for 18 hours on a reciprocal shaker. The dispersed soil was then rinsed
onto a 53 um sieve. Material that passed through the sieve was collected as MAOM (<53 pm), and

material retained on the sieve was collected as POM (>53 um). All 27 soil samples per field from the 0-15
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cm depth increment were size fractionated as described. Due to resource limitation, 10 samples per field
were fractionated for the 15-30 cm depth increment. This subset was selected to represent an even
distribution of total SOC values, to ensure that the samples captured the field variability in SOC content.
Recoveries of the initial soil masses in the summed fractions were +/- 5% for all samples. Soils
containing carbonates (identified by effervescence after addition of 5% HCI, 32 of 814 samples) were
treated to remove inorganic carbon via HCI fumigation (Harris et al., 2001). Percent organic C and total N
were analyzed by vario ISOTOPE CUBE elemental analyzer (EA; Elementar Langenselbold, Germany).
The average recovery of initial C and N in fractions was 99.2 £ 6.0 % C and 92.6 + 2.9 % N.
Concentrations of POM and MAOM were calculated by multiplying the relative percent C or N of the
fraction by the proportion of mass made up by that fraction. Carbon stocks (Mg C ha™) of SOM, MAOM,

and POM were calculated as follows:

Cs; = (C. * BD x depth) /10

where C; is the C stock in Mg C ha™', C, is the C concentration in g C kg soil ™', BD is the bulk density in

g cm°, and depth is the soil sampling depth increment in cm.

2.6  Estimation of C saturation and saturation deficit of MAOM

To estimate the theoretical C saturation in MAOM, we adapted the approach from King et al.
(2024) and used the dataset from Georgiou et al. (2022) along with our own data. We utilized the dataset
of Georgiou et al. (2022) to establish a theoretical maximum due to its comprehensive representation of
native vegetation, which typically exhibits higher C levels in MAOM than agricultural soils. Given that
our Mollisol soils are characterized by high activity minerals, we filtered the dataset to include only soils
with this mineralogy (sensu Georgiou et al., 2022). For the boundary line analysis, we performed a
quantile regression for the 95™ percentile forced to zero to estimate the boundary line slope of MAOM (g
C kg soil™) as a function of silt and clay content using the ‘quantreg’ package (Koenker et al., 2024). This

analysis resulted in a boundary line slope of 0.7432. Using this slope, we calculated the theoretical
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maximum C in MAOM for our samples by multiplying the silt and clay content by 0.7432. To assess the
C saturation deficit of the MAOM, we calculated the absolute deficit by subtracting the observed C from
the theoretical C, and the percent C saturation by dividing the observed C by the theoretical C and

multiplying by 100.

2.7 Statistical analyses

All statistical analyses, data manipulation, and data visualization were performed on R software
version 4.4.0 (R Core Team, 2020) with the R packages dp/yr (Wickham et al., 2019) and ggplot2
(Wickham et al., 2019). To assess the relative importance of different management practices and soil
properties in predicting SOC content, we utilized a random forest regression approach using the
randomForest package (Cutler and Wiener, 2022). The analysis included the following variables: RFI,
diversity score, cover crop score, tillage intensity score (gTIR score), crop intensity score, livestock score,
soil pH , and percent sand, with SOC stocks (MgC ha™") as the response variable. Variable importance was
evaluated based on the mean increase in node purity, with higher values indicating greater predictive

importance.

To assess the effect of management on soil fauna diversity, we performed linear regressions of
total arthropod abundance, family richness, and family diversity (Shannon H', Hill 1, and Hill 2) with the
RFI as a continuous predictor variable. Soil pH, percent sand, and percent soil moisture were included as
fixed effects. Additionally, we categorized the RFI into two groups: 'High' (greater than 5) and 'Low' (less
than 5). Nonmetric multidimensional scaling (NMDS) ordination was employed to evaluate differences in
the variance and composition of fauna functional communities between the two management categories
(High and Low). This analysis was conducted using the ‘betadisper’ and ‘adonis2’ functions in the vegan
package of R (Oksanen et al., 2024). The model included soil pH, percent sand, percent SOC when

assessing the composition of the different arthropod communities.
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To assess the effect of management on C and N stocks (Mg ha!) of SOM, POM, and MAOM, we
employed linear mixed-effects models using the /me4 package (Bates et al., 2015,). The RFI served as the
primary continuous predictor variable, with percent sand included as an additional fixed effect, and field
code as a random effect. Similarly, we explored the relationship between management and C saturation
deficit and percent C saturation of the MAOM fraction using linear mixed-effects models with field code
as a random effect. Variables were log-transformed as necessary to meet the assumptions of homogeneity
of variance and normality of residuals. Diagnostic plots of all models were produced to check
assumptions of normality, homoscedasticity, and linearity. Full and reduced mixed effects models were
compared with Wald Chi-Square tests to approximate p-values. For all statistical analysis, p < 0.05 was

considered significant and p < 0.1 as marginally significant for biodiversity metrics.

Using results from our linear regressions, we conducted a path analysis using the /avaan package
(Rosseel, 2012) to investigate direct and indirect effects of the RFI, soil pH, and soil texture (percent
sand) on soil fauna diversity (Hill 1 diversity), C saturation deficit, and POM N. The model fit was
evaluated using Chi-square test (p > 0.05), Comparative Fit Index (CFI > 0.90), Root Mean Square Error
of Approximation (RMSEA < 0.08), and Standardized Root Mean Square Residual (SRMR < 0.08)
(Hooper et al., 2008). Path coefficients and indirect effects were calculated to determine the relationships

among variables (Grace et al., 2010; Shipley, 2016).

3. RESULTS

3.1  Regenerative Farming Index

The Regenerative Farming Index (RFI) of the 22 farms in our study ranged from 1 to 9.4, with a

median score of 5.8 (Fig. 4.2).
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Figure 4.2. The distribution of Regenerative Farming Index scores across the study fields using a
violin plot with an embedded box plot. The violin plot shows the density of scores, with wider
sections indicating a higher concentration of values. The box plot within the violin plot displays the
median and upper and lower interquartile ranges. The dashed horizontal line indicates the median
score across all farms.

3.2 Influence of Regenerative Farming Index on soil fauna abundance, diversity, and functional

composition

Total soil fauna abundance (sum of 6 cores) across farms ranged from 5 to 873 individuals, with a
mean of 187.3. there was no significant relationship between total soil fauna abundance and RFI (t = -
0.90, p = 0.381). Family-level richness, however, was positively correlated with RFI (t =2.98, p = 0.008),
with an average increase in richness of 1 family for every 1.25-unit increase in RFI. In addition, the RFI
was strongly correlated with soil fauna family diversity, as measured by Shannon's H' (t=3.91, p=10.001)

and Hill 1 (Fig. 4.3A; t=5.22, p <0.0001). However, no significant correlation was found with Hill 2
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(Fig. 4.3B; t=-0.792, p = 0.439), suggesting that the RFI has a distinct effect on rare species rather than

abundant species.
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Figure 4.3. The relationship between the Regenerative Farming Index (RFI) and soil fauna
diversity metrics. (A) Effective rare species as measured by Hill number 1 and (B) Effective
abundant species as measured by Hill number 2 are plotted against the RFI. The green line
represents the linear fit from the model, with the shaded area indicating the 95% confidence
interval. Higher values on the y-axis indicate greater diversity. The RFI was a significant predictor
of effective rare species (p = 0.0003) but not of effective abundant species.

To investigate the relative importance of various management and soil variables in predicting soil
fauna diversity in topsoil (0-10 cm), we employed a random forest algorithm (Fig. 4.4). Our analysis
revealed that the RFI explained the most variation in soil fauna familial diversity (Shannon H’) compared
to other individual management scores, soil pH, and percent sand (Fig. 4.4). Aside from RFI, individual
scores related to livestock integration and tillage management had the most significant influence on soil

fauna diversity.
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Figure 4.4. The importance of various predictor variables in a random forest model for predicting
topsoil (0-10cm) soil fauna familial diversity (Hill 1). The x-axis represents the mean increase in
node purity, indicating the importance of each variable. Higher values suggest greater importance.

E

When we split the Regenerative Management Index into two groups, ‘High’ (RFI > 5) and ‘Low
(RFI <5), we identified two distinct populations of organisms. The NMDS analysis of soil fauna
community converged on solutions with stress values of 0.22 and 0.18 for family composition and
functional composition, respectively. The NMDS analysis of family composition showed marginally
significant heterogeneity of dispersion (F = 1.68, p = 0.093), suggesting a slightly distinct beta diversity
of community composition between High and Low RFI groups. In contrast, the NMDS analysis of
functional composition revealed significant heterogeneity of dispersion (F =2.28, p = 0.049), indicating

distinct functional compositions between High and Low RFI groups (Fig. 4.5).
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Figure 4.5. Nonmetric multidimensional scaling (NMDS) plot for soil functional-level community
composition. The ellipses represent 95% confidence intervals for Regenerative Farming Index
(RFI) score groups: ‘High’ (RFI > 5) and ‘Low’ (RFI < 5). The seven functional guilds of soil fauna
included detritivore, fungivore, omnivore, predator, herbivore, mite, and ant. The stress value for
the NMDS analysis is indicated in the upper left corner of the plot, reflecting the goodness-of-fit of
the ordination. A stress value below 0.2 is considered an “acceptable” fit.

Average soil fauna abundance in High RFI fields was 199.5 + 66.7 individuals (mean + se) while
the average abundance in Low RFI fields was 166.0 + 42.0. Furthermore, the average abundances of the
seven functional guilds varied significantly between High and Low RFI groups (Fig. 4.6). In particular,
the ant (p = 0.026), herbivore (p = 0.102), mite (p = 0.094), omnivore (p = 0.073), and predator (p =
0.106) groups showed significant differences in their abundances between the two RFI groups. There
were 24 unique families in farms with a High RFI scores, including 9 predators, 2 omnivores, 6
herbivores (pests), 6 detritivores, and 1 fungivore. In contrast, there were only 3 families unique to farms

with a Low RFI score, comprising 1 pest and 2 predators.
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Figure 4.6. Mean abundance of soil fauna functional guilds for each Regenerative Farming Index
(RFI) score group. The groups are categorized as ‘High’ (RFI > 5,n = 14) and ‘Low’ (RFI<5,n=
8).

3.3 Regenerative Farming Index as a predictor of SOM, POM, MAOM, and C saturation

In the 0-30 cm soil profile, there was no significant relationship between the RFI and bulk soil
organic carbon (SOC) stocks (¢ = 1.65, p = 0.115), mineral associated organic carbon (MAOC) stocks (¢ =
1.71, p = 0.104), or particulate organic carbon (POC) stocks (¢ =1.14, p = 0.269) (data not shown).
However, the topsoil (0-15 cm), SOC, MAOC, and POC stocks (Mg C ha™) all showed significant
positive relationships with RFI (Fig. 4.7A). Specifically, bulk SOC increased by 0.75 + 0.34 Mg C ha™
(mean = se; £ = 2.29, p = 0.034), MAOC by 0.55 £ 0.29 Mg C ha™ (1=2.19, p = 0.041), and POC by 0.21
+0.07 Mg C ha! (t=3.03, p = 0.007) for every one-unit increase in RFI. This equated to a 3.9% (95%
CI: 0.6 — 7.3%), 3.8% (95% CI: 0.4 — 7.4%), and 6.2% (95% CI: 2.1 — 10.4%) increase in SOC, MAOC,

and POC stocks for every one-unit increase in RFI.
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Figure 4.7. The relationship between the Regenerative Farming Index (RFI) and (A) organic
carbon stocks (Mg C ha™') and (B) nitrogen stocks (Mg N ha™') in topsoil (0-15 cm). The points
represent the mean values for each farm, and the error bars indicate the standard error. Lines
represent the linear regressions for soil organic matter (SOM), mineral-associated organic matter
(MAOM), and particulate organic matter (POM). The RFI was a significant predictor of both
carbon and nitrogen stocks in SOM, MAOM, and POM (p < 0.05).

To investigate the relative importance of various management and soil variables in predicting
SOC, MAOC, and POC stocks (Mg C ha™") in topsoil (0-15cm), we employed a random forest algorithm
(Fig. 4.9). For bulk SOC stocks, the random forest analysis indicated that while the RFI explained more
variation in SOC stocks than any single management practice, it was less influential than soil pH and
percent sand (Fig. 4.3A). For MAOC stocks, soil pH and percent sand also explained the most variation,
followed by RFI, livestock integration score, and crop diversity score (Fig. 4.8B). Soil pH was the biggest
predictor of POC stocks, with tillage intensity having the largest management impact, followed closely by

RFI (Fig. 4.8C).
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Figure 4.8. The importance of various predictor variables in a random forest model for predicting
topsoil (0-10cm) (A) soil organic carbon (SOC) stocks (Mg C ha™'), (B) mineral-associated organic
matter organic carbon (MAOC) stocks (Mg C ha™), and (C) particulate organic carbon (POC)
stocks (Mg C ha™). The x-axis represents the mean increase in node purity, indicating the
importance of each variable. Higher values suggest greater importance.

Furthermore, the stocks of N increased by 0.08 £+ 0.02 Mg N ha in SOM (¢ = 3.13, p = 0.005), by
0.06 +0.02 Mg N ha in MAOM (¢ =2.78, p = 0.012), and 0.02 + 0.005 Mg N ha in POM (1 =3.54, p =
0.002) for every one-unit increase in RFI (Fig. 4.7B). This equated to a 4.2% (95% CI: 1.5 — 7.0%), 5.8%
(95% CI: 1.9 - 9.9%) , and 6.9% (95% CI: 3.2 — 10.8%) increase in SOM, MAOM, and POM N stocks

for every one-unit increase in RFI.

The relationship between RFI and MAOC in topsoil was further highlighted when considering C
saturation deficit (Fig. 4.9A) and percent C saturation (Fig. 4.9B) in MAOM. A one-unit increase in RFI

scores was associated with a 2.09 + 0.72 g C kg soil”! decrease in C saturation deficit (Fig. 4.9A; t = -
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2.89, p=0.009) and a 1.57 % (95% CI: 0.41 — 2.52%) increase in percent C saturation (Fig. 4.9B ; ¢t =

2.72,p = 0.014).
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Figure 4.9. The relationship between the Regenerative Farming Index (RFI) and (A) C saturation
deficit (g C kg soil™") and (B) percent C saturation (%) in topsoil (0-15 cm) mineral associated
organic matter fraction. The points represent the mean values for each farm, and the error bars
indicate the standard error. Lines represent the linear regressions with the R* and p-value associated
displayed in the upper corners of each plot. The RFI was a significant predictor of C saturation
deficit and percent C saturation (p < 0.05).

3.4  Biodiversity and SOM relationships

Significant relationships between soil biodiversity metrics and SOM were observed only with C
saturation deficit. Specifically, C saturation deficit was significantly correlated with Hill 1 (Fig. 4.10;
estimate = -2.49, se = 1.14, t = -2.20, p = 0.041) and Shannon’s H’ (estimate = -8.74, se = 4.37, t = -2.00,
p =0.06). No other significant correlations were found between SOM, MAOM, or POM C or N stocks,

concentrations, or C:N ratio.
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Figure 4.10. The relationship between effective rare species as measured by Hill number 1 and C
saturation deficit (g C kg soil™") in topsoil (0-15 cm) mineral associated organic matter fraction.
The points represent the mean values for each farm, and the error bars indicate the standard error.
Lines represent the linear regressions with the R* and p-value associated displayed in the upper
corners of each plot. Hill 1 was a significant predictor of C saturation deficit (p < 0.05).

3.5  Path analysis

To assess the linkages between management, soil fauna diversity, and POM and MAOM, we
constructed a path analysis testing RFI against the most responsive variables: Hill 1 diversity, POM N
stocks (Mg N ha™'), and MAOM C saturation deficit (g C kg soil™") (Fig. 4.11). Environmental variables
including soil pH and percent sand were also included. Our path analysis fit the data well (y* = 0.284,
p=0.594; CFI=1.0; RMSEA =0.0002; SRMR =.021; Hooper et al., 2008) and explained 44.6% of the
variation in soil fauna diversity (Hill 1), 68.2% of the variation in POM N, and 43.5% of the variation in
MAOM C saturation deficit. We structured the path analysis to have Hill 1 diversity predict POM N
stocks and MAOM C saturation deficit, rather than the reverse, as this model configuration yielded a
better fit. The direction of causation remains unclear. In line with our linear regression results, RFI

positively influenced Hill 1 diversity and POM N stocks, and negatively influenced MAOM C saturation
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deficit. Additionally, soil pH had a positive relationship with POM N and a negative relationship with Hill
1 diversity, and percent sand strongly predicted MAOM C saturation deficit. Contrary to our linear
regression findings, Hill 1 did not significantly predict MAOM C saturation deficit in the path analysis.
This discrepancy is likely due to the effect of RFI on both variables, as path analysis calculates partial

regression coefficients that account for correlations and covariance between multiple variables.
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Figure 4.11. Results from path analysis showing linkages between Regenerative Farming Index
(RFI), soil fauna diversity (Hill 1 diversity), soil pH, percent sand, particulate organic matter
(POM) nitrogen stocks (POM N; Mg N ha™), and mineral associated organic matter (MAOM) C
saturation deficit (g C kg soil ). Green and red arrows indicate significant positive and negative
effects, respectively, of the variables on Hill 1 diversity, MAOM C saturation deficit, and POM N
stocks. Grey, dashed arrows indicate non-significant paths. The widths of the arrows correspond to
standardized path coefficients, shown in numbers beside each arrow. Significance of each pathway
is denoted by ***p <0.001, **p <0.01, *p <0.05. The R’ values in the bottom left corner indicate
the amount of variation explained by direct and indirect effects of path analysis on Hill 1, MAOM
C saturation deficit, and POM N stocks.
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4. DISCUSSION

Our study underscores the importance of regenerative agriculture in supporting soil biodiversity
and SOM dynamics. Real-world conditions are unpredictable, and successful agricultural management
must be adaptive to these conditions. By studying real-world farms, we can gain a more holistic
understanding of how management influences soil health. Management scenarios rarely fall into neat,
discrete categories such as conventional and regenerative. Our objective in creating a continuous index
that captures the gradient of management practices was to account for this wide diversity in strategies
(Fig. 4.2), even within the same region (Fig. 4.1). Our findings indicate that adopting multiple
regenerative agricultural practices in combination can lead to notable improvements in soil fauna
diversity, POM, and MAOM within the top 15 cm of soil. These results align with previous studies
suggesting that stacking multiple soil health practices yields greater benefits for soil biodiversity and

SOM dynamics (Lehman et al., 2019; Prairie et al., 2023; Villat and Nicholas, 2024).

4.1  Regenerative management increases rare soil fauna and shifts functional composition

Our analysis revealed a strong positive relationship between the RFI and soil fauna diversity,
specifically family richness and diversity metrics such as Shannon's H' and Hill 1 (Fig. 4.3). These
metrics showed a significant increase with higher RFI scores, indicating that regenerative practices foster
a more diverse soil fauna community, favoring rare species over abundant ones. This is consistent with
studies that have highlighted the role of diverse cropping systems, reduced tillage, cover crops, and
integrated livestock in enhancing soil biodiversity (Lemaire et al., 2014; Rosenzweig et al., 2018; de

Graaff et al., 2019; Bansal et al., 2022; Bier et al., 2024; Cozim-Melges et al., 2024).

The random forest indicated a larger effect of tillage management and livestock integration on
soil fauna diversity than the other practices (Fig. 4.4). Tillage can significantly disrupt soil fauna through
changes in soil structure and direct mortality. It breaks up soil aggregates, exposing soil fauna to predators
and environmental stressors, while also physically killing individuals during the tillage process (van

Capelle et al., 2012; Betancur-Corredor et al., 2022). These disruptions can reduce the habitat availability
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and stability required for diverse soil fauna communities, leading to declines in biodiversity (Rizk and
Mikhail, 1999), with some organisms more resilient to disturbance than others (Coulibaly et al., 2022).
Livestock integration introduces specialist coprophagic species due to the presence of manure, which can
directly increase soil fauna diversity (Schmid et al., 2024). Manure also provides a rich organic substrate
that can enhance soil fertility and supports the growth of various microorganisms and soil fauna (Rayne
and Aula, 2020). Grazing can also influence root photosynthate allocation, providing a greater energy flux
into the soil, potentially supporting more diverse soil communities (Acosta-Martinez et al., 2004; Pifieiro
et al., 2009; de Faccio Carvalho et al., 2010; Tian et al., 2010; Brewer and Gaudin, 2020; Alves et al.,

2023).

The NMDS analysis further demonstrated distinct functional compositions between high and low
RFI groups (Fig. 4.5), suggesting that regenerative practices not only increase diversity but also shift the
functional structure of soil communities. The significant differences in the abundance of functional guilds,
such as ants, herbivores, mites, omnivores, and predators, highlight the potential of regenerative practices
to enhance ecosystem functions, including pest control and nutrient cycling (Brussaard et al., 2007;
Bardgett and van der Putten, 2014; Smith et al., 2015). Most notably, we observed a shift from
omnivorous generalist families in low RFI fields to more specialist groups of predators and mesofauna,
such as mites, in high RFI fields (Fig. 4.6). This shift suggests that regenerative practices create an
environment that supports a higher diversity of specialized organisms. Although herbivore pest abundance
and diversity were greater in more regenerative systems, the higher abundance and diversity of predators
also indicated a greater potential for biocontrol. This finding highlights the potential for regenerative
practices to contribute to a more resilient agroecosystem with greater redundancy of biodiversity-driven

ecosystem functions (Liebman and Schulte, 2015; Martin et al., 2019; Dardonville et al., 2022).

4.2 Regenerative management enhances POM and MAOM

In the top 15 cm of soil, we observed significant positive relationships between RFI and stocks of

C in SOM, MAOM, and POM (Fig. 4.7). The increases in these C pools with higher RFI scores suggest
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that regenerative practices can enhance C accrual, contributing to climate change mitigation (Prairie et al.,
2023; Rehberger et al., 2023). The relationship between RFI and MAOM was particularly evident when
considering C saturation deficit and percent C saturation (Fig. 4.9). Higher RFI scores were associated
with reduced MAOM C saturation deficit and increased percent C saturation, supporting the notion that
soils farther from their C saturation have greater potential for carbon storage in MAOM (Georgiou et al.,
2022; Angst et al., 2023). Though trends were positive, RFI did not significantly affect SOM down to 30
cm (data not shown). Since topsoil is more biologically active and susceptible to tillage disturbance, SOM
takes longer to accumulate and is slower to be lost at depth, especially in agricultural systems (Knebl et
al., 2017). It is possible that practice implementation has not been long enough to see an effect below 15
cm (Prairie et al., 2023) and certain practices (e.g., no-till) are unlikely to ever have impacts on C below
15 cm. Additionally, the lower number of samples for the deeper depth may have reduced the statistical

power needed to detect small differences across farms.

Predictably, crop diversity and livestock integration pulled out as the two most influential
management practices determining MAOC stocks (Fig. 4.8B). Diverse cropping systems, especially those
including legumes, enhance input quality and promote MAOM formation efficiency due to higher
nitrogen availability, which facilitates the decomposition and stabilization of organic inputs by soil
microbes (Drinkwater and Snapp, 2007; Haddix et al., 2016; Giller et al., 2021; van der Pol et al., 2022).
Additionally, diverse root systems can improve soil structure and increase root exudates, both of which
contribute to the formation and stabilization of MAOM (Lange et al., 2015; Sokol et al., 2019a).
Similarly, livestock integration continuously provides organic inputs through manure, promoting soil
microbial communities that directly contribute to MAOM formation (Rayne and Aula, 2020). Grazing
also increases root exudation (Pifieiro et al., 2009; Brewer and Gaudin, 2020), providing fresh, low
molecular weight substrates that can improve microbial substrate use efficiency and MAOM formation

(Tian et al., 2010; Cotrufo et al., 2013; Sokol et al., 2019b).
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Furthermore, N stocks were more responsive to RFI than C stocks, particularly in POM, hinting
at increased input quality and its implications for soil N cycling and soil health (Fig. 4.7) (Bu et al., 2015;
Bailey et al., 2019; Cotrufo and Lavallee, 2022). POM plays a crucial role in providing C and nutrients
for microbial energy use and plant growth, as it is more physically accessible for microbial utilization and
serves as the primary energy source driving biological functions in the soil, including soil fauna activity
(Merckx et al., 2001; Bailey et al., 2019; Lavallee et al., 2020). This makes POM a key indicator of soil
health. Although the absolute increase in POM is less than that of MAOM due to its relatively small
contribution to the total SOM pool, it experienced the greatest relative increase. Given that POM is an
essential source of nutrients, our findings suggest that regenerative agriculture can enhance soil health and

fertility by increasing POM C and N.

Given the sensitivity of POM to decomposition (Hansen et al., 2023), it is unsurprising that
tillage intensity had the largest management effect on POC stocks (Fig. 4.8C). Tillage disrupts soil
structure, leading to the breakdown of soil aggregates and exposing POM to decomposition (Six et al.,
1999; Devine et al., 2014). Reduced tillage or no-till practices help preserve soil structure, maintain soil

aggregates, and protect POM from rapid decomposition, thus enhancing POM stocks.

The potential synergies between reduced tillage, livestock integration, and crop diversity on both
MAOM and POM are particularly noteworthy (Fig. 4.8A). Combining these practices can lead to
enhanced POM protection and MAOM formation by increasing quality of inputs through livestock
integration and crop diversity, while improving soil structure and protection from reduced tillage
disturbance (Fig. 4.8A). This aligns with global patterns (Prairie et al., 2023), lending support to the
finding that integrated livestock combined with no-till and systems diversified with cover crops
significantly increase SOC, MAOC, and POC. This synergy underscores the importance of adopting

multiple regenerative practices to achieve optimal soil health and carbon sequestration.

Additionally, soil pH and percent sand significantly influenced POM and MAOM, respectively,

consistent with global patterns governing POM and MAOM accumulation (Hansen et al., 2024). Soil pH,
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which moderates decomposition, was found to influence POM, while percent sand directly predicted
MAOM as MAOM must bind to silt and clay in the soil. The positive relationship between soil pH and
POM suggests that pH affects the stability and turnover of POM by influencing microbial activity and
decomposition rates (Rousk et al., 2009; Lugato et al., 2021; Cotrufo and Lavallee, 2022; Yu et al., 2022).
Conversely, the strong influence of percent sand on MAOM highlights the importance of soil texture in
determining the capacity for MAOM storage (Cotrufo et al., 2019; Georgiou et al., 2022; Mao et al.,

2024).

4.3 Linkages between RFI, biodiversity, and SOM

The path analysis provided a comprehensive view of the direct and indirect effects of RFI, soil
pH, and percent sand on soil fauna diversity and SOM pools (Fig. 4.11). Our model explained a
substantial portion of the variation in these variables, reinforcing the critical role of regenerative practices
in enhancing soil health. The positive influence of RFI on Hill 1 diversity and POM N stocks, and the
negative influence on MAOM C saturation deficit, highlight the interconnectedness of soil management,
biodiversity, carbon dynamics, and nutrient cycling. While the path analysis refuted the direct effect of
soil fauna on C saturation deficit, it is likely that RFI influences both variables independently, with some
of the effect of RFI on C saturation occurring indirectly through soil fauna as supported by the negative

relationship between Hill 1 diversity and C saturation deficit (Fig. 4.10).

Our study contributes to a growing body of evidence that supports the implementation of
regenerative agricultural practices to improve soil health, enhance biodiversity, and mitigate climate
change (Giller et al., 2021; Fenster et al., 2021; Prairie et al., 2023; Villat and Nicholas, 2024). Future
research should continue to explore these relationships in diverse agroecosystems to develop targeted
strategies for sustainable soil management. Understanding the mechanisms by which regenerative systems
enhance SOM sequestration and soil biodiversity can inform beneficial stacking of agricultural practices.
The interplay between soil fauna and SOM source can also influence the growth of crops and can lead to

feedback loops that further shape ecosystem functioning and services (de Vries et al., 2012). Despite their
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critical importance, the contributions of soil fauna to the success of regenerative systems remains poorly
understood and more research is needed to optimize soil biological communities and their beneficial
impacts in regenerative agricultural systems. Overall, these findings suggest that regenerative agricultural
practices can benefit soil health by enhancing POM and soil fauna diversity, while also helping to
sequester atmospheric carbon through increased MAOM storage. This dual benefit emphasizes the
potential of regenerative practices to contribute to both agricultural sustainability and climate change

mitigation.

5. CONCLUSIONS

Our study provides evidence that regenerative agricultural practices can significantly enhance soil
fauna diversity and organic matter dynamics in the topsoil. The positive effects of regenerative practices
on SOM, POM, and MAOM stocks, along with increased N content, highlight their potential to improve
soil health and sequester C. Future research should focus on understanding the long-term impacts of these
practices and exploring their applicability across different soil types and climates. By promoting a holistic
approach to soil management, regenerative agriculture can play a crucial role in achieving sustainable and

resilient agricultural systems.
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CHAPTER 5: PREDATORY PRESSURE DRIVES BACTERIVORE-STIMULATED MICROBIAL

NECROMASS ACCUMULATION AND MAOM FORMATION!®

1. INTRODUCTION

Soil organic matter (SOM) is pivotal for soil fertility and carbon (C) sequestration; however, SOM is
incredibly complex and requires separation into multiple components with contrasting behavior to study
and predict its dynamics. Mineral-associated organic matter (MAOM) forms early in decomposition when
soluble plant inputs bind to minerals directly, or after being transformed by soil microbes, while
particulate organic matter (POM) forms as a result of partial decomposition and physical fragmentation of
the structural plant components (Cotrufo et al., 2015; Fulton-Smith and Cotrufo, 2019; Haddix et al.,
2020). In mineral soils, when not protected in microaggregates, POM represents a transient C pool,
rapidly cycling and susceptible to environmental changes that influence decomposition, whereas MAOM
consists of more stable organo-mineral complexes that can persist for decades to millennia, playing a vital
role in long-term C storage (Poeplau et al., 2018; Lavallee et al., 2020; Hansen et al., 2024). This
distinction helps in uncovering the mechanisms of SOM formation and persistence and allows us to better

predict soil C dynamics under varying environmental and management scenarios.

Understanding the biological mechanisms controlling the formation and persistence of these SOM
fractions is particularly important for managing soil health and developing strategies to mitigate climate
change (Lehman et al., 2015). It is now widely recognized that SOM stability is largely governed by the
anabolic activities of microorganisms. This understanding underscores the concept that the most persistent
organic C in soil is in large part not derived directly from plant litter or its residues, but rather from C that

has been processed through microbial activity (Liang and Balser, 2011; Miltner et al., 2012; Cotrufo et al.,

' Manuscript in preparation for peer review publication in Soil Biology and Biochemsitry with André
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106



2013). Both theoretical and empirical studies support the significant contribution of microorganisms to
the persistent MAOM pool, through continuous cycles of cell generation, population growth, death,
decay, and necromass formation. Microbial necromass, the remains of dead microbial biomass, is now
recognized as a significant contributor to MAOM formation, comprising 24-60% of total SOM globally
(Liang et al., 2019, 2020; Zhu et al., 2020; Deng and Liang, 2022). The production and stabilization of
microbial necromass, along with the associated microbial traits, are crucial for understanding its
persistence in SOM (Buckeridge et al., 2020; Késtner et al., 2021; Camenzind et al., 2023; Angst et al.,

2024; Peng et al., 2024).

Despite considerable progress in understanding the microbial contributions to SOM dynamics, the
role of soil fauna remains less explored. Soil fauna are recognized for their role in accelerating
decomposition and influencing POM dynamics through physical and biological mechanisms such as litter
fragmentation, bioturbation, and gut passage (Wickings and Grandy, 2011; Angst et al., 2017; Frouz,
2018). However, their influence on the stabilization of MAOM by affecting microbial turnvover and
necromass formation, particularly through direct and indirect interactions with microbes, remains
underexplored (Grandy et al., 2016; Soong and Nielsen, 2016; Thakur and Geisen, 2019). Studies that
quantify necromass production and recycling often fail to consider the potential of soil fauna to stimulate

microbial turnover and necromass formation (Grandy et al., 2016).

Direct feeding interactions between fungi and fungivores, or between bacteria and bacterivores, can
enhance C and nutrient fluxes (Crowther et al., 2015; Soong et al., 2016). This suggests that higher
trophic level soil fauna can influence soil C and nutrient cycling through predation within the soil food
web (Sackett et al., 2010; Grandy et al., 2016; Késtner and Miltner, 2018). Microbial grazing, particularly
by bacterivorous nematodes, has been shown to affect microbial community structure and function,
leading to altered microbial turnover and activity (Djigal et al., 2004; Trap et al., 2016; Jiang et al., 2017,
Erktan et al., 2020). These bacterivores can release C and N bound in senesced cells, contributing to

maintenance of younger bacteria cells and driving turnover (Trap et al., 2016). Moreover, because
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bacterivores must maintain stoichiometric homeostasis, much of the ingested N is released, increasing N
availability and promoting bacterial growth (Ferris et al., 1998; Sinsabaugh et al., 2013). However, the
magnitude and direction of the effects of bacterivores on microbial populations are not always consistent
and the overarching effects of such interactions on SOM dynamics remains unclear. This is particularly
true concerning the impact of higher trophic levels, such as mesostigmatid mites, which can further
influence these dynamics by modifying bacterial predator-prey relationships (Azevedo et al., 2020; Lucas

et al., 2020).

The complexity of soil ecosystems necessitates sophisticated techniques to unravel the interactions
within. Employing stable isotopes combined with soil microcosm experiments offers a novel approach to
trace C and nitrogen (N) flows, particularly focusing on the impacts of soil fauna—specifically the roles
of bacterial feeding nematodes and predatory mites—on microbial dynamics. Our primary objective was
to delve into the role of soil fauna as drivers of microbial necromass production and SOM persistence
through their effects on microbial growth, activity, and turnover. To uncover these effects, we conducted a
soil microcosm experiment to test the following hypotheses: (1) The presence of bacterivorous nematodes
will reduce microbial biomass but stimulate soil microbial activity and microbial turnover leading to
greater necromass production and subsequent MAOM formation; (2) The introduction of higher trophic
level predators will alleviate grazing pressure on bacteria, resulting in less necromass production and
reduced MAOM formation. Our alternative hypothesis 2 is that the addition of a mite predator will alter
nematode behavior and maintain nematode populations at intermediate densities resulting in optimal
bacterial growth, turnover, and necromass formation resulting in greater MAOM formation (Lucas et al.,
2020). This research provides new insights into the interplay between soil fauna and microbial dynamics,

advancing our understanding of SOM stabilization and ecosystem processes.
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2. MATERIALS AND METHODS

2.1  Soil used in the experiment and defaunation pretreatment

For the incubation experiment, soil was sourced from the USDA Central Great Plains Research
site, Akron, CO (40.16 N, 103.14 W). Soil was clay loam (42.6% sand, 16.2% silt, 41.2% clay) with
1.80% organic carbon (OC) and 0.19% nitrogen (N) and a pH of 7.3. There was no evidence of
carbonates after fizz test, and the soil natural abundance 8'°C was -19.8%o. To remove native soil fauna,
prior to incubation soil was thermally treated following Franco et al. (2017). Briefly, sieved soil (6.25
mm) was placed into aluminum dishes with small holes at the bottom, ensuring a depth of 5 cm. Soil was
then pre-wetted by gently spraying the surface until water passed through the holes in the bottom of the
trays. The pre-wet soil was left at 4 °C for 24 h. Next, the trays were transferred to an oven set at 65 °C
for 48 h. Thermal treatment kills 99% of fauna while avoiding major disturbances to microbial
communities. To ensure the absence of native fauna, we used six 100 g subsamples of defaunated soil for
nematode extraction using Baermann funnels (Hooper, 1970). Nematodes in soil subsamples were
extracted daily for three days, stored at 4 °C, and counted within three days of extraction using an
inverted microscope (Olympus CKX41, 200X magnification). The soil underwent additional thermal
treatment until acceptable native fauna levels were reached, i.e., with no bacterial-feeding nematodes and

fewer than three fungal-feeding nematodes per 100g of soil.

2.2 Production and defaunation of °C and "°N enriched plant litter

Prior to experiment setup, Blue grama (Bouteloua gracilis) was grown from rhizomes in soil-free
potting mix for one growing season in a continuous labeling chamber at 4 atom% '*C-CO, atmosphere,
fertilized weekly for 21 weeks with a 7 atom% '"N-KNO; solution (Soong et al., 2014). After the growing
season, plants were harvested and roots were separated from shoots. Shoots were then washed, air-dried,
and a subsample analyzed for C (37.1%), N (1.3%), "*C (d"*C =1406%o; 2.57 "*C atom%) and "*N (5'°N
18896%o; 6.8 '°N atom%) by vario ISOTOPE CUBE elemental analyzer (EA; Elementar Langenselbold,

Germany) coupled to an isoprime precisION Isotope Ratio Mass Spectrometer (IRMS; Elementar UK
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Manchester, United Kingdom). Prior to incubation, the labeled litter was defaunated in aliquotes of 10 g

as described for soil above.

2.3 Soil fauna isolation and incubation

A diverse community of bacterivorous nematodes isolated from Lory State Park grassland soil was
obtained from cultures grown by the Wall lab at Colorado State University and used for the incubation.
Briefly, 100 g of soil nematodes were extracted using the Baermann funnel technique for 3 days, then
from the 5 ml sample bacteria feeding nematodes were handpicked under a dissecting scope with an
eyelash (superfine eyelash with handle, Ted Pella, Inc., prod no. 113). Nematodes were then added to a
petri dish containing Nematode Growth Medium (NGM) for nematode growth and stored at 4°C, until

used for the incubation.

Mites (Stratiolaelaps scimitus) were obtained from a commercial biocontrol supplier (ARBICO
Organics). These generalist predators of the order Mesostigmata are widely used to control nematodes and

other invertebrate pests in soil (Azevedo et al., 2020; Yang et al., 2020).

2.4 Design and establishment of the incubation experiment

We tested our hypotheses in a 6-month laboratory microcosm incubation experiment. A total of 60
microcosms (~946ml glass jars) containing 100g dry soil were incubated in a constant temperature room
(25°C) in the Soil Innovation Laboratory at Colorado State University. We applied three treatments in a
completely randomized design: 1) ‘nem’: inoculum with bacterivorous nematodes and isotopically
labeled litter (produced as described below); 2) ‘mite’: inoculum with bacterivorous nematodes +
predatory mesostigmatid mites and labeled litter; 3) ‘no-fauna’: control with labeled litter only. Each
treatment incubation had 6 replicates for each of the 3 harvests (1 mo, 3 mo, 6 mo) for a total of 18
microcosms per treatment. At microcosm establishment, 100 g of defaunated soil was thoroughly mixed
with 1 g of finely chopped (~1 c¢cm) enriched shoot litter and combined in plastic cups (~237ml) and kept

at 4 °C until the fauna were ready to be introduced.
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For the nematode addition, NGM media containing bacterial feeding nematodes were extracted as
described above. Solution containing extracted nematodes were counted as above and a aliquot containing
~300 nematodes (0.2 ml) was added to each of 36 microcosms (i.e., “nem” and “mite” treatments) based

on averages found in similar soils (van den Hoogen et al., 2020).

Fifteen mites were handpicked using a fine paintbrush and individually added to 18 (i.e., “mite”
treatment) of the 54 microcosms. To ensure the establishment of mite colonies, the remaining mites were
cultured and 5 mites were reintroduced to the same microcosms at intervals of 15, 30, and 45 days from
the onset of incubation following Laakso and Setdld (1999) and Azevedo et al. (2020). Mite numbers were
chosen to be consistent with average densities of Mesostigmata mites in grassland soils (Coleman et al.,
2004). To prevent escape and contamination between treatments, the outer rims of the cups were coated

with a thin layer of petroleum jelly.

Additionally, 6 natural abundance controls, without fauna inocula or enriched litter, were
established with 100 g of defaunated soil to measure the end-member isotopic composition of native
SOM and soil respiration. All microcosms were incubated in the dark 50% water filled pore space
(WFPS). Optimal moisture at 50% WFPS by weight was achieved through regular re-weighing and bi-

weekly water addition. Mass of water necessary to achieve WFPS of 0.5 was calculated as follows:

W—O'Sd) X 0Dwt
~BD W

(1)
where W is grams of water to be added, ODwt is oven-dry weight of soil (100g), BD is bulk density
measured (1.087 g/cm?), and @ is porosity calculated as:
®=1—-BD/Dp

(2)

where Dpis particle density estimated to be 2.65 g/cm’.
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2.5  Soil and labeled litter respiration

We estimated microbial catabolic activity by measuring the amount and '*C enrichment of the CO»
produced by the mineralization of the SOM and the labeled litter regularly throughout the incubation, on
the subset of microcosms harvested at 6 months (18) and control microcosms (6). Soil-filled cups were
placed inside 32-0z mason jars, with 20 ml added to the bottom of the jar to maintain humidity. Soil
respiration was measured on day 0, 3, 5, 7,9, 12, 14, 17, 20, 24, 27, 31 34, 39, 45, 52, 62, 69, 77, 88,
101, 111, 123, 131, 140, 154, 167, and 182 of the incubation by determining the CO; concentration
accumulated in the jar headspace during the time elapsed since the last sampling. After mixing the jar’s
headspace, a 1-ml subsample was manually injected into an infrared gas analyzer (IRGA, model L16252,
LICOR). Calibration with an external standard curve determined CO, concentration. On alternate
sampling days, a 20 ml subsample was taken from the headspace of each jar and injected into a 12 ml
airtight vial for subsequent analysis of *C-CO, using an IsoFLOW GHG (Elementar Langenselbold,
Germany) coupled to an IRMS. After headspace was measured, jars were flushed for 1 min with CO; free
air, and measured again for concentration. This was subtracted from the subsequent measurement at the
following timepoint. The final respiration rate is expressed on a dry soil basis as ug CO,-C g soil”' day™.
The respiration rate was converted to cumulative respiration by summing the rates at each time point. The
respiration data and isotopic signatures provided in the data product were used to calculate the amount of

CO,-C coming from the added litter with a mixing model, as described below.

2.6  Microcosm harvest and fauna analyses

During each of the three harvests at 1, 3, and 6 months, a total of 18 microcosms were sampled.
Additionally, the 6 control microcosms were harvested at 6 months. At harvests litter could not be isolated
from soils, and therefore was considered part of the soil organic matter. Soils were carefully removed
from each incubation cup and homogenized using a 2 mm sieve, and then subsampled for following
analyses. For amino sugar analysis and DNA extraction, 6 g of soil was frozen at -80°C. To determine

microbial biomass, 20 g of fresh soil was utilized. For nematode extraction, 50 g of fresh soil was
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required. Additionally, 24 g of soil was designated for fractionation and mite extraction, with at least 10g
reserved for the fractionation process. Data from the 3-month harvest was excluded from further analyses

due to funding and time constraints.

Nematodes in soil subsamples were extracted using Baermann funnels (Hooper, 1970), with daily
removals over three days, and then stored at 4°C. Within three days of extraction, nematodes were
counted using an inverted microscope. Subsequently, 75 individuals were meticulously handpicked using
an eyelash under a dissecting microscope and transferred to pre-weighed tin capsules (8x5 mm, Elemental
Microanalysis BN/170056) containing 120 pL of deionized water. The tin capsules were desiccated for
three days, re-weighed to obtain final sample weights, and then analyzed for %C, %N, "*C and "N using
an EA-IRMS, as described above for the litter. We attempted to extract mites using a Berlese-Tullgren
funnels (48 h dark followed by 48 h low, 48 h medium and 48 h full light/heat intensity) (Crossley and
Blair, 1991), but did not successfully recover any individuals. This likely resulted from the reduced soil
quantity (24 g) available for extraction, compared to the typical 100-500 g used in standard Tullgren

funnel procedures.

2.7  Microbial biomass

Total microbial biomass C and N was estimated using the chloroform fumigation-extraction
method (Vance et al., 1987). Briefly, soil samples were divided into “control” and “fumigated” groups.
Control soils were immediately extracted with 0.05 M K,SO4 by adding 50 mL to 10 g fresh soil and
shaken on a rotary shaker at 200 rpm for 2 hr. Extracts were filtered through a Whatman 40 filter (8 um).
Fumigated samples were exposed to chloroform in a vacuum chamber, left to fumigate for 24 hours,
evacuated for 4 hours, and then processed identically to control samples. All extracts were frozen at —20
°C, lyophilized (freeze-dried), and the resulting residues analyzed for isotopic composition. Three blanks
containing only K>SO, were included with each group and concentrations subtracted from sample

concentrations.
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As the same soil was used across all samples, to avoid artifacts of applying an unverified extraction
efficiency for our soil, we used the difference in C or N content between fumigated and control

(unfumigated) samples as a proxy for microbial biomass C (MBC) and N (MBN), respectively.

2.8  Amino sugar analysis

To estimate microbial necromass C and N, amino sugars were extracted from bulk soil following a
protocol modified from Liang et al. (2012). Briefly, subsamples of soil containing approximately 0.3 mg
of N were weighed into acid-digestion vessels and boiled (at 105 °C) with concentrated (6 M)
hydrochloric acid for 8 h. The hydrolysates were purified through several steps. First, samples were
filtered through fiber filters (GF/A; 90 mm) and dried using a rotary evaporator at 45 °C under vacuum.
The residue was dissolved in deionized water, neutralized, and centrifuged to remove salts. The
supernatant was freeze-dried, resuspended in methanol, dried using N gas, dissolved in 1 ml deionized
water, and then lyophilized. For derivatization, the sample was heated with hydroxylamine hydrochloride
and 4-(dimethylamino) pyridine in a pyridine-methanol mixture, followed by acetic anhydrite at 75-80
°C. Dichloromethane was added, and the excess reagent was removed through washing with hydrochloric
acid and deionized water. The sample was then dried and resuspended in an ethyl acetate-hexane mixture
(1:1) for analysis. Myo-inositol and methylglucamine were used as internal and recovery standards. The
derivatized extracts were measured on a gas chromatograph coupled to a mass spectrometer (GC-MS,
Thermo Scientific TSQ 8000 Evo Triple Quadrupole), and glucosamine (GluN), galactosamine (GalN),
and muramic acid (MurA) quantified against an external standard of known concentrations containing the
target analytes. Bacterial necromass C was calculated using a conversion factor of 45 for MurA, while
fungal necromass C was calculated by subtracting the bacterial GluN content and applying a conversion
factor of 9 for the corrected GluN (Liang et al., 2019). Bacterial necromass N was calculated using a
conversion factor of 11 for MurA, and fungal necromass N was calculated by subtracting bacterial GIuN

and applying a conversion factor of 0.9 (Deng and Liang, 2022):

Bacterial necromass C = MurA * 45
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(3)

GluN ) MurA
— 2 %
179.17 251.23

Fungal necromass C = ( ) *179.17 9

(4)
Bacterial necromass N = MurA = 11
(5)
Fungal c (GluN 2 MWA) 17917 % 0.9
= — * * . * U,
ungal necromass 17917 25123
(6)

Where 179.17 is the molecular weight of GluN and 251.23 is the molecular weight of MurA. We then
quantified the relative contributions of bacterial and fungal necromass C and N to total SOC and SON,

respectively.

2.9  SOM fractionation

A representative subsample from each microcosm was fractionated by size and density to obtain
POM, MAOM, and CHAOM fraction (Leuthold et al., 2022). A combined size and density fractionation
scheme was chosen for its ability to isolate the most chemically and functionally discrete pools of SOM
(Leuthold et al., 2024). In brief, after mechanical dispersion in sodium polytungstate (SPT), SOM was
separated into a light fraction (POM < 1.85 g cm ) and a heavy fraction. The latter was separated through
wet sieving by size, into a sand-sized (CHAOM >53 um) and a silt-and-clay fraction (MAOM < 53 um).
Fractionation was accepted when fractions mass recovery was £5% of the bulk soil mass. It should be
noted that any remaining partly decomposed litter fragment would be isolated as POM. Bulk soils and all
fractions were analyzed for %C, %N, 8'°C and §'°N using an EA-IRMS, as described above. Fractions C
and N recoveries were 83.6 £ 1.5%, and 83.1 + 1.3%, respectively. For the purposes of this dissertation,

we will focus exclusively on findings related to POM and MAOM.
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2.10 Data analyses
The litter C (and N) contribution to the CO», bulk soil, microbial biomass, amino sugars and, SOM
fractions, was assessed using the isotopic mixing model:

ds — O

fiitter =
6‘litter - 5B

(7)

where fiiuer is the fraction of litter-derived C (or N) contributing to CO», microbial biomass, bulk soil, and
SOM fractions. ds and d3 are the §"°C (or §'°N) of the specific CO,, microbial biomass, bulk soil, or SOM
sample from the treatment (Js) and the natural abundance control soil (Jz), respectively. O is the §'°C
(or 8"°N) of the initial litter. The amount of litter-derived C and N in these pools were obtained by

multiplying the fji.- values to corresponding C (or N) pool sizes.

For microbial biomass, §"°C and §'°N values of fumigated and nonfumigated subsamples
contained were blank corrected using the following mixing model to calculate d4 of the extract (DOM +
microbial biomass):

_ 85(C4 + Cp) — Cpbp
Ca

S

(8)

where Js is the 8'°C or 8'°N of the extract, Cy is the C or N concentration of the extract, C5 is the C or N

concentration of the blank, and d is the §"*C or §'°N of the blank sample.

The calculation of §"°C and §'"°N (6, ) of the microbial biomass was done as described by

Potthoff et al. (2003) using the following equation:

O X Cp = Opp X Gy

mic

Cr— Cuy

(9)
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where drand 6,/ are the §'"°C (or 8'°N) of fumigated and nonfumigated extracts (5 from equation 9), and
Crand C,yare the corresponding concentrations of C (or N), respectively (mg g soil). Calculation of

litter-derived C and N in microbial biomass was done as described above.

2.11 Statistical analyses

All statistical analyses, data manipulation, and data visualization were performed on R software
version 4.4.0 (R Core Team, 2020), with the R packages “dplyr” (Wickham et al., 2019),“ggplot2”
(Wickham et al., 2019), “ImerTest” (Kuznetsova et al., 2017), “performance” (Liidecke et al.,

2024),“Ime4” (Bates et al., 2015), “rstatix” (Kassambara, 2023), and “emmeans” (Lenth et al., 2020).

To assess the impact of faunal treatments on both total and litter-derived respiration rates, as well as
cumulative CO2 emissions, we employed repeated-measures ANOVA using linear mixed-effects models.
Time and replicate were included as random effects to account for temporal variations and inherent
differences among replicates. We assessed the effect of faunal treatments on litter-derived C and N
contents of microbial biomass, amino sugars, and POM and MAOM using linear mixed effects models
with Harvest as an interacting fixed effect and replicate as a random effect. Diagnostic plots of all models
were produced using “performance” package to check assumptions of normality, homoscedasticity, and
linearity. Variables were log-transformed as needed to meet the assumptions of ANOVA (homogeneity of
variance and normality of residuals). Full and reduced mixed effects models were compared with Wald
Chi-Square tests to approximate p-values. Pairwise least-square means comparison was conducted using
Tukey’s adjustment. For all statistical analysis, p < 0.05 was considered significant and p < 0.1 as
marginally significant. The §'*C value of CO, respiration was interpolated using “zoo” package in R for

days "°C was not measured (Zeileis et al., 2023).

117



3. RESULTS

3.1  Fauna manipulation treatments

The thermal treatment employed to remove nematodes successfully eliminated all bacterial feeding
nematodes in the ‘no-fauna’ treatment. However, we did recover fungal feeding and root feeding
nematodes in low abundances in all treatments (Table 1). All nematodes were enriched in '°C and "°N
after the 1 month and became more enriched by the end of the incubation, while their abundance

decreased (Fig. 5.1; Table 5.1)

We found that mites did not have a significant effect on nematode abundance (Table 5.1; t45 = -
0.73, p = 0.745), but did significantly increase the 3'°C and §'°N enrichment of the bacterial feeding
nematode population after 6 months of incubation (Fig. 5.1; to =-4.36, p = 0.0001).
Table 5.1: Nematode trophic group composition (individuals per 100g of dry soil) by harvest and
treatment. Treatments include control with no fauna added (‘no-fauna’), bacterial feeding nematode

addition (‘nem’), and nematode plus predatory mite addition (‘mite’). Mean + standard error presented, n =
6.

Harvest Treatment Bacterial-feeders Fungal-feeders Root-feeders
no-fauna 0.0 67.0+32.6 25+0.7

1 month nem 5400.0 +£517.6 50.2 +£30.7 1.8£1.2
mite 5919.7 + 805.4 16.3+12.9 0+0
no-fauna 0.0 21.8+9.5 0.7+0.5

6 month nem 2210.8 £ 187.2 6.7+2.8 0.0
mite 2602.5 +224.0 9.2+3.0 42+20
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Figure 5.1: Stable isotope signatures of 3"*C (A) and 8"°N (B) of bacterial feeding nematodes
measured at 1 month and 6 months under two different faunal treatments. Icons below the x-axis
indicate the treatment type: nematodes for the nematode-only treatment (‘nem’) and a predatory mite
for the combined nematode and mite treatment (‘mite’). Box plots illustrate the median, upper and
lower quartiles, and range.

3.2 Microbial activity

B

To estimate the microbial activity, we quantified the effect of our treatments (‘no-fauna’, ‘nem’,
and ‘mite’) on total respiration rate (ng CO,-C g soil”! day), and cumulative respiration (ug CO,-C g
soil™) throughout the duration of the incubation. Litter-derived respiration was ~53% of total respiration
at the end of the 182 day incubation. We found that the treatments did not have significant effects on total
respiration rates (Fig. 5.2A; X =2.32, p = 0.314), or litter-derived respiration rates (Fig. 5.2B; X* = 2.56,
p =0.278). However, we found that total cumulative respiration was highest in the ‘nem’ treatment (Fig.
5.3A; X? = 191.2), significantly higher than in the ‘no-fauna’ (ts; = -10.48, p < 0.0001) and ‘mite’ (ts =
13.05, p <0.0001) treatments. Interestingly, the ‘no-fauna’ treatment had the highest cumulative litter-
derived respiration (Fig. 5.3B; X? = 7.96), significantly higher than ‘nem’ (ts; = 2.32, p = 0.061) and
‘mite’ (ts; = 2.55, p = 0.036). This difference in treatment effect between the total and litter-derived
respiration resulted in a considerable increase in cumulative respiration derived from the native soil
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organic C pool under ‘nem’ (Fig. 5.3C; X* = 239.8), compared to ‘no-fauna’ (ts» = -11.96, p < 0.0001) and

‘mite’ (ts = 14.50, p < 0.0001).
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Figure 5.2. Effects of different soil fauna treatments on total soil respiration (A) and litter-
derived respiration (B) rates (ug CO»-C g soil”! day™) during the 182-day incubation period.
Treatments include control with no fauna added (‘no-fauna’), bacterial feeding nematode
addition (‘nem’), and nematode plus predatory mite addition (‘mite’), with dashed lines
representing modeled decay curves showing the dynamics of respiration over time. Error bars
depict the standard error among replicates (n = 6).
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Figure 5.3. Effects of different soil fauna treatments on total cumulative respiration (A), litter-
derived cumulative respiration (B), and native soil cumulative respiration (C) rates (ug CO2-C g
soil™") during a 180-day incubation period. Treatments include control with no fauna added (‘no-
fauna"), bacterial feeding nematode addition ('nem'), and nematode plus predatory mite addition
('mite'). Each panel illustrates the cumulative CO, emissions across the incubation days, with insets
showing the total CO2 released by the end of the period in each treatment in mg C. Error bars in
main plots represent the standard error among replicates (n=6). Error bars in inserts represent 95%
confidence interval around the mean.

3.3 Microbial biomass and necromass

There was no significant difference in our proxies for total microbial biomass C (X* = 0.44, p =

0.802) or litter-derived microbial biomass C (X? = 0.08, p = 0.963) between the treatments (Fig. 5.4).

Bacterial necromass was greatest in the ‘mite’ treatment, which was significantly higher than the ‘nem’
treatment (¢t = -2.39, p = 0.087), but not than the ‘no-fauna’ treatment (ty =-1.96, p = 0.177) (Fig. 5.5A).
Bacterial necromass contributed 6.6% (CI: 6.2, 6.9%) to SOC in ‘mite’, 5.1% (CI: 4.1, 6.2%) in ‘no-
fauna’, and 4.6% (CI: 2.7, 6.4%) in ‘nem’ and 14.8% (CI: 13.9, 15.6%), 11.3% (CI: 9.0, 13.6%), and
10.1% (CI: 6.2, 15.1%) to SON, respectively. Fungal necromass was greatest in ‘mite’ treatment also, but
not significantly higher than the ‘no-fauna’ or ‘nem’ treatments (Fig. 5.5B; FF'=2.21, p = 0.166). The
contribution to SOM in the ‘mite’ treatment (/' = 5.12, p = 0.033), was significantly higher than the ‘no-

fauna’ (to = -2.82, p = 0.048), and ‘nem’ (fo = -2.72, p = 0.056) treatments.
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Figure 5.4. Effects of different soil fauna treatments on total microbial biomass (A) and litter-derived
microbial biomass (B) carbon (ug C g soil™) , after 1 month and 6 months of incubation. Icons below
the x-axis indicate the treatment type: bacteria for the ‘no-fauna’ treatment, nematodes for the
nematode-only treatment (‘nem’) and a predatory mite for the combined nematode and mite treatment
(‘mite’). Box plots illustrate the median, upper and lower quartiles, and range.
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Figure 5.5. Effects of different soil fauna treatments on (A)bacterial necromass carbon and nitrogen
(mg C|N g soil™") and (B) fungal necromass C and N (mg C|N g soil™") after 6 months of incubation.

Icons below the x-axis indicate the treatment type: bacteria for the ‘no-fauna’ treatment, nematodes

for the nematode-only treatment (‘nem’) and a predatory mite for the combined nematode and mite

treatment (‘mite’). Box plots illustrate the median, upper and lower quartiles, and range.

3.4  Effect on POM and MAOM

Soil fauna treatments did not impact litter-derived bulk SOM (F = 1.12, p = 0.341) but had varied
effects on both MAOM (Fig. 5.6; F=7.29, p=0.003) and POM (Fig. 5.7; FF=3.88, p = 0.032). After 1
month of incubation, both the ‘mite’ (mean = 0.524 mg C g soil”!, p = 0.001) and ‘nem’ (mean = 0.504 mg
C g soil”, p = 0.017) treatments had a significantly greater proportion of litter C in MAOM than ‘no-
fauna’ (Fig. 5.6A; mean = 0.459 mg C g soil'). After 6 months of incubation, litter-derived MAOM C
decreased (mean = 0.336 mg C g soil ') and there was no longer a difference between treatments (Fig.
5.6A; F=1.86, p=0.191). Conversely, no significant differences in litter-derived MAOM N were
observed between treatments after 1 month (Fig. 5.6B; mean = 19.5 pg N g soil™!, p = 0.393). However,
litter-derived MAOM N increased over time and was highest in the ‘mite’ treatment after 6 months (Fig.
5.6B; mean = 27.7 pug N g soil™"), significantly higher than ‘no-fauna’ (mean = 21.9 pg N g soil™!, p =

0.0007), and ‘nem’ (mean = 23.4 pg N g soil”’, p = 0.0007) treatments.

The proportion of litter C in POM after 1 month was greatest in the ‘no-fauna’ treatment (Fig.

5.7A; mean = 2.23 mg C g soil'), significantly higher than ‘nem’ (mean = 1.89 mg C g soil’, p = 0.100),
but not ‘mite’ (mean = 2.01 mg C g soil”', p = 0.353). Similarly to litter derived MAOM C, the amount of
litter C in POM decreased over time, and after six months the treatment effect was no longer significant
(mean = 1.52 mg C g soil’, F=0.43, p = 0.61). Litter derived POM N behaved like POM C rather than
MAOM N; the proportion of litter-derived N in POM was highest in ‘no-fauna’ (Fig. 5.7B; mean = 42.8
ng N g soil™") after 1 month, significantly higher than ‘nem’ (mean = 35.3 pg N g soil™!, p = 0.005), but
not ‘mite’ (mean = 39.1 ug N g soil’, p = 0.236). Again, it decreased over time and after 6 months there

was no difference between treatments (mean = 24.2 pg N g soil”!, F=0.43, p = 0.61).
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After 1 month, the C:N of litter-derived MAOM was 25.9 in the ‘mite’ and 26.3 in the ‘nem’
treatments, slightly higher than the 24.5 C:N of the ‘no-fauna’ treatment, yet not significantly so (F =
1.55, p = 0.245). These new litter C:N values were similar to the 28.5 C:N of the added litter. However,
after 6 months, the C:N of litter-derived MAOM shifted to 12.8 in ‘mite’, significantly lower than the
15.4 C:N of ‘no-fauna’ (p = 0.042). The 13.9 C:N of ‘nem’ after 6 months was not significantly different
from the other treatments (p = 0.322). This shift in C:N of MAOM under ‘mite’ was evident in the 7.11
C:N of the total MAOM pool, marginally lower than the 7.39 C:N of ‘no-fauna’ (p = 0.102). Moreover,
the C:N of total POM pool was significantly higher under ‘mite’ (mean = 14.1, p = 0.021) and ‘nem’

(mean = 14.0, p = 0.039), as compared to ‘no-fauna’ (mean = 13.6) after 6 months of incubation.

We recovered approximately 89.0% of litter C and only 38.8% of litter N after 6 months of
incubation (Fig. 5.8). In the 'no-fauna' treatment, MAOM comprised 9.9% C and 18.2% N, POM plus
undecomposed litter accounted for 39.7% C and 18.7% N, and CO, respiration made up 39.0% C of the
initial litter. In the 'nem’ treatment, MAOM comprised 9.4% C and 19.4% N, POM plus undecomposed
litter accounted for 40.2% C and 17.9% N, and CO, respiration made up 37.8% C of the initial litter. In
the ‘mite’ treatment, MAOM comprised 10.4% C and 22.8% N, POM plus undecomposed litter accounted

for 43.0% C and 19.3% N, and CO, respiration made up 37.6% C of the initial litter.
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Figure 5.6. Effects of different soil fauna treatments on the proportion and amount (mg C | ug N g
soil™") of litter-derived carbon (C) in mineral-associated organic matter (MAOM) (A) and litter-derived
nitrogen (N) in MAOM (B), after 1 month and 6 months of incubation. Icons below the x-axis indicate
the treatment type: bacteria for the ‘no-fauna’ treatment, nematodes for the nematode-only treatment
(‘nem’) and a predatory mite for the combined nematode and mite treatment (‘mite’). Box plots
illustrate the median, upper and lower quartiles, and range.
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Figure 5.7. Effects of different soil fauna treatments on the proportion and amount (mg C | ug N g
soil™) of litter-derived carbon (C) in particulate organic matter (POM) (A) and litter-derived nitrogen
(N) in POM (B), after 1 month and 6 months of incubation. Icons below the x-axis indicate the
treatment type: bacteria for the ‘no-fauna’ treatment, nematodes for the nematode-only treatment
(‘nem’) and a predatory mite for the combined nematode and mite treatment (‘mite’). Box plots
illustrate the median, upper and lower quartiles, and range.
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Figure 5.8. (A) Carbon and (B) nitrogen budgets after 6 months of incubation showing proportion of
litter C and N among different pools: CO; respiration, particulate organic matter (POM), mineral-
associated organic matter (MAOM), and unrecovered C or N. Icons below the x-axis indicate the
treatment type: bacteria for the ‘no-fauna’ treatment, nematodes for the nematode-only treatment
(‘nem’) and a predatory mite for the combined nematode and mite treatment (‘mite’).

4. DISCUSSION

In this study, we investigated the role of soil fauna in driving microbial necromass production and
SOM persistence using stable isotopes to trace C and N flows through a simplified microcosm ecosystem.
Our primary objectives were to determine how bacterivorous nematodes and predatory mites influence
microbial activity, growth, and turnover, ultimately affecting SOM dynamics. Our findings revealed that
bacterivorous nematodes stimulated microbial decomposition of native SOM, but not newly added litter
(Fig. 5.2). Interestingly, the combination of nematodes and mites initially inhibited microbial uptake of
litter C but later enhanced microbial turnover and necromass production (Fig. 5.5), leading to increased
MAOM-N formation (Fig. 5.6). Notably, nematodes alone did not enhance microbial turnover and
necromass formation; these effects were only observed in the presence of predatory mites. Our results
provide insight into the intricate and dynamic interactions between soil fauna and microbial communities,

emphasizing the likely importance of trophic interactions in SOM formation and stabilization.
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4.1  Microbial activity responded to nematode pressure

Our observations that nematodes significantly increase respiration rates of native SOC aligns with
existing literature, which suggests that soil fauna can alter microbial processes through their trophic
activities and interactions with microbial communities (Brussaard et al., 2007; Erktan et al., 2020). The
significant increase in cumulative respiration of native SOC in the 'nem' treatment (Fig. 5.3A) suggests
that nematodes stimulate microbes to accelerate the catabolism of SOM. This likely occurs because
nematodes feed on bacteria, mineralizing N, which then becomes available to other microbes, supporting
the synthesis of enzymes needed to degrade complex organic materials (Sinsabaugh, 2010). By this
mechanism, nematode-bacteria interactions can significantly enhance the metabolic capacities of various
C substrates, thereby C cycling (Jiang et al., 2018). Interestingly, nematodes did not stimulate the
microbial respiration of native SOM when under the pressure of predatory mites. This indicates that mites
either inhibit this effect of nematodes directly or modify nematode grazing behavior to indirectly alter the

competitive dynamics and C use efficiency of the microbial community (Iven et al., 2022).

In contrast, the 'no-fauna' treatment showed the highest respiration rates for newly added organic
matter (Fig. 5.2B), emphasizing the complex role soil fauna play in microbial C use efficiency
(Sinsabaugh et al., 2016). The absence of fauna may reduce predation and competition pressures on
microbes, potentially increasing their activity toward fresh and available C sources. Alternatively, the lack
of available N from nematode mineralization means microbes must metabolize a significant amount of C
to assimilate SOM at the correct C:N stoichiometry. This finding is consistent with other studies that
observed that soil fauna could suppress microbial activity through direct consumption, affecting microbial
access to fresh substrates (Crowther et al., 2012; Trap et al., 2016). This result emphasizes the role of soil
fauna in modulating microbial resource allocation and enzymatic activity, possibly through changes in
microbial community composition or metabolic prioritization (Hungate et al., 2021). Nematode-bacteria

interactions have been shown to increase microbial C use efficiency through changes to microbial
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abundance and community composition by selective predation and providing new niches for colonization

(Zheng et al., 2022; Shi et al., 2023).

This dual role of soil fauna, both facilitating and suppressing microbial activity, highlights the
intricate balance soil fauna maintain in microbial C use efficiency. However, our study found that
bacterivorous nematodes did not enhance microbial turnover and necromass formation unless predatory
mites were present. The presence of mites resulted in peak microbial necromass formation, supporting our
alternative hypothesis. This suggests that nematode-mite interactions play a crucial role in stimulating

microbial turnover and enhancing MAOM formation through the management of nematode populations.

4.2 Predatory mites enhance nematode turnover

Our study revealed no significant change in nematode abundance due to predatory mite exposure
(Table 5.1), yet the observed "*C and '°N enrichment in nematodes (Fig. 5.1) suggests increased turnover
and potential shifts in the community composition of bacterial-feeding nematodes. Stratiolaelaps scimitus
are generalist predators and are likely targeting larger nematode individuals (Cabrera et al., 2005; Xie et
al., 2018; Yang et al., 2020), potentially driving a shift in bacterivore community composition. This
observation aligns with previous studies suggesting that predatory stress can lead to shifts in prey
population structure, potentially favoring smaller, quicker-reproducing individuals (Laakso and Setél4,
1999), likely due to selective predation on larger nematodes (Hohberg and Traunspurger, 2005). In this
study, it seems that predatory mites exert cascading effects on ecosystem processes, primarily by
modifying and in some cases amplifying the impact of bacterivorous nematodes on the microbial
community. This interaction suggests that predatory mites not only affect nematode behavior and survival

but also indirectly influence microbial dynamics through altered nematode activity.

4.3  Nematodes under mite pressure drive microbial necromass accrual

Although there was no shift in microbial biomass (Fig. 5.4), the enhanced necromass accrual under

nematodes and mites indicates increased microbial turnover (Fig. 5.5). Interestingly, despite the impact of
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nematodes alone on microbial respiration, enhanced necromass formation was only evident under mite
pressure. This suggests that mites are altering nematode grazing behavior and maintaining it in a state that
stimulates microbial turnover, potentially through changes to nematode body size or reduction in grazing

pressure (Laakso and Setild, 1999; Hohberg and Traunspurger, 2005).

Bacterivorous nematodes with smaller body sizes are known to have a greater impact on
mineralization rates and possibly lead to the release of organic N compounds (Brondani et al., 2022).
Additionally, mites consuming nematodes must maintain homeostasis and mineralize additional N that
would otherwise be trapped in the nematode biomass (Osler and Sommerkorn, 2007). This increased N
availability likely stimulates microbial populations with faster growth rates and higher N contents. Their
microbial products are thus more prone to binding to mineral surfaces upon cellular lysis from predation
(Lambert, 2008; Daly et al., 2021). Additionally, there is some potential for mites to influence not only
bacterial feeders but also fungal feeding nematodes which were present in small abundances in all
treatments (Table 5.1), though this is not fully quantifiable due to insufficient data on fungal feeders. This
broader impact of mite predation across different microbial communities highlights the need for further

investigation (Wardle et al., 2004).

The interaction between predatory mites and nematodes shows the complexity of soil food webs in
shaping microbial necromass accrual and SOM dynamics. The presence of predatory mites appears to
amplify the effects of bacterivorous nematodes on microbial turnover, leading to enhanced necromass
formation and potentially greater stabilization of organic matter in mineral-associated forms (Liang,
2020). This finding aligns with other research showing that higher trophic levels in the soil food web can
have cascading effects on microbial anabolism and turnover rates, driving necromass formation (Kou et
al., 2023). This study further demonstrates the synergistic effects of nematode-mite interactions,

emphasizing the complexity and importance of multi-trophic interactions in soil ecosystems (Lucas et al.,

2020).
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4.4 Soil fauna enhance MAOM formation and alter SOM stoichiometry

Our microcosm experiment revealed that the presence of bacterivorous nematodes and predatory
mites significantly stimulated microbial activity and turnover, leading to enhanced production of
microbial necromass. This aligns with previous studies indicating that microbial grazing by soil fauna can
lead to increased microbial turnover and potentially increase the input of microbial-derived compounds to
the soil organic matter pool (Djigal et al., 2004; Trap et al., 2016). Specifically, the introduction of
nematodes and mites increased MAOM formation (Fig. 5.6B), suggesting that MAOM may accrue more

quickly from materials that are highly processed by microbes.

Initially, the presence of mites alongside nematodes led to greater MAOM-C content, possibly by
suppressing microbial uptake of litter dissolved organic matter (DOM) leached early during
decomposition (Cotrufo et al., 2015). The C:N ratio of the new MAOM (Fig. 5.6), which was similar to
that of the new litter, suggests direct sorption of plant DOM to minerals, bypassing the microbial pool.
This is supported by the higher respiration of litter-derived CO; in the ‘no-fauna’ treatment. Further, the
greater proportion of litter C remaining in POM in the ‘no-fauna’ treatment after one month (Fig. 5.7A),

also points to a suppressed microbial activity in the ‘mite’ and ‘nem’ treatments.

Later in decomposition as the MAOM C:N decreased, this plant-derived MAOM was likely
exchanged for compounds with higher N content, suggesting that microbially-derived MAOM may form
later and has greater stability. After six months, POM levels were consistent across treatments (Fig. 5.7),
but MAOM-N increased (Fig. 5.6B) and C:N stoichiometry was lower with nematodes and mites. This
indicates that soil fauna, through their effects on microbes, can efficiently convert POM-N into microbial
products that form MAOM-N. MAOM is increasingly recognized as both a storage reserve and a vital
source of bioavailable N (Jilling et al., 2018, 2021). The mechanisms of N entry and exit from the
MAOM pool require further research, but likely involve complex interactions between soil health

management, mineral surfaces, microbes, plant roots, and soil fauna (Grandy et al., 2022). This MAOM-
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N entry driven by soil fauna in our study highlights the crucial role of trophic interactions in soil nutrient

cycling and MAOM N, which could be critical for long-term soil fertility.

Our study showed no effect on total SOM, but there were measurable impacts on MAOM and
POM. These minor shifts in formation and stabilization can have long-term effects at scale (Cotrufo et al.,
2019; Lugato et al., 2021; Angst et al., 2023; Hansen et al., 2024; Li et al., 2024). Soil C recovery was
good, with some unrecovered C likely due to fraction recovery and CO- leakage (Fig. 5.8A). However, N
recovery was poor, indicating another flux of N out of the system (Fig. 5.8B). Some N was likely lost as
DOM during fractionation, but volatilization of ammonia or off gassing of N through denitrification
processes could also account for the losses. Grazing pressure by nematodes has been shown to reduce the
relative abundance of denitrifying bacteria, as well as reduce denitrification enzyme activity (Djigal et al.,
2010). It is possible that the higher N recovery in the mite treatment (Fig. 5.8B) is the result of decreased

denitrification; however, without measurements of NH3, N», or N,O, the exact pathways remain uncertain.

In summary, our hypothesis that bacterivorous nematodes alone would decrease microbial biomass,
enhance activity, and drive turnover and necromass formation leading to greater MAOM formation was
not fully supported. However, our alternative hypothesis that the addition of mite predators would result
in peak microbial turnover and necromass formation and enhance MAOM formation was supported.
These findings reveal the critical role of soil fauna in enhancing N stabilization within MAOM, reflecting
their broader ecological impacts on SOM transformation and stabilization processes (Kdgel-Knabner et
al., 2008). While bacterivores initially enhanced MAOM-C formation, this effect diminished over time,
suggesting a transient or equilibrium effect on C stabilization. In contrast, the sustained higher levels of
MAOM-N in the presence of mites suggest a prolonged influence on N stabilization, potentially through

altered microbial decomposition pathways or enhanced microbial efficiency in N use.

4.5  Future research directions

Despite the advances made in this study, several questions remain. The varying effects of

bacterivores and predatory mites over different time scales suggest that longer-term studies are needed to
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fully understand the ecological and biogeochemical implications of faunal presence in soil systems.
Expanding the range of soil types and climatic conditions in future studies could help generalize these

findings and better predict the global implications of faunal interactions on soil C and N dynamics.

Future research should focus on elucidating the specific mechanisms by which nematodes and other
soil fauna influence microbial enzymatic activities and SOM decomposition pathways. Experimental
studies using isotopic tracers could provide more detailed insights into how N mineralization by soil
fauna affects microbial degradation of different SOC components. Additionally, integrating
comprehensive microbial community analyses, such as metagenomics and metabolomics, could delineate
the pathways through which soil fauna influence microbial degradation of organic matter. Incorporating
varying levels of faunal and microbial diversity in experimental designs could clarify the relative
contributions of these biotic components to SOC dynamics. Studies incorporating stable isotope probing
could elucidate the specific compounds degraded by microbes under the influence of soil fauna, providing
a clearer picture of the biochemical pathways involved (Eisenhauer et al., 2017). Understanding these
mechanisms is crucial for incorporating the role of fauna into biogeochemical models to better predict
SOM dynamics (Grandy et al., 2016). Our study provides evidence and a replicable experimental design
for examining the effects of soil fauna on microbial activity and turnover, advancing our understanding of

SOM stabilization.

5. CONCLUSIONS

Overall, our study highlights the complex interplay between predatory mites and bacterivorous
nematodes in shaping microbial necromass accrual and SOM dynamics. These interactions underscore the
importance of considering multiple trophic levels in soil ecological studies to fully understand the
mechanisms driving SOM formation and stabilization. Nematodes inhibit microbial uptake of labile DOM
early in decomposition, leading to its incorporation into MAOM, especially under mite influence. They

also primed the decomposition of native SOM by increasing nitrogen availability, stimulating microbial
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turnover and necromass formation. This results in increased MAOM-N and altered C:N stoichiometry
indicating a more microbially derived MAOM. Our findings emphasize the critical role of the soil food
web in mediating C and N dynamics, essential for predicting and managing soil responses to
environmental changes. This nuanced understanding provides valuable insights into ecosystem
functioning and the potential for enhancing MAOM-N in managed systems. Rather than focusing solely
on microbes, biological interventions for soil health and SOM accrual could consider the entire food web.
Ultimately, our study adds to the growing body of knowledge on soil food web interactions and their

pivotal roles in regulating SOM dynamics.
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CHAPTER 6: CONCLUSION

This dissertation investigates the complex impacts of regenerative agriculture on SOM dynamics
and soil fauna biodiversity, encompassing a broad range of objectives from global patterns and policy
needs to mechanistic understanding. The first three chapters contribute to a holistic understanding of how
regenerative practices influence soil health, carbon sequestration, and biodiversity, highlighting their
potential for sustainable agricultural systems. The dissertation concludes with a fourth chapter presenting
a detailed examination of the biological mechanisms underlying MAOM formation through a highly

controlled lab experiment.

Chapter 2 presents a global meta-analysis demonstrating that regenerative practices, including no-
till and cropping system intensification, significantly increase both POM and MAOM. These findings
emphasize the importance of adopting synergistic practices, such as integrated crop-livestock (ICL)
systems, to maximize soil carbon storage and improve soil health. The study highlights specific
knowledge gaps, including the need for a deeper understanding of the mechanisms driving these
synergies, which are essential for optimizing regenerative management strategies to mitigate climate

change and enhance ecosystem services.

Chapter 3 shifts focus to the United States, evaluating the impacts of diversified agricultural
systems on soil carbon, health, and yield. The policy brief indicate the importance of long-term
implementation of multiple regenerative practices to achieve consistent positive outcomes. The findings
advocate for increased funding, longer participation in conservation programs, and regionally tailored
conservation efforts. This chapter provides empirical evidence to inform policy decisions and support the

widespread adoption of regenerative agricultural practices.

Chapter 4 delves into the field level, examining the effects of varying degrees of regenerative

practice adoption on SOM dynamics and soil fauna biodiversity within the Cheney Watershed, Kansas.
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By developing a Regenerative Farming Index (RFI), the study quantifies the extent of regenerative
practices and links higher RFI scores to increased carbon and nitrogen stocks in both POM and MAOM.
The positive correlation between RFI and soil fauna diversity metrics highlights the potential of
regenerative agriculture to foster biodiversity and enhance soil health, while also speculating on the
mechanisms by which specific practices influence both pools. Path analysis reveals the indirect influence

of soil fauna on SOM through their role in enhancing regenerative practices.

Finally, Chapter 5 explores the mechanistic interactions between soil fauna and SOM, particularly
focusing on the roles of bacterivorous nematodes and predatory mites. The study elucidates the complex
interplay between these organisms in shaping microbial necromass accrual and SOM dynamics. The
findings highlight the critical role of the soil food web in mediating carbon and nitrogen dynamics,
providing insights into the biological underpinnings of SOM stabilization. This nuanced understanding
emphasizes the potential of considering the full soil food web in biological interventions to enhance soil

health and carbon sequestration.

Overall, this dissertation advances the understanding of SOM dynamics and soil fauna
biodiversity under regenerative agriculture, providing valuable insights for sustainable soil management
and climate change mitigation. By integrating global and local scales, it offers a comprehensive view of
how regenerative practices can restore soil health and sequester carbon, contributing to more resilient and
productive agricultural systems. The findings emphasize the importance of adopting a systems-level
approach to regenerative agriculture, considering the synergistic effects of multiple practices to achieve

the greatest benefits for the environment and agricultural productivity.
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1. SUPPLEMENTARY FILE FOR CHAPTER 2

1.1  Figures
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Supporting Figure 2.1. Overall response of carbon concentrations (g C kg soil™") in total soil
organic carbon (SOC), mineral-associated organic carbon (MAOC), and particulate organic carbon
(POC) to regenerative agricultural management in 0-5 cm (A), 0-10 cm (B), and 0-20 cm (C) soil
layers. No-Till systems are compared to conventional tillage systems. Cropping Intensification
includes 1) eliminating summer fallow in monocrop systems, ii) increasing the number of annual crops
grown per year, iii) planting cover crops, and iv) incorporating perennial crops in rotation. Smaller
depth increments were not aggregated by calculating weighted means, only exact depth increments
were included. Effect sizes were considered significant if 95% confidence interval did not overlap
Zero.
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Supporting Figure 2.2. Effect of cropping intensification on subsoil (20-100cm) carbon
concentrations (g C kg soil™") in total soil organic carbon (A; SOC), mineral-associated organic carbon
(B; MAOC), and particulate organic carbon (C; POC) as moderated by experimental duration, type of
cropping intensity, rotation diversity, and tillage management. Tillage management, residue
management, fertilization regime, and environmental variables held constant. ‘Intensification Type’
signifies type of intensification (i.e. ‘1 crop’ = intensification of crop-fallow to rotation of 1 annual
cash crop per year, ‘Multiple Crops’ = intensification of 1 cash crop per year to multiple cash crops
per year, ‘Cover Crop’ = intensification of annual cash crop system to annual rotation + cover crop,
‘Perennial’ = intensification of annual cropping system to system with a perennial crop included in
rotation). Effect sizes were considered significant if 95% confidence interval did not overlap zero. The
number of observations (n), experiments (exps.), and studies analyzed for each moderator variable is
displayed on the far right of figure.
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Supporting Figure 2.3: Publication bias across the 648 observations in the Tillage (A) and Cropping
System Intensification (B) data sets. A positive InRR indicates that regenerative management increased
soil organic carbon (SOC), mineral-associated organic carbon (MAOC), or particulate organic carbon
(POC) to a depth of 0—100 cm relative to a conventional control. Left or right skew indicates evidence
of publication bias.
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Supporting Figure 2.5: The results of the sensitivity analysis, which was completed using a Jacknife
technique. The solid black line represents the overall InRR and the blue dashed lines the lower and
upper 95% confidence interval of the overall InRR (prior to publication removal). The solid black line
represents a null effect. Recomputed InRR and 95% confidence intervals that do not cross zero were

considered significant.
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1.2 Tables

Supporting Table 2.6: Table of all moderators tested for the effect of no-till (NT) compared to
conventional tillage on soil organic carbon (SOC), mineral-associated organic carbon (MAOC), and
particulate organic carbon (POC).The abbreviations are mean annual precipitation minus potential
evapotranspiration (MAP—PET) and mean annual temperature (MAT).

Moderator levels n* dft Qf p value§ INRR# sed ci.lby
SOC
Experimental Duration 235 2 1.764 0.115
<6 yr 27 232 0.026 0.042 -0.057
6-12 yr 82 232 0.114 0.023 0.069
>12 yr 126 232 0.122 0.019 0.084
Tillage Frequency 234 1 3.04 0.083
once 143 232 0.089 0.019 0.052
multiple 91 232 0.136 0.023 0.091
Cropping Intensity 235 2 8.866 <0.001
1 crop 153 232 0.129 0.017 0.096
multiple crops 26 232 0.059 0.025 0.011
cover crop 56 232 0.066 0.019 0.029
MAP — PET (mm yr?) 235 1 1.764 0.184 0.000 0.000 0.000
Soil pH 164 1 0.368 0.544 0.015 0.003 0.009
MAT (°C) 235 1 6.356 0.012 0.008 0.001 0.006
Sand Content (%) 182 1 0.002 0.964 0.002 0.000 0.002
MAOC
Experimental Duration 235 2 1.795 0.168
<6 yr 27 232 0.014 0.038 -0.06
6-12 yr 82 232 0.088 0.021 0.047
>12 yr 126 232 0.092 0.018 0.058
Tillage Frequency 234 1 13.835 <0.001
once 143 232 0.049 0.017 0.016
multiple 91 232 0.133 0.02 0.094
Cropping Intensity 235 2 5.281 0.006
1 crop 153 232 0.078 0.015 0.049
multiple crops 26 232 0.125 0.022 0.08
cover crop 56 232 0.07 0.018 0.035
MAP — PET (mm yr?) 235 1 1.24 0.265 0.000 0.000 0.000
Soil pH 164 1 0.076 0.783 0.01 0.002 0.006
MAT (°C) 235 1 4.94 0.026 0.006 0.001 0.004
Sand Content (%) 182 1 0.448 0.503 0.002 0.000 0.002
POC
Experimental Duration 235 2 0.812 0.445
<6 yr 27 232 0.067 0.095 -0.119
6-12 yr 82 232 0.189 0.052 0.086
>12 yr 126 232 0.199 0.044 0.113
Tillage Frequency 234 1 0.128 0.72
once 143 232 0.169 0.041 0.088
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Supporting Table 2.7: Table of all moderators tested for the effect of cropping system
intensification on soil organic carbon (SOC), mineral-associated organic carbon (MAOC), and
particulate organic carbon (POC).The abbreviations are no-till (NT), conventional tillage (CT),
mean annual precipitation minus potential evapotranspiration (MAP—PET) and mean annual
temperature (MAT).

Moderator levels n* dft Q+ p INRR# sed ci.lby
value§
SocC
Experimental Duration 319 2 6.834 0.001
<6 yr 63 316 0.053 0.031 -0.007
6-12 yr 151 316 0.116 0.018 0.081
>12 yr 105 316 0.162 0.019 0.125
Intensification Type 319 3 28.283 <0.001
1 crop 89 315 0.131 0.018 0.096
multiple crops 42 315 0.002 0.021 -0.039
cover crop 90 315 0.121 0.017 0.087
perennial 98 315 0.15 0.017 0.116
Diversity 319 2 18.279 <0.001
monoculture 102 316 0.129 0.015 0.099
biculture 145 316 0.116 0.015 0.086
polyculture 72 316 0.107 0.015 0.077
Cover Crop Functional Grp 95 2 0.349 0.706
grass 34 92 0.093 0.021 0.051
legume 43 92 0.109 0.02 0.069
mix 18 92 0.099 0.023 0.053
Tillage 270 1 4.084 <0.001
CT 109 317 0.149 0.017 0.115
NT 161 317 0.098 0.017 0.065
MAP — PET (mm yr?t) 301 1 1.041 0.308 0.000 0.000 0.000
Soil pH 197 1 0.32 0.571 0.016 0.002 0.011
MAT (°C) 319 1 1.247 0.264 0.008 0.001 0.006
Sand Content (%) 191 1 6.119 0.013 0.004 0.000 0.003
MAOC
Experimental Duration 319 2 3.917 0.021
<6 yr 63 316 0.032 0.03 -0.028
6-12 yr 151 316 0.063 0.017 0.028
>12 yr 105 316 0.103 0.019 0.066
Intensification Type 319 3 2.045 0.107
1 crop 89 315 0.051 0.016 0.02
multiple crops 42 315 0.085 0.019 0.048
cover crop 90 315 0.071 0.015 0.041
perennial 98 315 0.072 0.015 0.042
Diversity 319 2 16.432 <0.001
monoculture 102 316 0.095 0.016 0.064
biculture 145 316 0.066 0.015 0.036
polyculture 72 316 0.046 0.016 0.015
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