Supporting Information 1: Conceptual Model for the Outcome of Tillage and Cover Crop actions on Down-
stream Trade-offs Between Yield and Carbon Credit Utility

Balancing trade-offs in climate smart-agriculture: can on-farm actions store organic carbon and maximize net
utility by selling carbon credits?

This supplement contains a detailed description of our conceptual model that was designed to show how tillage and
cover crop actions affect current soil conditions (abiotic and structural), downstream soil organic storage (SOC), and
yield. The model was designed as a Bayesian Network (BN) and then extended to a Bayesian Decision Network
(BDN) by adding nodes for actions and utility. See main text for a description of BNs and BDNs.

The conceptual model was constructed from several sub-models that represent known pathways of SOC storage
in soil under different management actions. These include (1) the direct effects of actions on soil structure and abiotic
conditions, (2) the indirect effects of actions on organic matter decomposition and eventual SOC, (3) the indirect effects
of actions on bacterial carbon fixation potential of soils, (4) the indirect effects of actions on microbial community
dynamics and function (enzyme production, gene expression, respiration, death and turnover), and (5) the indirect
effects of actions on microbial pathogens and their effects on yield.

Figure S1 shows the baseline system state representing time zero in the carbon cycle (unsampled state). Fig-
ure S2 shows carbon flow through the growing season using intra- and inter- arcs within and between, respectively,
five samples (r = 1, ..., 5). Each sample has the same nodes and intra-arcs. Inter-arcs between consecutive samples
represent cyclic dynamics including organic matter decomposition, enzyme activity, carbon fixation, microbe respi-
ration, and microbe community dynamics. Inter-arcs are orange dashed lines for all cyclic dynamics except microbe

community dynamics (orange dotted lines).
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Figure S1.1. BDN with causal relations linking tillage and cover crop actions to expenses and soil carbon storage in the baseline system state.
The field was recently tilled (or not), and cover crop residues were just placed on the soil (or not). Actions (blue) affect net yield utility (not
shown) via expenses (light green) and crop yield. Actions affect carbon credit utility by changing SOC via effects on soil abiotic (brown) and
biotic (yellow) conditions. Nodes coloured light green are used to calculate utility at the end of the growing season. Intra-arcs between nodes
indicate conditional dependencies. See Figure S2.2 for system dynamics between samples and variable descriptions.
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Conditional | labour, equipment, and herbicide costs depend on tillage (reduced till or no till) and
dependency | cover crop (rye or rye + clover or no cover) actions; seed depends on cover crop
actions

Trends 1. detailed annual planning budgets help producers make on-farm decisions about
labour, equipment, herbicide, and other costs (MSU-ES (2019), MSU-ES (2020))
2. tilling fields requires additional equipment, fuel, and labour expenses not in-
curred under no till action Falconer et al. (2016)

3. planting cover crops requires additional equipment, seed, and labour expenses
not incurred under no cover crop action (USDA-NRCS (2021))

Figure S2.2.a. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage.
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Conditional | soil porosity (constant) depends on tillage action (reduced till or no till)

dependency
Trends 1. Conventionally tilled soils had greater areal porosity, stained porosity, and large

flow-active pores than no till soils (Lipiec et al. (2006), Sasal et al. (2006))

2. No till soils have more pores between 30 and 500 um diameter than tilled soil

(Pagliai and De Nobili (1993))

3. No till soils have less macroporosity than tilled soils due to compaction (Sasal et

al. (2006))

Figure S2.2.b. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | baseline cover crop biomass depends on cover crop action (rye; rye + clover; no
dependency | cover) sample one and sample five cover crop biomass depends on the enzyme
activity (ratio of B-glucosidase to -N-acetylglucosaminidase; fG:BNAG) at —1

(cover crop biomass measured at f = 1 and 5 only)
Trends 1. cover crops leave dead organic matter on soil

2. BG:BNAG represents bacteria metabolic activity for acquiring carbon by pro-
ducing enzymes that degrade organic matter (Moorhead et al. (2013), Xu et al.

(2020))
3. higher BG:BNAG suggests increased C limitation as organic matter (here cover
crop residue) decays (Moorhead et al. (2013))

Figure S2.2.c. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from

SOC storage. continued
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Conditional | volumetric moisture depends on soil porosity, rainfall, and cover crop biomass
dependency | (measured at =1 and 5 only)

Trends 1. soil water storage and infiltration rates enhanced by large flow-active pores (Li-
piec et al. (2006), Sasal et al. (2006))
2. soil pores with diameter between 30 and 500 um promote soil-water-plant rela-
tionships (Pagliai and De Nobili (1993))
3. soil with cover crop residue had higher moisture content compared to bare soil
(Acharya et al. (2019), Gabriel et al. (2021))
4. mulch on soil inhibits evaporation and increases soil moisture (Onwuka and
Mang (2018))

Figure S2.2.d. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | soil temperature depends on volumetric moisture

dependency
Trends 1. increasing soil moisture decreased soil temperature, and vice versa, (inverse
proportional relationship) (Al-Kayssi et al. (1990), Lakshmi et al. (2003), Zhang et
al. (2020))

2. moist soil has a higher heat storage capacity than dry soil because moist soil
absorbs more solar energy than dry (Al-Kayssi et al. (1990))

Figure S2.2.e. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | baseline fungal abundance (18s) depends on soil temperature and pH; 18s at ¢ de-
dependency | pends on soil temperature and pH at 7 and 18s at -1

Trends 1. fungal abundance increases with decreasing soil pH (Rousk et al. (2009), Xu et
al. (2020))
2. optimal fungal growth rate range of 25-30°C; fungi more adapted to low tem-
perature than bacteria (Pietikdinen et al. (2005))
3. fungal abundance and community structure were stable in space and time in farm
(Gschwend et al. (2020), Pereira e Silva et al. (2012)), grassland, and forest soils
(Gschwend et al. (2020))

Figure S2.2.f. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | the bacteria community depends on the relative abundance of pathogen, cbbL, B-
dependency | glucosidase (8G), and B-N-acetylglucosaminidase (BNAG) bacteria in the baseline
system state and samples —1 and ¢

Assumption | All soil bacteria function in nutrient cycling. Here we focus on only those func-
tions involved in carbon cycling (organic matter decomposition, carbon fixation)
and crop health (pathogens). Some bacteria produce enzymes for organic matter
decomposition, have the cbbL carbon fixing gene, and are plant pathogens. We
assumed that decomposition, fixation, and crop health dynamics would be better
modelled by focusing on the relative abundance of bacteria that function in those
systems.

Figure S2.2.g. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | the relative abundance of pathogen and cbbL-bacteria at the baseline system state
dependency | depends on soil temperature and pH; the relative abundance of pathogen, cbbL, B-
glucosidase (BG), B-N-acetyl-glucosaminidase (BNAG) bacteria at sample one (or
1) depends on soil temperature and pH at sample one (or 7) and the baseline (or t—1)
bacteria community

Trends 1. bacteria abundance decreases with decreasing soil pH (Rousk et al. (2009), Xu
et al. (2020))

2. bacteria communities in agro-ecosystems are assembled along temperature and
pH gradients (Jiao and Lu (2020))

3. optimal bacteria growth rate range of 25-30°C; bacteria more adapted to high
temperature than fungi (Pietikédinen et al. (2005))

4. bacteria abundance and community structure were stable in space and time in
farm (Gschwend et al. (2020), Pereira e Silva et al. (2012)), grassland, and forest
soils (Gschwend et al. (2020))

Figure S2.2.h. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | the activity of enzymes f-glucosidase (8G) and f-N-acetyl-glucosaminidase
dependency | (BNAG) depends on the relative abundance of G and BNAG bacteria and the
soil temperature and pH

Assumption | the relative abundance of BG and BNAG bacteria depends on soil temperature and
pH (Pietikiinen et al. (2005)), but G and BNAG function optimally in temperature
and pH ranges. We assumed that organic carbon (C) cycling is more dependent on
enzyme function than the relative abundance of bacteria that produce those enzymes
Trends 1. BG has low optimum pH, and BG activity decreased with increasing pH in
agricultural soils (Xu et al. (2020))

2. higher BG:BNAG suggests increased C limitation as organic matter decays
(Moorhead et al. (2013))

Figure S2.2.i. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | the ratio of enzymes f3-glucosidase (8G) and -N-acetyl-glucosaminidase (BNAG)

dependency | depends on the activity of G and BNAG and the soil carbon to nitrogen ratio (C:N)
Trends 1. BNAG activity increases with increasing C:N in agricultural soils (Xu et al.

(2020))

3. BG decomposes cellulose, BNAG decomposes chitin (Mori et al. (2021))

2. BG:BNAG is high (more BG) when cover crops (cellulose carbon source) are

added to soil and decreases (more BNAG) with decomposition as carbon (from

cellulose) is incorporated into microbial biomass and microbes switch to chitin as

a carbon source (Mori et al. (2021))

Figure S2.2.j. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | soil carbon to nitrogen ratio (C:N) at baseline and at samples one and five depends
dependency | on cover crop biomass and the amount of organic C; soil C:N at samples two, three,
and four depends on the amount of organic C at 7 and the ratio of -glucosidase
(BG) to B-N-acetyl-glucosaminidase (BNAG) at 11

Assumption | Cover crops (cellulose C source) change the C:N ratio and BG:BNAG responds to
changing C:N at time ¢ (see Trends). We assume that the remaining cover crop
biomass at r = 2, 3, 4 (not measured) is represented by the C:N ratio at #+1, which
depends the decomposition of organic matter (including cover crops) at ¢

Trends 1. soil with cover crops have higher C and N concentration than soil without cover
crops; clover cover crops add more N to soil than rye (Sainju et al. (2002))

2. rye cover crops maintained soil N at higher concentration than in no cover soil
up to mid-growing season (Snapp and Surapur (2018))

3. BG decomposes cellulose, BNAG decomposes chitin, and the ratio changes with
organic matter (more enzG at high cellulose) decomposition (Mori et al. (2021))

Figure S2.2.k. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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soil pH at sample one (or ) depends on the baseline (or #—1) soil carbon to nitrogen

Conditional
dependency | ratio (C:N); baseline soil pH depends on baseline conditions
Trends 1. the rate of organic matter decomposition (i.e., BG and BNAG activity) deter-
mines the concentration of hydrogen and basic cations in the soil, which determines

the pH (Zhao et al. (2021))

Figure S2.2.]. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from

SOC storage. continued
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Conditional | the abundance of the chbL carbon fixing gene depends on the relative abundance of
dependency | bacteria that have the cbbL gene

Trends 1. bacteria with the ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO)
large subunit coding gene (cbbL) are abundant and widespread in soil (Selesi et al.
(2007))
2. agricultural soil with high bacteria diversity and high abundance of carbon
dioxide-fixing bacteria have many cbbL gene copy numbers (Yousuf et al. (2012))

Figure S2.2.m. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | soil organic carbon (C) at sample one (or #) depends on the abundance of the chbL
dependency | carbon fixing gene, the baseline ratio (BG:BNAG) of B-glucosidase (BG) and -
N-acetyl- glucosaminidase (BNAG), and the baseline (or —1) CO; flux

Trends 1. the cbbL gene fixes CO, into microbial biomass carbon (MBC) (Selesi et al.
(2007)), and MBC is included in soil organic C

2. soil organic C content was higher in soils with higher G and BNAG activity
(Xu et al. (2020))

3. microbes release CO, to the atmosphere when metabolizing food to energy (or-
ganic matter decomposition), and soil organic carbon is an energy source for mi-
crobes (Castro Lopes et al. (2013))

4. enzG:enzNAG indicates the stage of cellulose and chitin decomposition (Mori
et al. (2021)), which forecasts the rate of organic C incorporation into microbial
biomass carbon (included in organic C)

Figure S2.2.n. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | carbon dioxide (CO,) flux depends on metabolic activities (respiration) of fungi
dependency | (18s) and bacterial communities at ¢

Assumption | Bacteria metabolism drives nutrient cycling including organic matter decomposi-
tion. "Indicator enzymes" monitor the activity of all enzymes that decompose the
same substrate (Moorhead et al. (2013)). We monitored f-glucosidase (G; de-
grades cellulose) and B-N-acetyl-glucosaminidase (BNAG; decomposes chitin) but
did not include enzyme activity for other substrates. Therefore, we use the overall
bacteria community as a proxy for CO, flux and assume that using only G and
BNAG activity would underestimate the amount of C lost from the soil through
respiration.

Trends 1. CO;, is a proxy for microbial activity (Moorhead et al. (2013), Pietikdinen et al.
(2005))

Figure S2.2.0. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued

17



crop
health

plant
pathogens
baseline system state

or t-1

sample one

sample two
sample three
sample four

health

plant
pathogens

sample five

crop
yield

Conditional

crop health at baseline depends on pathogen bacteria; crop health at samples one to
dependency

four and crop yield at sample five depend on carbon dioxide flux (CO,) flux (proxy
for metabolism) and relative abundance of pathogen bacteria at r—1
Trends

1. plant pathogens reduce crop health and yield (Ficke et al. (2018))

3. CO; flux depends on the metabolic activities and nutrient cycling by fungi and
bacteria (Moorhead et al. (2013))

3. crop yield increased with increasing microbial respiration and activity (Castro
Lopes et al. (2013))

3. more nutrients (i.e., higher CO, flux) linked to healthy soil and more yield (Kiboi
et al. (2021), Nunes et al. (2018))

Figure S2.2.p. Trends and possible mechanisms underlying conditional dependencies in the conceptual
BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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Conditional | overall utility depends on net yield utility (yield income minus expenses) and net
dependency | carbon credit utility (carbon stored and lost over season)

Trends 1. producers use detailed budgets to estimate monthly and annual income from
yield net of expenses (MSU-ES (2019), MSU-ES (2020))
2. producers can increase annual wages by entering the carbon free market and
selling carbon credits for net carbon stored (Jackson Hammond et al. (2021))

Figure S2.2.q. Trends and possible mechanisms underlying conditional dependencies in the conceptual

BDN linking tillage and cover crop actions to net yield utility (crop health) and carbon credit utility from
SOC storage. continued
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