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Abstract

Cover crops, or the practice of adding an unharvested crop to an annual crop rotation, are increasing in
popularity and widely recommended to help retain soil, water, and nutrients on agricultural land.
However, the ability of cover crops to improve soil health and sequester soil C remains unknown. The
difficulty of establishing productive cover crops in northern climates creates additional incentive to
investigate the effects of cover crops on the C cycle in northern systems. Cover crops are thought likely
to increase soil C because they add diversity in C inputs and increase the total growing season, but the
magnitude and probability of this effect in different systems is critical for informing our understanding
of cover crop efficacy and making recommendations to growers. In addition, cover crops may impact
biogeochemical cycling and soil processes via changing the abiotic environment. Motivated by the need
for detailed evidence of cover crop efficacy at multiple scales, | combined field-based evaluation of
cover crop effects on the C cycle with an investigation into mechanisms of C storage under varying

abiotic conditions.

In Chapter 1, my co-authors and | review the state of cover cropping in the North Central U.S. and
suggest that expectations of cover crops be restrained to the proven benefits related to water, soil, and
nutrient retention. We review establishment constraints and variability in production to argue that
cover cropping in northern climates requires specific agronomic systems and “buy-in” from farmers and

government agencies.

In Chapter 2, we evaluated the net ecosystem C balanced (NECB) of maize-cover crop systems. We used
a biometric approach to evaluate whether rye or bluegrass cover crops with grain or silage maize
increased the total C inputs of net primary productivity (NPP) or removal as harvested yield or
heterotrophic respiration (Ri). We found that grain maize’s NECB hovered near zero, suggesting that

with or without cover crops the systems had marginal ability to increase soil C. Silage maize’s NECB was



always negative, despite lower maize residue allowing for five-fold greater rye. Bluegrass grew equally

well under maize or silage, but depressed silage yield. Cover crops did not affect annual Rp.

In Chapter 3, we examined whether cover crops affected other components of the C cycle. | carried out
a litterbag experiment to evaluate whether cover crops changed the rate of maize residue
decomposition or soil or litter microbial decomposer community. After 4 years of cover cropping |
analyzed particulate organic matter (POM) and potentially mineralizable C (PMC) as indices of active C,
which may be increased by cover crop root exudates and microbial stimulation. We found that cover
crops did not alter soil or litter microbial composition according to shotgun metagenomics or maize
residue decomposition rate, which is an important management consideration for northern farmers. We
observed increases in PMC and POM-C with cover crops, which were correlated with total NPP,

confirming that active C pools may be more sensitive to management and C input increases in particular.

In Chapter 4, we report findings of a laboratory incubation evaluating whether temperature and
moisture effect on physical protection of decomposing plant litter C. Cover crops and other agronomic
management may affect soil temperature and moisture yet we have little understanding of how these
conditions shift not just the rate of C mineralization, but the fate of C not mineralized. | traced plant
litter C into aggregate fractions over six months of incubation, and evaluated microbial community,
biomass, enzyme activity and aggregate C compounds. We found that higher temperatures increased C
mineralization, shifted bacterial composition, and decreased efficiency of conversion of litter C to soil C,
but dry conditions increased soil aggregation. This novel result emphasizes that whilethe temperature
regime may drive microbial C mineralization, the moisture regime may drive physical protection and

long-term stability of soil C.
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Chapter 1: What do we know about cover crop efficacy in the North Central U.S.?

1.1 Introduction

Recent meta-analyses about the efficacy of cover crops predict increased a) soil organic matter (Poeplau
and Don 2015), b) arbuscular mycorrhizal fungi colonization (Bowles et al. 2017), and c) nutrient
conservation (Quemada et al. 2013, Kladivko et al. 2014, Han et al. 2017), all while improving (with
legume cover crops), or at least not reducing (with grass cover crops), main crop yields (Tonitto et al.
2006, Marcillo and Miguez 2017). These analyses broadly support cover crop adoption, and both survey
and satellite data suggests that cover crop use in the North Central U.S. is increasing (Werblow 2015,
Hamilton et al. 2017, Seifert et al. 2018). However, many studies show no benefit of cover crops
(Poeplau and Don 2015, Han et al. 2017), and economic analyses show greater expenses and risks with
cover crops (Pratt et al. 2014, Roth et al. 2018), so it is critical to clarify what costs and benefits may be
expected in varying circumstances. Rather than expecting global benefits to mirror mean effect, we
should take into account differences in cropping systems and climate to predict cover crop efficacy and

set growers confidently on the lowest-risk path to success (Snapp et al. 2005, McLellen et al. 2018).

Here, we focus on the North Central U.S., a highly productive agricultural region with substantial
constraints on cover cropping systems. First, we address establishment opportunities and constraints in
the most common agricultural systems of the North Central U.S. to realistically depict cover crop
systems in this area. Second, we evaluate the predicted benefits and costs of the typical cover crop
scenarios. In conclusion, we use this information to re-frame approaches for promoting cover crops in

the North Central U.S. in the hope that this will improve cover crop efficacy.

1.2 Establishment opportunities and constraints
In the northern U.S., options for establishing a successful cover crop are constrained by weather and

prevailing crop rotations. Corn and soybean crops cover about 75% of agricultural land in the North



Central U.S. (US Department of Agriculture 2012). Cover crops are usually planted after fall harvest of
cash crops, which provides a relatively small window for growth before the onset of cold temperatures.
After harvest of corn grain and soybean, soil temperatures are only consistently favorable for
germination and growth of winter rye (Figure 1, (Natural Resources Conservation Services (NRCS) n.d.,
USDA National Agricultural Statistics Service 2010)). While winter rye is effective at reducing nitrate
losses and erosion, legume cover crops are more likely to increase yield of the following crop (Ruis et al.
2017, Marcillo and Miguez 2017, Gillette et al. 2018). More time for cover crop establishment is
afforded by rotations that incorporate corn silage, vegetable processing crops, or a summer-harvested
small grain like winter wheat, but wheat and silage represent a small fraction of cropland compared to
corn and soybean (USDA National Agricultural Statistics Service 2010, US Department of Agriculture

2012, Seifert et al. 2018).

Poor establishment conditions and shorter cover crop growing seasons reduce cover crop productivity.
Unsurprisingly, mean annual temperature and accumulated growing degree days were positively
correlated to cover crop biomass production (Poeplau et al. 2015, Burger et al. 2017), and water
availability and soil seedbed conditions dictated cover crop emergence (Constantin et al. 2015,
Tribouillois et al. 2018). Strock et al. (2004) estimated that favorable conditions for establishing and
growing rye after corn occurred only 25% of the time based on 41 years of weather data from
Lamberton, MN. Farmers are already aware of this climatic reality: cover crop use in Michigan,
Wisconsin and Minnesota lags behind that in lllinois, Indiana, and Ohio, and is less likely to persist for

multiple years (Seifert et al. 2018).

In order to lengthen the cover crop growing season, cover crops may also be established in standing
cash crops via broadcasting (aerial or high-clearance equipment) or drilling (during early crop growth)
shade-tolerant cover crop species. Bich et al. (2014) and Blanco-Canqui et al. (2017) successfully drilled

and established red clover, annual ryegrass, and a wheat/clover mix into corn at the V5 stage without



sacrificing corn yield. Late-season aerial seeding practices are still being refined and may require high-
clearance equipment or hiring custom operators. Residue buildup under conservation tillage may limit
seed-to-soil contact under broadcast seeding scenarios, making drilling a more effective option for

establishment of cover crops (Bich et al. 2014).

1.3 Cover crop benefits

Globally, cover crop biomass production is the foundation for improving many ecosystem services. For
example, Finney et al. (2016) showed that N retention, weed suppression, and main crop biomass
production were proportional to cover crop biomass production and tissue C:N ratio. Greater cover crop
biomass generally leads to lower nitrate concentrations in tile drainage (Strock et al. 2004, Kaspar et al.
2012), greater cover crop N retention (Lacey and Armstrong 2015, White et al. 2017), and higher soil N
concentrations (Barel et al. 2018). Spring growth was particularly important for increasing mean weight
diameter of soil aggregates, a metric of soil structure and erodibility (Ruis et al. 2017) and reducing
nitrate leaching (Alonso-Ayuso et al. 2018). Biomass production by cover crops varies widely (Basche et
al. 2014, Ruis et al. 2017, Blanco-Canqui et al. 2017, Marcillo and Miguez 2017), so it is likely that

growers experience a wide variation in benefits.

The relationship between cover crop biomass and benefits varies by benefit, and is likely to plateau at
intermediate levels of cover crop biomass (Figure 2, Finney et al. 2016). Erosion benefits may plateau at
lower biomass levels than other benefits. Runoff decreases with cover crops in a variety of conditions
and we assume that full surface coverage would maximize this benefit, although cover crop root
morphology can also affect hydraulic conductivity (Wendt and Burwell 1985, Zhu et al. 1989, Martin and
Cassel 1992, Blanco-Canqui et al. 2013, Yu et al. 2016). Greater cover crop biomass may be required to
build soil organic matter: this effect is variable across studies, illustrating a high degree of site-specificity

(Sainju et al. 2015, Basche et al. 2016, Ruis et al. 2017, Blanco-Canqui et al. 2017, Marcillo and Miguez



2017). When specifically assessing soil C, the positive effects of cover crops were evident in some within-
field topographic positions, but not others (Ladoni et al. 2016, Beehler et al. 2017), or only in particulate
organic C (Snapp and Surapur 2018). This variability likely stems from differences in extant soil C pools
and the ability of cover crops to protect these pools which is a function of cover crop productivity
(Beehler et al. 2017). Main-crop yield response to cover crop biomass depends on the cover crop
species, and includes negative responses if cover crops outcompete the main crop for space, light,

water, and/or N. (White et al. 2017, Marcillo and Miguez 2017).

Retention of N by cover crops, of critical importance to improving water quality in agricultural
landscapes, is facilitated by uptake of residual N during the cover crop growing season, followed by slow
release of this N during decomposition of cover crop residues (Lacey and Armstrong 2015). Depending
on timing of release, this can be a source of N for the main crop (Gentry et al. 2013). In addition,
increased ground cover slows runoff during spring and fall rain events compared to bare fallow systems,
which maintains clay-associated organic matter in place and reduces losses of soil organic matter and P
(Zhu et al. 1989, Rhoton et al. 2002, Yu et al. 2016). These functions begin to occur even with low levels
of cover crop biomass (Schipanski et al. 2014, Finney et al. 2016). Water quality in natural systems is a
high priority across the Midwest and the expense of removing nitrates from drinking water is a burden
on many municipalities (Minnesota Pollution Control Agency 2014, lowa State University 2017). Cover
crops can be a cost-effective water quality improvement option, especially when used strategically to
address areas with identified nitrate leaching within the recharge area of a well or with identified
problems from runoff/erosion contributing excess nutrients to surface water (Thomas et al. 2014,

Kladivko et al. 2014, Roley et al. 2016, Ward et al. 2018).

1.4 Cover crop costs



Cover crop expenses generally include seed, planting, termination, and any reduction in main crop
profit. Expenses associated with cover crops may be offset by 1) cost-sharing from local, state, and/or
federal agencies, 2) reducing the need for fertilizer by increasing the supply of N to the cash crop
(although farmers do not always do reduce fertilizer N accordingly (Pratt et al. 2014)), 3) using cover
crop biomass for animal forage, or 4) increasing the quantity of main-crop residue available for harvest
(Pratt et al. 2014, Roth et al. 2018). Cost-sharing for cover crops has increased across the U.S. since
2008, with greatest gains in Indiana, and Ohio (Seifert et al. 2018). While economic analysis of
agronomic benefits and soil improvements shows a positive mean return for producers, the chance of
losing money on cover crops ranges from 0 (with legumes and legume mixtures) to 77% (with oilseed
radish) (Pratt et al. 2014). This stems from the high variability in cover crop biomass production

discussed above and is likely a primary concern to farmers.

An average decrease in leaching, or an increase in yield, may be less important to the farmer decision-
making process than the risk of main-crop failure. Risk of reduced main-crop yield when using cover
crops is protected by the Federal Crop Insurance Program, if termination occurs in accordance with
NRCS policies, which vary regionally based on water availability. Although grazing or haying a cover crop
was the only system in which growers experienced positive net returns on cover crops in lowa (Plastina
et al. 2018), using cover crops as forages may be restricted by cost-sharing regulations, which presents a
tradeoff between flexible management and reduced risk (Natural Resources Conservation Services
(NRCS) 2014, Bergtold et al. 2017). Advanced cover crop users are often interested in shorter-season
main-crop cultivars, alternative cover crop species, and work on marginal farmland, and while
management experiments may complicate the use of cost-sharing, farmers claim greater benefits in
main crop yield and soil health (Basche and Roesch-McNally 2017). More research is needed to establish
best management practices for grazing and haying cover crops, especially the minimum quantity of

biomass preserved in-field to prevent erosion and reduce nitrate leaching (likely a moving target based



on soil, climate and cropping system, e.g., Johnson et al. 2014). Given the low profit margins for corn
and soybean systems (U.S. Department of Agriculture 2018), it is critical that cost-sharing supports
farmers who wish to use practices like cover crop interseeding and grazing to shift towards more

resilient agroecosystems.

1.5 Conclusions: Reframing cover crop programs in the North Central U.S.

Incorporating cover crops into agroecosystems in the North Central U.S. should be predicated on site-
specific recommendations and supported by cost-sharing from federal, state and local agencies. We
have long relied on farmers to act as stewards of a treasured communal resource while extracting their
livelihoods from that same resource — the soil. This tension leaves farmers with a dilemma: should they
experiment with cover crops and diversified rotations in hopes of improving soil health? Or, should they
seek to maximize profits and minimize risks? In addition, much of the prime farmland in the U.S. is not
farmed by the owners, so a long-term perspective on improving soil is often lacking. Cover crops
represent a management tradeoff with a time lag: the farmer incurs an immediate risk while society
may benefit in the long term. Cost-sharing has the effect of increasing cover crop area (Gonzalez-
Ramirez et al. 2015), and if society values clean water and soil health, it is critical that we continue to
share the risk of cover crop production with the farmer. Other options for improving water quality such
as wetland establishment and two-stage ditches can be more cost-effective in the long term (Roley et al.
2016), but cover crop adoption has lower immediate costs and keeps farmland in production, so that
farmers become partners in conservation. Promotion of cover crops should be founded on creating
conditions for maximizing cover crop growth (e.g., planting after early main-crop harvest or investing in
early seeding). Benefits and risks will be significantly affected by climate and edaphic variability. Further
research is needed to ascertain whether benefits accrue when biomass production is low, as well as the

likelihood of experiencing cover crop benefits in each crop rotation under diverse weather conditions.



Finally, governmental programs incentivizing and supporting cover crop adoption are critical to maintain

societal “buy-in” on practices intended to improve common resources.
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1.8 Figures

Figure 1. Minimum soil temperature at 0-5 cm (°C) during harvest period in top corn- and soybean-
growing states. Vertical gray boxes represent the harvest period for most grain state-wide.
Horizontal lines represent germination temperatures of clover (----++), brassica (- - - - - ), and rye (——
—) cover crops (10, 7.2, and 1.1 °C). Temperature data represents a mean of all available years from
the weather stations located at Mason, IL, Ames, IA, Crescent Lake, MN, Dexter, MO, and Rodgers
Farm, NE (NRCS Soil and Climate Analysis Network, accessed 12/1/2017). Harvest period

determined from USDA National Agricultural Statistics Service (2010).
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Figure 2. Conceptual diagram of how various environmental benefits accrue in relation to cover crop

Benefit

biomass, partially based on data from Finney et al. (2016) as well as literature review.
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Chapter 2: Cover crop effects on net ecosystem carbon balance in grain and silage maize

Published in Agronomy Journal, Crop Residue Workshop Special Issue 2018. Doi:
10.2134/agronj2018.01.0045

2.1 Abstract

Cover crops have potential to increase net ecosystem C balance (NECB) and subsequent accrual of soil
organic C (SOC) by lengthening the growing season in annual agriculture. By measuring net primary
productivity (NPP) and C lost to harvest and heterotrophic respiration (Ry), our objective was to evaluate
NECB of annual (winter rye, Secale cereale L.) and perennial (Kentucky bluegrass, Poa pratensis L.) cover
crops compared to no cover crop control in continuous maize (Zea mays L.) harvested for either grain or
silage. There was no effect of cover crop on NECB, but grain maize NECB was greater than silage (32 vs -
433 g C m), indicating greater SOC sink when maize residue was retained. Rye was more productive in
silage (147 g C m2) compared to grain (32 g C m™). Rye increased total belowground NPP in silage maize
(rye: 326, no cover: 275, bluegrass: 268 g C m™2) but bluegrass decreased aboveground NPP in grain (rye:
1079, no cover: 1179, bluegrass: 1026 g C m™2) and silage (rye: 1037, no cover: 1025, bluegrass: 864 g C
m-2). Yield was lower under bluegrass (781 g C m2) than no cover (962 g C m™) in silage. Losses of C to R
varied by year, but not by harvest or cover crop. While cover crops may provide multiple benefits to

farmers and society, their capacity to directly increase SOC may be low.

2.2 Introduction

The ability of agroecosystems to increase SOC depends on NECB—the difference between C fixed from

the atmosphere into biomass (NPP) and C returned to the atmosphere as Ry or removed through
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harvest. Positive NECB values indicate an ecosystem is a net C sink, while negative values indicate an
ecosystem is a net C source to the atmosphere (Russell et al. 2009, Oates and Jackson 2014). Seasonally,
sufficient precipitation and heat for productive crops also increase Ry, so C inputs and outputs from the
system increase concurrently. However, agricultural management may also affect C fluxes, usually to the
detriment of SOC accumulation. For example, tillage exposes SOC in soil aggregates to heterotrophic
microbes, which stimulates Ry, (Six et al. 1999, Grandy and Robertson 2006, Stewart et al. 2017).
Fertilization with inorganic N can stimulate NPP, but it also alters the microbial community structure and
sometimes increases decomposition of SOC (Dijkstra et al. 2005, Grandy et al. 2013, Oates et al. 2016).
Harvesting maize residue for cellulosic bioenergy production or maize silage represents a potential loss
of SOC because maize residue inputs can be critical for soil C (Liska et al. 2014, Johnson et al. 2014).
Estimating NECB under various management scenarios allows for site-specific comparison of

management effects on long-term C storage potential.

Agroecosystem NPP may be increased by growing cover crops outside the cash crop growing season (i.e.
Hubbard et al., 2013). Moreover, cover crops may confer many benefits to farmers and the environment
such as reduced nitrate leaching (Kladivko et al. 2014) and soil erosion (Blanco-Canqui et al. 2015),
increased nutrient availability and crop yield (Piotrowska and Wilczewski 2012, Gentry et al. 2013,
Maltas et al. 2013, Varela et al. 2014), and soil C sequestration (Sainju et al. 2002, Poeplau and Don
2015, Poeplau et al. 2015). Despite the evidence for environmental benefits, cover crops were planted
on <30% of potentially available land in 2012, so barriers to adoption remain (Hamilton et al. 2017).
Cover crops can be difficult to establish following grain maize harvest in the North Central U.S., leading
to less cover crop biomass and other expected ecosystem services (Finney et al. 2016). Farmers in this
region have adapted by planting cover crops following soybeans, wheat, and silage maize in rotation,
and relying more heavily on winter cereal cover crops such as rye rather than leguminous cover crops.

Research specific to these cropping systems, as well as technical assistance and more information on
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successful cover crop use, may increase farmer interest and adoption (Arbuckle and Roesch-McNally

2015), with potential for widespread environmental benefits (reviewed by Blanco-Canqui et al., 2015).

The effects of cover crops on the NECB of agricultural systems was neutral in maize-soybean and wheat-
soybean rotations (Baker and Griffis 2005, Gebremedhin et al. 2012), but has not been investigated with
cover crops planted after maize. This is particularly relevant as interest in cellulosic bioenergy
production increases, incentivizing more maize planting and residue harvest (Mehaffey et al. 2012, Lark
et al. 2015). Cover crops may be able to help stabilize soil and provide organic C inputs to offset C lost to
harvest (Pratt et al. 2014, Jones et al. 2018). Given low potential for SOC accumulation in annual
agricultural rotations of the U.S. Corn Belt (Zeri et al. 2011, Sanford et al. 2012, Cates and Ruark 2017,
Collier et al. 2017, Abraha et al. 2018), more research on whether cover crops increase the NECB of corn
agroecosystems is needed. Multi-year studies of the NECB of cover crop systems are necessary to
evaluate the conditions when cover crops have a positive impact on NECB and subsequently create
conditions favorable for SOC accumulation. Land managers and policy makers can take this information
into account when deciding where and how to incorporate and incentivize cover crops into maize

systems.

We applied management practices common in the northern Corn Belt of the U.S. to rye and bluegrass
cover crop systems for three years on a prairie-derived Mollisol in southern Wisconsin. Our objectives
were to investigate a) how incorporation of a cover crop into no-till maize affects the NECB (including
NPP, Ry, and yield) of the system and b) how harvest for grain maize compares to silage maize in NECB,
crop yield, and cover crop success. We hypothesized that cover crops would increase NPP, harvested
yield of grain or silage maize, and Ry, and that NECB would be greater when cover crops were used. We

also hypothesized that silage maize would allow for greater cover crop establishment and productivity.

2.3 Materials and methods
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2.3.1 Experimental design

Our plots were part of the Department of Energy-Great Lakes Bioenergy Research Center’s Bioenergy
Cropping Systems Experiment located at the Arlington Agricultural Research Station in Arlington, WI
(43°17°45” N, 89°22'48” W and 315 m asl), previously described in Sanford et al. (2016). The
predominant soil series is a Plano silt loam (fine-silty, mixed, superactive mesic typic Argiudolls), which
developed from loess over glacial till. At 0 to 10 cm, SOC was 22 mg kg™, available P and K were 151 and
189 mg kg?, and exchangeable Ca and Mg were 1578 and 458 mg kg™. Soil profiles were characterized
thoroughly in Sanford et al. (2016). The experiment was a randomized complete block split-plot design
(n=5 blocks). Whole-plots (silage maize or grain maize) were 27 x 43 m (0.12 ha) with 12-m alleys
between adjacent plots and split-plots (rye, bluegrass, or no cover crop) were 27 x 12.2 m (0.03 ha) with
3-m alleys between split plots. Thirty-year (1981 to 2010) mean annual precipitation was 869 mm and
mean annual temperature was 6.9 °C. For study years 2015 to 2017, annual precipitation was 993, 987,

and 855 mm and mean temperature was 8.1, 8.8 and 8.2 °C, respectively.

2.3.2 Crop management

Treatments were applied with “best management practices” for the crop in question, thus the timing of
maize harvest, strip-tilling, and cover crop maintenance varied among treatments. Rye was drilled
following maize harvest and terminated with glyphosate (Durango ® DMA ®, Dow AgroSciences,
Indianapolis, IN) at 3.2 L hat immediately prior to maize planting the following spring. Rye seeding rates
were higher in grain maize than silage maize, to compensate for planting through residue, but varied
based on planter operator each year (Table 1). Bluegrass was drill-seeded three times in the first 18
months of the study to establish the stand (Table 1). In 2016 and 2017, bluegrass was sprayed with a
non-lethal dose of glufosinate-ammonium at maize planting to minimize competition with maize

growth. In silage maize treatment, plots were strip-tilled after harvest in the fall. In grain maize
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treatment, plots were strip-tilled prior to maize planting in the spring. The maize hybrid P0448R was
drill-seeded into all plots in early May at 83,980 seeds ha™. Silage maize was harvested at ~60% moisture
in mid-September while grain was harvested in late October. Ground cover for cover crops was
estimated by evaluating photos taken from 1 m above the ground in three locations per plot, for the
proportion of pixels that were green (Richardson et al. 2001). Success of cover crop establishment was
determined by photographic analyses of cover each spring and varied by year and maize system (Table

1).

2.3.3 Estimating NPP

We estimated NPP by collecting biomass at crop physiological maturity as described in Sanford et al.
(2016), or, in the case of rye, immediately before termination in early May. A 1-m? quadrat was placed
randomly in each plot, and all aboveground biomass was clipped. Maize belowground biomass was
removed to 15-cm depth within the 1-m? plot. Bluegrass and rye belowground biomass was estimated
by taking five 5 x 15-cm deep root cores per plot. All root samples were kept cool until hand washing
over a 0.5-mm sieve. Soil cores have been shown to capture two times the fine root biomass of ingrowth
cores, increasing our confidence of fully representing bluegrass and rye BNPP (Ostonen et al. 2005). In
bluegrass plots, root samples were collected throughout the year, while rye roots were only sampled at
peak biomass. As perennial grass roots turn over throughout the growing season but some roots persist
for multiple years (Fransen and De Kroon 2001), bluegrass annual root growth was estimated as the
difference between peak root biomass and root biomass at the first spring sampling. All aboveground
and root biomass was dried at 50 °C for 24 h, weighed, ground, and analyzed for C and N content, except
a mean value of maize grain C (42.9 g g!) was used for all years and all samples. Adjustments to
measured BNPP were made based on literature values: root exudation as 42.9% of ANPP in cover crops
(Austin et al. 2017) and 11% of total NPP in maize (Jones et al. 2009); root turnover at 53% in cover

crops based on an estimate for grasslands (Gill & Jackson 2000); and all BNPP was corrected for depth
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based on an assumption that 66% of all roots were found at the measured depth of 15 cm (Jackson et al.

1996).

2.3.4 Estimating Rs

We used infra-red gas analyzers (IRGAs, LiCor 6400-09 soil CO; flux chamber, Lincoln, NE) to estimate Rs
about twice monthly in periods when soil was not frozen (March through November). Soil temperature
and moisture at 15-cm depth were measured at the same time using a temperature probe and time
domain reflectrometry, respectively (FieldScout TDR 350, Aurora, IL). Chambers consisted of 5-cm tall,
10.2-cm inner-diameter polyvinyl chloride collars inserted 2 cm into the soil between maize rows to
maximize representation of the different cover crop environments. Living cover crops were folded when
possible and clipped if necessary (Collier et al. 2016). Two or three Rs measurements per plot were made
within a 24-h period between 10:00 and 16:00. While diurnal variation in R can be significant at this site
(x20% of the daily mean in June, von Haden, unpublished data), 75% of our measurements took place
between 10:00 and 13:00, when R; variation was <10%. Overall, our measurement timing may have
overestimated R;, so we included corrections for diurnal variability for months where some site-specific
estimates of Rs variability were available (von Haden 2017). Corrected calculations did not reduce
variability in the cumulative R; or qualitatively shift interpretation of results so uncorrected R estimates

were used since we did not have diurnal corrections for many of the months in which we sampled.

We estimated Ry accounting for phenological development of maize and cover crops. For example, prior
to maize planting Rn/Rs was assumed to be 1 in the no cover treatment since no plants were present. In
bluegrass and rye prior to maize planting, Rn/Rs was assumed to gradually decrease from 0.9 to 0.7
because of increased photosynthesis rates over the same period, not quite reaching the minimum Rn/R;
of 0.5 described in wheat (Suleau et al. 2011, Zhang et al. 2013) because of glyphosate application and

maize planting prior to maximum cover crop productivity. These assumptions were informed by root-
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exclusion estimates of Rn/Rs on maize and switchgrass plots in 2015 and 2016 at the same site (von
Haden 2017), taking into account lower productivity of cover crops compared to mature switchgrass
stands. All cover crop treatments were assumed to have the same Rn/Rs between maize canopy closure

and harvest, presuming that rapid maize growth dominated autotrophic respiration.

Cumulative Ry was estimated by linear interpolation between measurements, because temperature and
moisture measurements did not predict Ry rates and linear interpolation is the best simple algorithm for
gap-filling Rs (Gomez-Casanovas et al. 2013). Linear interpolation likely neglects peaks in Rs occurring
after fertilization, tillage disturbance, and moisture spikes, but we assumed these effects were similar
across treatments, and evidence shows that twice monthly sampling likely is within 10% of the best
estimate of R, (Savage et al. 2008). Testing the effect of the strongest possible positive bias on Ry, we
found that if cumulative Ry was decreased 10%, effects of cover crop and maize harvest were the same.
Overall NECB was greater when Ry was decreased 10% but NECB values with a sign change, indicating a
switch from C source to C sink, were not significantly different from 0. Given the low confidence we
have in estimating bias in R, because of seasonal changes in diurnal variation, and lack of significant
effect on interpretation, we have elected to report uncorrected means. Rates of R, were compared in
three seasons (pre-plant, maize growing, and post-harvest) determined by the maize planting and
harvesting date for each system and year to evaluate how the effects of cover crops on Ry rates varied

seasonally.

2.3.5 Calculating NECB

Net ecosystem carbon balance is different than net ecosystem production (NEP) in that it incorporates

management factors such as harvested biomass removal to the carbon balance. We calculated NECB as:

NECB = NPP — (Rn+ Harvest) (Eq 1)
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Where NPP is the sum of above- and below-ground NPP as described above, Rp is cumulative
heterotrophic respiration, and harvest is biomass removed at maize harvest. These calculations assumed
that NPP represented all C fixed into plant biomass. Note that we represent NPP as positive, and Ry and
harvest as negative, so a positive NECB signifies the system is a net sink of C and a negative NECB

signifies a net source of C to the atmosphere.

2.3.6 Statistical analyses

The effects of year, cover crops, and harvest treatments on ground cover, ANPP, BNPP, cumulative Ry,
maize harvest, and NECB were analyzed as fixed effects in a mixed effects model with block and
treatment X block as random effects. For Ry, rates, season replaced year as a fixed effect. If a significant
effect of treatment was found (P<0.05), separation of treatments by least squares means is presented.
Where interactions were significant, we focused on the effects of harvest or treatment within a year. All

analyses were conducted in R including the package emmeans (R Core Team 2016).

2.4 Results

Cover crop ground cover was greater under silage maize compared to grain maize (P<0.0001, Table 1),
but there was an interaction between harvest and cover treatment in total cover NPP (Figure 1, Table 2).
Rye NPP was greater under silage maize than grain (147.4 vs. 38.2 g C m?, P<0.0001) while bluegrass
NPP did not differ between harvest treatments (average bluegrass NPP 83.5 g C m, P=0.25, Table 2,
Figure 1). After 2015, rye was more productive than bluegrass under silage, but bluegrass was always
more productive under grain (P<0.0001). Maize dominated total productivity: cover NPP averaged 13%
of total NPP in rye with silage maize, 2% in rye with grain maize, 8% in bluegrass with silage maize and

6% in bluegrass with grain maize (Figure 1).

Grain maize had significantly increased NECB compared to silage maize (31.7 vs -434 g C m?, Tables 2

and 3). Significant interactions between year, harvest, and cover crop treatments on NECB resulted from
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annual variability in ANPP and BNPP, as well as yield and total R, (Table 2). In grain maize, bluegrass
increased NECB compared to rye in 2016 and no cover increased NECB compared to bluegrass in 2015
(Table 3). In silage maize, there was no effect of cover crop treatment on NECB, despite five-fold greater
rye NPP in silage than grain (Figure 1). Maize harvest treatment did not affect ANPP or BNPP. Bluegrass

depressed ANPP in 2015, and rye on average increased BNPP relative to no cover in silage (Table 3).

Silage maize yield was higher than grain maize yield across cover treatments and years (Tables 2 and 3).
Silage maize yield was significantly lower in bluegrass than no cover across years and in 2015 (Table 3).
We suspect that the non-lethal quantity of herbicide sprayed on bluegrass at maize planting in 2016 and
2017 mitigated the 2015 yield penalty imposed by the intercropped bluegrass. Silage maize yield with
rye did not significantly differ from no cover in any year, though it was generally slightly lower. Grain
yield did not differ by cover treatment, although grain yield with bluegrass was generally lower than no

cover.

Cumulative Ry only differed among cover treatments in 2016 silage maize (Table 3), when losses were
greater in rye than bluegrass, but there were significant interactions between harvest, cover and time of
year for R, rate (Table 4). In silage maize, Rn rate was greater under both cover crops than no cover
during the pre-plant period and maize growing season (Table 4, P<0.0001). No differences in Ry rate
were observed among cover treatments in grain maize. The highest Ry, rates were observed during the
maize growing season in all years and both harvest treatments, concurrent with the highest soil
temperatures of the year (Figure 2, Table 4, P<0.0001). Soil temperature was not different among cover
treatments but was greater in silage maize in the postharvest period, likely because the postharvest
period began earlier for silage maize. Soil moisture varied within and among growing seasons, and there

was no significant difference among treatments (data not shown).

2.5 Discussion
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We observed a tradeoff between cover crop productivity and NECB — cover crops were most productive
when maize was harvested as silage but removing most of the maize plant for silage made these
agroecosystems C sources to the atmosphere. A compromise may ensue whereby cover crop growers
harvest only a portion of silage maize or incorporate shorter-season grain maize hybrids or small grains
into rotations. However, cover crop productivity may be unpredictable and highly variable even under
ideal conditions due to the short growing seasons in the northern U.S (Strock et al. 2004). In our study,
rye NPP was in the range 1.3 to 430 g C m™, and in a three-year Nebraska study rye biomass was in the

range 0.023 to 3.35 Mg ha (Ruis et al. 2017).

High biomass variability leads to variation in cover crop effects on NECB and subsequent SOC
accumulation. Increases in cover crop biomass have been shown to increase weed suppression, N
retention, and N availability, but decrease cash-crop yield (Finney et al. 2016). This mix of costs and
benefits makes it difficult for growers to predict risk in relation to potential soil C benefits of cover
crops. Factors that appear to reduce risk include early seeding, early termination, using a mixture of
species including clover, and using the cover crop as forage for livestock (Kramberger et al. 2014,
Kladivko et al. 2014, Bich et al. 2014, Arbuckle and Roesch-McNally 2015, Blanco-Canqui et al. 2017).
lowa growers claimed that increased education and funding for initial cover crop experiments would
increase adoption, but until growers are confident that specific cover management and species mixtures
are low-risk in their systems, adoption likely will be slow (Arbuckle and Roesch-McNally 2015, Basche

and Roesch-McNally 2017).

We anticipated that Ry, would increase under cover crops because they can stimulate the soil microbial
respiration via root exudates — a process known as rhizosphere priming (Kuzyakov 2010, Shahzad et al.
2015, Austin et al. 2017). Rhizosphere priming may have been the cause of higher R;, rates relative to
control when cover crops were growing prior to maize planting. In contrast, decomposition of dead

cover crop biomass may have been the cause of higher rates of R, during the maize growing season, and
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this source of C was likely consumed by the maize harvest. Austin et al. (2017), found that five months
after termination, new C added from cover crops had declined substantially. Despite seasonal increases
in Ry rates, cover crops did not increase cumulative Ry, indicating that increased mineralization of SOM
by rhizosphere priming was not a significant portion of NECB. In addition, the quantity of
rhizodeposition is correlated to biomass production, so priming will be contingent on cover productivity,

which is highly variable as discussed above (Kuzyakov and Cheng 2001, Cheng et al. 2003).

Our data indicated that SOC was not likely to accumulate with cover crop use, despite other work
showing that cover crops increase SOC (Poeplau and Don 2015, Jones et al. 2018). However, increasing
SOC is a slow process, and it is possible that if cover crops remain in place, NECB may become more
favorable for SOC accrual. The mechanism for this may be accumulation of mineral-associated microbial
C during cover crop growth, which offsets seasonal priming of native SOC decomposition (Grandy and
Neff 2008, Kallenbach et al. 2015, Mbuthia et al. 2015, Austin et al. 2017). Maize cropping is known to
have neutral and often negative NECB, which has led to the long-term decline in SOC across the U.S.
Corn Belt (Baker and Griffis 2005, Joo et al. 2016, von Haden 2017, Sanderman et al. 2017). Practices
such as cover cropping may slowly increase NECB, but annual and spatial variation is such that some
years may be negative, as in our study, and small changes will be difficult to detect (Skinner 2008,
Sanderman and Baldock 2010, Mufioz et al. 2014, Beehler et al. 2017, Tifafi et al. 2018). However, 75%
of cover crop users claim soil health benefits after less than three years of the practice, suggesting that
either cover crops are accruing soil benefits on-farm that we did not observe, or that farmers’
perceptions of soil improvements outpace changes in SOC (Conservation Technology Information

Center/Sustainable Agriculture Research and Education, 2017).

The silage maize treatment employed here can inform our understanding of residue removal for
cellulosic bioenergy, which must take into account site-specific NECB and the C footprint of biofuel

production, as well as environmental impacts of the likely alternative, managing the residue in place.
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Guidelines for crop reside removal based on soil health could be useful to growers, industry, and
regulators, but evidence suggests precipitation, temperature, soil properties, and tillage regimen will
condition residue removal recommendations (Johnson et al. 2014). To maintain agricultural systems as
C-neutral, or even as C sinks, residue should be removed only when NECB is positive, and only to the
point when NECB is zero. Although our study occurred on a single site, the fact that NECB remained near
zero, even when residue was retained, reinforces Johnson et al.’s (2014) conclusions that residue
removal rates should be determined at spatial resolutions equivalent to the field level, and that annual
variation will require flexible, adaptive management. In addition, leaving residue on the surface leads to
cooler spring soil temperatures, and to avoid delayed maize emergence growers may strip till or apply
fall N to speed decomposition of surface residue, although this has not been shown to be effective (Al-

Kaisi and Guzman 2013).

2.6 Conclusions

Bluegrass and no cover crop tended to increase the NECB under grain maize, but NECB of all grain
treatments remained near zero, indicating a neutral C balance of these agroecosystems. Under silage
maize, NECB was always negative, indicating a source of C to the atmosphere, and NECB in silage was
not affected by cover crops despite higher rye ground cover and NPP. On these productive Mollisols,
maize NPP dominated the total C inputs to the agroecosystem, so any residue or silage removal must
take annual variation in maize productivity into account. Cover crop stimulation of SOC mineralization
increased Ry, losses seasonally, but not cumulatively. To maintain a positive NECB (net C sink) and
increase SOC on Corn Belt Mollisols, growing grain maize and retaining residue appears to be more
effective than planting cover crops. However, long-term dynamics of cover crop systems are not well
understood, and the trend towards decreased Ry, losses over the three-year study suggests that over

time, cover crops may have a positive impact on NECB. In the short term, while cover crop users may
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experience many benefits such as erosion prevention and reduced nutrient leaching, their capacity to

directly increase soil C may be low.
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Figure 1. Mean net primary production (SE, n=5) of maize and cover crops, including above- and below-

ground productivity.
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Figure 2. Heterotrophic respiration (Rn) response to soil temperature 2015 through 2017. Each point
represents the mean of 3 to 5 plots. Pre-plant measurements took place from time of first thaw (late
March) to maize planting in early May. Maize harvest took place in mid-September (Maize silage) or late
October (Maize grain) and post-harvest measurements continued until the soil froze in early December.
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Table 1: Cover crop establishment and success. Note that ground cover data was only collected in 2016 and 2017, and that
bluegrass was not planted annually after establishment 2014-2015.

Grain maize

Silage maize

Seeding Rate

Ground cover

Seeding Rate

Ground cover

Year  Cover crop Seeding Date (kg ha'l) in spring (%) Seeding Date (kg hal) in spring (%)
2015 Bluegrass 5/19/2014 22 NA 5/19/2014 22 NA
11/3/2014 20 NA 11/3/2014 20 NA
4/6/2015 17 NA 4/6/2015 17 NA
Rye 10/22/2014 95 NA 10/22/2014 95 NA
2016  Bluegrass - - 13.0(3.3) - - 21.1(3.8)
Rye 10/14/2015 155 33.3(2.0) 9/24/2015 112 83.6(2.9)
2017  Bluegrass - - 5.3(0.6) - - 12.9(2.1)
Rye 10/14/16 118 39.0(2.0) 9/15/2016 100 63.4(3.9)

8¢



Table 2: ANOVA P-values for net ecosystem C balance (NECB) and various components: total aboveground net primary productivity (ANPP), total
belowground net primary productivity (BNPP), above- and belowground cover crop net primary productivity (cover NPP) harvested biomass
(Harvest), and cumulative annual heterotrophic soil respiration (Rn). Harvest treatments are maize grain and maize sileage, cover treatments are
rye, bluegrass, and no cover, and years were 2015, 2016, and 2017.

Treatment ANPP BNPP Cover NPP Yield Rh NECB
P-value
Year (Y) <0.001 <0.0001 <0.05 <0.0001 <0.0001 <0.0001
Harvest (H) 0.11 0.65 <0.01 <0.001 0.94 <0.001
Cover (C) <0.001 0.06 <0.0001 <0.01 0.89 0.75
Y*H <0.0001 <0.05 <0.0001 <0.0001 0.90 <0.01
Y*C <0.05 0.09 <0.0001 <0.001 <0.01 <0.05
H*C 0.14 <0.01 <0.0001 0.28 0.42 0.16
Y*H*C 0.58 0.42 <0.0001 0.06 0.89 0.50
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Table 3. Means (standard errors) for NECB and various components (): Aboveground net primary productivity (ANPP), belowground net primary
productivity (BNPP) (includes both maize and cover crop biomass C), harvested biomass (Yield), and cumulative annual heterotrophic soil respiration
(Rn). Lower case letters indicate differences among cover treatments within a year and harvest treatment (P<0.05).

Grain maize Silage maize
Year
ANPP BNPP Yield R NECB ANPP BNPP Yield Rn NECB
Cover
gCm?

2015

Bluegrass 910 (107) b 288 (25) -398 (40) -1127 (79) -327(88) b 965(99) b 293(21) -859(110) a -1112(74) -705 (86)
Rye 1029 (57) ab 274 (23) -571 (18) -894 (84) -163 (120) ab 1393 (47) a 347 (5) -1249 (47) b -959 (47) -468(50)
No cover 1220(126) a 317 (32) -539 (9) -1039 (57) -41 (186) a 1367(173) a 332(31) -1308(173) b -987 (43) -596 (44)
2016

Bluegrass 1104 (56) 271 (11) -427 (9) -671(13) b 277(79) a 712(34) 202 (11) b -663 (36) -726 (108) -476 (99)
Rye 1108 (84) 268 (15) -448 (14) -931(148) a 3.5(85) b 830(66) 318 (27) a -628(73) -946 (47) -426 (61)
No cover 1194 (69) 280 (14) -461 (2) -768 (102) ab 245(61) ab 858 (57) 214 (12) b -800 (58) -743 (102) -470 (98)
2017

Bluegrass 1065 (49) 335 (8) -620 (45) -612 (37) 167 (50) 916 (29 310 (14) -831 (28) -687 (53) -290(67)
Rye 1099 (76) 323 (26) -649 (47) -668 (29) 104 (45) 888 (40) 312 (19) -750 (43) -632(21) -181(52)
No cover 1124 (23) 313 (23) -667 (38) -752 (43) 19 (45) 850 (40) 281 (22) -777 (43) -646 (35) -292 (48)
Mean

Bluegrass 1026 (80) b 298 (20) -481 (56) -803 (116) 39 (140) 864 (77) b 268(26) b -781(75) a -842(117) -490(111)
Rye 1079 (69) ab 288 (23) -556 (48) -831 (107) -18 (97) 1037 (127) a 326(19) a -876(134) ab -792(91) -358(79)
No cover 1179(88) a 303 (24) -556 (45) -853 (90) 74 (122) 1025 (150) a 275(31) b -962(151) b -846(79) -453(85)

ov



Table 4. Mean heterotrophic respiration (Rn) rates (SE) by season and treatment 2015
through 2017. Lowercase letters indicate differences among cover crop treatments
within season and harvest treatment (P<0.05). Uppercase letters indicate a difference
between harvest treatments within cover crop and season (P<0.05)

Both harvest
Season Cover Grain maize Silage maize treatments

Rh (umol CO; sec?)

Pre-plant Bluegrass 0.90(0.10) 1.30(0.21) a 1.09 (0.11) ab
Rye 1.24 (0.24) 1.60(0.19) a 141(0.16) a
No cover 1.02(0.11) 0.88 (0.17) b 096(0.10) b
Maize season Bluegrass 2.51(0.11) B 2.81(0.12) aA 2.65(0.08) a
Rye 2.57 (0.10) 2.91(0.10) a 274(0.07) a
No cover 2.25(0.10) 2.15(0.10) b 220(008) b
Post-Harvest Bluegrass 1.19 (0.16) 1.18 (0.12) 1.29(0.10)
Rye 1.54(0.12) 1.64 (0.15) 1.59 (0.10)
No cover 1.44(0.13) 1.40(0.13) 1.42 (0.09)
Full season  Bluegrass 1.91(0.08) 2.08 (0.09) a 198(0.06) b
Rye 2.07 (0.09) 2.35(0.08) a 221(0.06) a
No cover 1.84(0.07) 1.74 (0.08) b 1.79(0.05) b
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Chapter 3: Cover crop effects on key components of the C cycle in maize cropping systems

3.1 Abstract

Cover crops are touted for their ability to improve many ecosystem services provided by annual
cropping systems. In addition to water and nutrient retention, cover crops may influence C cycling by
increasing total C inputs to the agroecosystem, stimulating microbial populations, or altering the rate of
main crop residue decomposition. We assessed whether annual (rye) or perennial (bluegrass) cover
crops in maize cropping systems influenced maize residue decomposition (litterbags) or microbial
communities (shotgun metagenomics) in soil and litter, and whether these cover crops had an effect on
microbially active pools of C, particulate organic matter (POM) C and N, or potentially mineralizable C
(PMC). Neither cover crop affected litterbag decay rates or microbial composition relative to no cover
crop controls. However, both cover crop types increased PMC indicating that microbially-available C was
boosted by off-season C inputs from cover crops. Also, total POM and POM-N was higher with bluegrass
cover crops, which indicates potential for greater C stabilization over time. The modest effects of cover
crops on soil C pools suggest that their promotion should focus on soil protection and nutrient retention

benefits rather than climate stabilization.

3.2 Introduction

Cover crops have been reported to increase soil organic C (SOC, Poeplau and Don 2015) but not to
increase overall net ecosystem exchange (Baker and Griffis, 2005; Gebremedhin et al., 2012). This
discrepancy likely stems from the myriad and conflicting effects that cover crops may have on
components of the C cycle and subsequent SOC stabilization in annual agroecosystems. Cover crops can
have a positive effect on SOC by a) increasing total C inputs through addition of litter (Austin et al.,

2017), b) increasing active microbial pools of C (Kallenbach et al., 2015), and/or c) decreasing
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decomposition rate of main crop residue. Alternatively, they can have a negative effect on SOC by
priming decomposition of native SOC (Zhu et al., 2014) and/or increasing the decomposition rate of
main crop residue (Varela et al., 2014). Depending on the season, topography, and crop rotation, one of
these processes may dominate the response of SOC to cover crops, leading to the wide variation seen in

SOC response to cover crops (Mufioz et al. 2014; Poeplau and Don 2015).

Root exudates from the growing cover crop may increase decomposition of native SOC through
rhizosphere priming (Dijkstra et al., 2009; Zhu et al., 2014). In addition to increasing the loss of native
soil C, rhizosphere priming may increase microbial biomass and shift the composition, and perhaps the
function, of microbial communities (Cheng, 2009). On the other hand, cover crop root exudates may
themselves constitute a substantial input of bioavailable C and stimulate growth of microbial biomass C
(Austin et al., 2017), which may be the basis for some stable SOC (Kallenbach and Grandy, 2015).
Measurable C pools such as potentially mineralizable C (PMC) and particulate organic matter (POM),
considered early indicators of the direction of SOC change resulting from agronomic management, have
been shown to increase under cover crops, perhaps because of increasing microbial activity (Ladoni et

al., 2016; McDaniel et al., 2014; Snapp and Surapur, 2018).

When cover crops are terminated, the addition of cover crop biomass represents a pulse of C into the
system if left to decompose in place. The decomposition of this litter will result in leaching of soluble C
compounds through the soil profile and transformation of litter fragments into POM (Cotrufo et al.,
2015). Depending on the soil type and disturbance level, a small quantity of cover crop C may be
physically incorporated in soil aggregates and sorbed on mineral surfaces, leading to long-term SOC

stabilization (Austin et al., 2017).

By shifting temperature and moisture patterns on the surface, living or dead cover crops may affect the

decomposition of main crop residues, which are the majority of the total C input to the agroecosystem
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(Cates and Jackson, 2018; Chen et al., 2018; Dijkstra et al., 2010, 2009; Flerchinger et al., 2003; Varela et
al., 2014). In addition, there is the potential for cover crops to alter mesofauna composition, altering the
decomposer abundance, community, and pathway for residue decomposition (Blubaugh et al., 2016;
Leslie et al., 2017). Microbial composition and extracellular enzyme activity (EEA) may signal shifts in
residue decomposition processes (Carreiro et al., 2000; Keiblinger et al., 2012). Maize residue
decomposition rate is of particular interest in northern climates, where concerns over spring soil
temperatures prompt growers to harvest, incorporate, or fertilize maize residue in an attempt to speed

decomposition, despite limited efficacy (Al-Kaisi et al., 2017).

In a previous study, we evaluated the effects of rye (annual grass) and bluegrass (perennial grass) cover
crops on net ecosystem C balance (NECB) of continuous maize and found no difference in NECB with
cover crops compared to no cover, indicating cover crops did not increase C inputs relative to C losses
(Cates and Jackson, 2018). In the same study, bluegrass and rye both increased early-season rates of
heterotrophic respiration, suggesting that rhizosphere priming occurred with cover crops and raising
guestions about how cover crops may stimulate microbial mineralization of soil C. Here, we evaluated
whether SOC accumulation under cover crops, via slower decomposition of maize residue and
accumulation of microbially-available C, may be possible despite limited C inputs from cover crop litter.
We measured decomposition of maize residue, metrics of labile C (PMC and POM), and SOC stocks after
three years of rye or bluegrass cover crops in a continuous maize cropping system. To characterize
decomposition with and without cover crops, we evaluated litter chemistry, microbial composition, and
EEA in surface litter and adjacent soil. Building on the previous work, we also explored correlations
between Cinputs and active C metrics to illuminate what the C sources of these metrics might be. We
hypothesized that cover crops would increase labile C metrics, alter microbial composition in soil and

litter, and increase decomposition rate of surface residue.

3.3 Materials and methods
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3.3.1 Site description

We conducted this study at the US DOE-Great Lakes Bioenergy Research Center’s Biomass Cropping
Systems Experiment, a randomized complete block (5 blocks), split-split plot (2 main-crop harvest, 3
cover crop treatments) design at the Arlington Agricultural Research Station near Arlington, Wi
(43°17'45”N, 89°22’48”W, 315 m a.s.l.). The soil is a Plano silt-loam, a well-drained Mollisol, mean
annual temperature is 6.8 °C, and mean annual precipitation is 869 mm. A strip-till maize/cover crop
trial began in 2014, with maize harvest (silage or grain) as a whole-plot treatment and cover crop species
(rye, bluegrass, or no cover) as a split-plot treatment (described in Cates and Jackson 2018). Rye was
drill-seeded each fall after maize harvest and killed with herbicide at maize planting. Bluegrass was drill-
seeded in spring 2014, fall 2014, and spring 2015 and remained in perennial strips between maize rows
thereafter. Plots were strip-tilled prior to maize planting. Whole plots were 27.4 x 42.7 m, and subplots
were 27.4 x 12.2 m, with 3-m alleys between the cover crop treatments. Soil respiration measurements
and samples of above- and below-ground net primary productivity (ANPP and BNPP) of cover and maize
crops were collected 2015 through 2017, analyzed for C content, and reported in Cates and Jackson

(2018).

3.3.2 Litterbag study

We performed a litterbag decomposition study between December 2015 and June 2017. Litterbags were
fabricated with nylon mesh (50 um openings for soil surface contact and 1.7-mm openings on the
exposed upper bag to allow mesofauna access to litter). A total of 15 litterbags were placed in each plot
every 0.5 m on an E-W transect. Each litterbag was 12 x 15 cm and filled with 10 g of maize stover
(mixed stems and leaves). Maize stover was harvested in fall 2014 from adjacent plots, chopped into ~2-
cm pieces, mixed thoroughly, and oven-dried. Litterbags were placed on the soil surface soil and fixed

firmly in place with landscaping staples. Field operations avoided litterbags.
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Two bags were collected from each plot at 18, 26, 34, 52, 71, and 82 weeks after placement, covering
two winter and one summer seasons. The first bag was dried at 55 °C. Mass loss was determined as the
difference between the initial mass and the dried mass, corrected for contamination by ashing a
subsample in a muffle furnace. A subsample of dried litter was ground and analyzed for Cand N using a
Flash EA 1112 CN Automatic Elemental Analyzer (Thermo Finnigan, Milan, Italy). At 26 and 82 weeks,
litter chemistry was assessed on dried ground litter using pyrolysis-gas chromatography/mass
spectrometry (py-GC/MS). Litter organic C can be differentiated at various stages of decomposition
using py-GC/MS (Grandy et al., 2009; Kallenbach and Grandy, 2015; Wickings and Grandy, 2013). Litter
was pyrolized for 20 s at 600 °C, then transferred and separated on a GC over 60 min. An ion trap mass
spectrometer detected peaks, which were then analyzed using the Automated Mass Spectral
Deconvolution and Identification System (AMDIS, V 2.65) and the National Institute of Standards and
Technology (NIST) compound library. Known C compounds were classified as aromatics, lipids, lignin,
phenols, polysaccharides, N-bearing compounds or proteins and reported as percentages, based on

each compound’s peak area relative to total peak area of all identified peaks within a sample.

At each field collection, a second bag was split on site, with half used to assess EEA and half preserved
for DNA extraction. The EEA sample was transported on ice to the lab, where it was immediately
analyzed using a fluorometric technique (Saiya-Cork et al., 2002; Steinweg et al., 2012). Enzyme-specific
fluorescent substrate was mixed with a slurry of sample and incubated for 3 h to allow enzymes to
encounter the substrate. Fluorescence was measured using a microplate fluorometer with 365-nm
excitation and 450-nm emission filters, using standard curves developed separately for each sample to
account for absorbance. The activities of common hydrolytic enzymes critical to decomposition were
measured at each sample date: a-glucosidase, B-glucosidase, B-D-cellobiosidase, L-Leucine-7-
amidomethylcoumarin, N-acetyl-B-glucosidase, phosphatase, and B-xylosidase (AG, BG, CELL, LAP, NAG,

PHOS, and XYL). To calculate the total enzyme efficiency, the activity of all enzymes was summed and
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divided by the amount of C lost from litterbags at the final 82-week sample (Kallenbach and Grandy,

2015).

The subsample designated for DNA extraction (after 18, 26, 52, 71, 82 weeks) was transported from the
field on dry ice, lyophilized, ground, and frozen at -80 °C until DNA was extracted using MoBio
PowerEasy kits. Metagenomes were sequenced and phylogenetic assignments made for each contig by
determining the lowest common ancestor according to the IMG NR database at the US DOE-Joint
Genome Institute. Prior to analysis, we removed any assignments that were present in only one sample,
rarefied to a consistent quantity of assignments per sample, and calculated the relative abundance of

each phylogenetic assignment within a sample.

Two 2-cm dia x 5-cm deep soil cores were collected from below each litterbag at the time of collection,
homogenized and treated identically to litter samples, except that EEA samples were refrigerated for 24

h prior to analysis.

3.3.3 Soil C pools

The PMC and POM are two metrics of microbially available soil C. The PMC is the C mineralized in a
short-term incubation under ideal conditions and represents both the capacity of the microbial
community and the quantity of readily available C substrate. The POM is the large organic material,

mostly plant-derived, representing the future food source for detritivores and microbes.

Three 7.5-cm soil cores per subplot were collected in November 2017, representing the cumulative
effect of three years of cover cropping. Cores were split into 0 to 10- and 10 to 25-cm sections,
immediately weighed for moisture determination, and dried at 55 °C. The POM was determined as
described in Cates et al. (2016). Briefly, 10.0 g soil was soaked in sodium hexametaphosphate overnight,
shaken to completely destabilize the structure, and material >53 um was retained as POM. The POM

was homogenized and ground for C and N analysis as described above.
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The PMC represents the flush of CO, during a 24-h incubation and was determined on 10.0 g of soil
rewetted to 50% water-filled pore space and incubated in sealed 1-L canning jars at 25 °C (method
adapted from Franzluebbers et al., 2000; Hurisso et al., 2016). The [CO,} was measured using an infrared
gas analyzer (LiCor LI-820, Lincoln, NE), and corrected for the [CO;] of a blank (empty jar) incubated

under the same conditions.

3.3.4 Statistical analysis

All statistical analyses were completed in R (R Core Team, 2016). Linear models of soil C and N were
used to evaluate the effect of decomposition time on soil nutrient content below litterbags, but
exponential models were applied to litter mass, C loss, and N loss based on expectations from previous

work (e.g., Zhang et al. 2015; Mazzilli et al. 2015).

Individual enzyme activities and relative abundances of C compounds found in soil and litter were first
evaluated using a mixed model (aov function) with treatment and date as fixed effects and block x
treatment as random effects. However, block effects were not significant, and because of damage and
loss of litterbags in the field, treatment and block samples sizes were uneven. Hence, block effects were
dropped from litterbag enzyme models. Means comparisons were performed with Tukey’s HSD test to
evaluate significance of differences among treatments (P<0.05, emmeans package). The relative
abundances of compound classes found in py-GC/MS and OTUs identified in metagenomes were
visualized using non-metric multidimensional scaling (NMDS, function metaMDS in the R package vegan)
and differences among treatments were evaluated using PERMANOVA (adonis in the R package vegan).
To evaluate which phyla were most different among treatments, we conducted a Simper test on phyla
identified in the metagenomes. Mantel tests were used to examine similarities between soil and litter

microbial communities as well as between genomic and chemical data (mantel in the R package vegan).
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The POM and PMC data were analyzed using a mixed model with depth, harvest, and cover treatments
as fixed effects and block x treatment as random effects, with significant differences among treatments
determined by means comparison with Tukey’s HSD. Correlations between POM, PMC, and C inputs
(total and cover crop ANPP and BNPP as well as all residue inputs) were assessed using the cor.test

function in R.

3.4 Results

3.4.1 Litterbag decomposition, chemistry, and microbial composition

Contrary to our hypothesis, the decomposition rate and chemistry of maize litter was not affected by
cover crop presence. The exponential decay rate rate of mass C and N loss did not differ among cover
treatments (Table 1), although exponential decay models fit all data (Supplemental Figure 1). Litter
chemistry was significantly different at 26 weeks than 82 weeks (PERMANOVA P<0.01, Figure 1a).
Aromatics, lipids, phenols, and proteins were increased over time, while lignin and polysaccharides
decreased (see supplemental material). No individual compounds or overall litter chemistry were

affected by cover crop treatment.

Litter microbial activity, as evaluated by EEA, and microbial metagenome community composition
differed over time but not by cover crop treatment. Individual EEA were highly variable over time (see
supplemental material) but all cover crop treatments had the same total EEA efficiency after 18 months
of litter decomposition (Table 1). Clusters in NMDS revealed that litter microbial communities were
similar during the first spring (18 and 26 weeks), and during fall and second spring samples (52, 71 and
82 weeks, Figure 1b). PERMANOVA confirmed a significant effect of date (P<0.01) with no treatment
effect for microbial composition. The two clusters differed in abundances of bacterial phyla, but not
fungal or archaeal abundances. In particular, Bacteroidetes were correlated to the difference between

early and later decomposition dates, and Proteobacteria differed among the later dates as well
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according to SIMPER. In addition, a Mantel test showed a significant correlation between litter

chemistry and microbial community at 26 and 82 weeks (r’=0.17, P<0.01).

Chemical and microbial assays of soil immediately below litterbags also revealed significant change over
the course of decomposition but few differences by cover crop treatment. Soil C and N increased over
time (Figure 2a-b). Soil C chemistry broadly differed by date (PERMANOVA P<0.01, Figure 2c) and some
compounds changed by cover crop treatment (see supplemental material). For example, rye increased
relative abundances of polysaccharides but decreased proteins. Soil microbial composition was
drastically different at 18 and 26 weeks than 52, 71 and 82 weeks (PERMANOVA P<0.01, Figure 2d).
Proteobacteria were most correlated to differences among time points according to SIMPER. The soil
microbial community was not correlated to soil C chemistry according to a Mantel test. Soil EEA varied

by date, but not by cover crop (see supplemental material).

3.4.2 Total SOC and active C metrics

The SOC stocks did not differ among cover crop or harvest treatments, while cover crops broadly
increased PMC and only bluegrass increased POM, providing partial support for our hypothesis that
cover crops would increase active C. There was a significant interaction between cover and harvest type
at both depths in PMC. Rye PMC was greater than no cover PMC in all harvest treatments and depths
(P<0.05, Table 2). Bluegrass PMC was greater than no cover under silage harvest only (P<0.001, Table2).
Total POM was also greater in bluegrass than no cover under silage, and POM-N was greater in

bluegrass than rye under grain (P<0.05, Table2).

The Cin total ANPP, BNPP and residue left on the soil were positively correlated with some active C
metrics but cover NPP was not correlated with any active C metrics (Figure 3a-b). Total POM was not
correlated with any active C metrics (data not shown), but POM-C and POM-N concentrations were

significantly correlated with total residue C at both depths, largely driven by the larger residue C inputs
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in grain harvest systems (566 vs 104 g C m2 yr'! in silage). However, PMC was greater in grain than silage
harvest systems (P<0.0001, both depths), while POM-C, POM-N, and POM did not differ by harvest. In
addition, total ANPP was correlated with PMC 0-10 cm and POM-C and POM-N 10 to 25 cm. Total BNPP

was significantly correlated with PMC at both depths.

3.5. Discussion

Evidence for whether cover crops improve potential for SOC accumulation in maize was mixed.
Microbially-available C in the form of POM and PMC was stimulated by cover crops, but SOC stocks,
maize residue decomposition rates, and soil and litter microbial composition were not affected in our
experiment. The drivers of above- and below-ground C dynamics as well as implications of our findings

for building SOC through cover crops in the longer term are discussed below.

3.5.1 Cover crops did not affect maize litter decomposition

Rye and bluegrass cover crops in maize did not affect decomposition rate, litter chemistry, or microbial
composition of aboveground maize residue, suggesting that they do not affect the conversion of maize
litter to SOC. This finding should mollify grower concerns that cover crops may increase maize residue
accumulation and lower subsequent yields in northern climates (Vanhie et al., 2015). However, the
result was surprising because growing cover crops have been shown to host unique phyllosphere
communities (Bulgarelli et al., 2013). That said, microbial composition changes rapidly after leaf
abscission, suggesting that similar microbial communities dominate dead litter irrespective of live-plant
assemblages (Tlaskal et al., 2016; Vofiskova and Baldrian, 2013). Litter type has been shown to drive the
composition of the decomposer community (Bray et al., 2012) and decay rates (Moore et al., 2017), but
we saw no effects of altered litter quality as a result of cover crop presence. But, it is plausible that
contact between maize residue and living cover crops was insufficient for significant transfer of

microbes from cover crops to maize residues.
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3.5.2 Cover crops increased active C without altering soil microbial composition

Our cover crops did not affect the soil microbial composition after three seasons, unlike other studies
observing increases in microbial biomass and shifts in soil microbial composition under cover crops
(Finney et al., 2017; Mbuthia et al., 2015; Wortman et al., 2013). Cover crop effects on microbial
communities may be dependent on season. For example, Finney et al. (2017) found a greater effect of
cover crop on microbial community in fall than spring, but Wortman et al. (2013) found that the early
spring plant community had a strong effect on soil microbial composition. In our study, shallow soil
sampling under litterbags may not have captured effects of cover crop root exudates on soil microbes
(Austin et al., 2017; El et al., 2014) because the primary C inputs for our samples would have come from
decomposing maize residue on the surface. Altered litter chemistry may have selected for the litter
microbial community over time, since litter quality is a strong driver of bacterial community composition

(Cleveland et al., 2014).

The metric PMC represents microbially-available soil C, increases with practices that promote rapid
nutrient mineralization, and has been shown to be positively correlated with crop yield (Culman et al.,
2013; Hurisso et al., 2016). Increasing PMC under cover crops with no effect on microbial composition
and no change in residue decomposition rate indicates that similar microbial communities may be more
efficient in converting C inputs into PMC with cover crops (Dijkstra et al., 2015; Frey et al., 2013; Oquist
et al., 2017). This could arise from higher cover crop litter-N inputs (as shown by higher POM-N with
bluegrass), or cooler temperatures under cover crops, which are known to increase C use efficiency of
microbes (Frey et al., 2013; Manzoni, 2017). Either way, more efficient use of C by microbes is likely to

increase formation of stable soil C (Cotrufo et al., 2013).

In contrast, POM represents the early stage accrual of litter particulate, and increased with residue

inputs in our study, which aligns with previous findings showing a correlation between POM-C and
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belowground NPP (Cates et al., 2016; Osborne et al., 2014). However, small quantities of cover crop
residue C may have a greater impact where the total residue inputs are lower, as indicated by the
increase in total POM with cover crops under silage harvest. Increasing the quantity of reside left in
place was more important than total productivity for POM, which was not correlated to any NPP metric.
Our positive correlations between NPP and PMC are consistent with the theory that growing plants
stimulate microbial activity during their growth (Hendrix et al., 1988), with the potential for
accumulation of soil C in the form of microbial necromass (Kallenbach et al., 2015). Our study supports
this theory and suggests that over time, increasing NPP will also increase microbially available C.
However, more research is needed to determine under what conditions microbes most effectively

transfer C inputs not only to PMC, but also to long-term C stocks.

3.5.3 Implications for long-term soil C accrual through cover crops

Evidence shows agroecosystems based on perennial plants are more likely to increase SOC stocks
(Tilman et al., 2006) and active C pools (Tiemann and Grandy, 2015). The established roots of perennial
grasslands are more fibrous and abundant than annuals, with more exudates and turnover to stimulate
microbes throughout the year (Anderson-Teixeira et al., 2013). These traits stimulate a higher degree of
rhizosphere microbial activity (Jesus et al., 2016), distribute C throughout the soil profile (Jelinski and
Kucharik, 2009), and enhance soil structure (Lehmann et al., 2017; Leifheit et al., 2014; Wilson et al.,
2009). Given this paradigm, we would expect that quasi-perennial agroecosystem comprised of both

main- and cover-crops might increase soil C as well (Crews and Rumsey, 2017; King and Blesh, 2018).

Our results did not support predictions of increasing SOC stocks with widespread adoption of cover
crops (Blanco-Canqui et al., 2015; Poeplau and Don, 2015). It may be because our site—a productive
Mollisol-has reached its C-storage capacity under annual agriculture in a northern climate (Sanford et

al., 2012; Stewart et al., 2007). In addition, it may be difficult to detect differences in SOC stocks in an
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agroecosystem not at equilibrium under a changing climate (Brye et al., 2002; Kucharik et al., 2010).
Climate change may be increasing losses of soil C, obscuring any effect of agronomic management, as
the growing season has lengthened by 5 to 20 days and precipitation has increased by ~50 mm between
1950 and 2006 in Wisconsin (Jones et al., 2005; Kucharik et al., 2010). Last, cover crops do not provide
sufficient habitat for abundant mesofauna, whose composition may increase or decrease nutrient
cycling via interactions with microbes and lead to SOC accumulation (Fox et al., 2016; Hawlena et al.,

2012; Leslie et al., 2017; Soong et al., 2016; Yang and Gratton, 2014).

Many studies have found equivocal responses of SOC to cover crops (Bich et al., 2014; Kaspar et al.,
2006; Snapp and Surapur, 2018; Stetson et al., 2012), indicating that cover crop effects on SOC are likely
to vary across the landscape. While it is still unclear whether microbial stimulation or direct
belowground biomass inputs are more critical for increasing SOC, annual cover crops only partially
mimic these perennial functions, leading to the positive, but limited, increases in active C in this study

and others (Blanco-Canqui et al., 2015; Faé et al., 2009; Snapp and Surapur, 2018).

3.6. Conclusions

After 3 years of cover cropping, we found evidence that cover crops increased active soil C pools despite
no change in microbial composition or activity. These active C pools were positively correlated to total
residue inputs as well as total NPP. However, decomposition of maize residue was not affected by cover
crops, suggesting that the potential of cover crops to increase the total soil C is limited to belowground
processes. While belowground C is preferentially assimilated by microbes and stabilized via organo-
mineral associations (Hicks Pries et al., 2017; Rasse et al., 2005), in agricultural systems a large portion of
C inputs come from aboveground. Future research should evaluate the mechanisms by which
aboveground litter can be incorporated into soil C and explore agricultural innovations that maximize

belowground C, such as incorporation of perennials into rotations and breeding for increased root
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production in annual crops. The positive but small effects of cover crops on soil C suggest that their
promotion should focus on water quality and soil protection benefits rather than their potential to help

store Cin soils.
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3.9. Tables and Figures

Table 1. Decomposition parameters after 18 months of decomposition. Decomposition rate (k) of total
litter, litter C, or litter N by day calculated from exponential decay models. Mass is the ash-free mass
remaining (%) and enzyme efficiency represents the sum of enzyme activity per litter-C mass lost.

Standard errors are given in parentheses. No statistical differences among cover crop treatments were

found.
Litter-k C-k N-k Mass Enzyme efficiency
Cover crop (g day™) (g day™) (g day?) (%) (umol EEA g C lost™)
Bluegrass -0.0022 -0.0057 -0.0025 28(0.02) 5.86 (0.81)
Rye -0.0021 -0.0058 -0.0026 32 (0.04) 8.59 (1.10)

No cover 0.0019  -0.0051  -0.0023  32(0.04) 8.65 (1.36)




Table 2. Mean values (SE) of soil organic C, potentially mineralizable C, and particulate organic matter (SOC, PMC and POM) after 3 years of

cover cropping in continuous maize harvested for grain or silage. Lowercase letters after means represent differences among cover crop

treatments within harvest treatments and soil depth.

Depth SOC PMC POM POM-C POM-N
Harvest Cover crop (Mg Chal) (kg ij'c (g kg soil”) (g kg soil”) (g kg soil”)
g soil™)
0-10 cm
Grain Bluegrass 28.8 (1.4) 148.5(2.8) ab 67.9(3.9) a 4,99 (0.32) a 0.258(0.020) a
No Cover 29.3 (1.6) 139.5(1.9) b 65.7 (4.2) ab 4.27 (0.32) ab 0.218(0.017) ab
Rye 30.5(1.8) 150.3(3.3) a 57.7(23) b 4.03 (0.46) b 0.188(0.019) b
Silage Bluegrass 28.5(0.9) 134.2(4.2) b 75.7(59) a 3.78 (0.28) 0.182 (0.018)
No Cover 27.0(1.3) 109.9(3.2) ¢ 62.0(2.6) b 3.35(0.28) 0.175(0.017)
Rye 27.8(1.7) 147.7 (5.2) a 71.4(5.6) ab 3.60(0.27) 0.186 (0.019)
10-25cm
Grain Bluegrass 38.2(2.5) 76.8(2.1) b 52.5(4.0) 1.69 (0.22) 0.090 (0.01)
No Cover 38.8(2.5) 77.4(14) b 55.6 (3.9) 2.02 (0.25) 0.105 (0.01)
Rye 40.9 (1.9) 84.5(29) a 48.1(3.1) 1.33(0.15) 0.079 (0.007)
Silage Bluegrass 37.3(2.4) 82.4(3.8) a 52.8 (1.6) 1.26 (0.09) 0.074 (0.007)
No Cover 37.4(1.9) 72.0(24) b 47.3 (1.8) 1.37 (0.10) 0.077 (0.005)
Rye 38.4(2.2) 85.1(2.6) a 51.1(4.6) 1.22 (0.11) 0.075 (0.006)

89
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Figure 1. Non-metric multidimensional scaling ordination of maize litter (a) molecular C composition as

assessed by py-GC/MS and (b) microbial composition as assessed by metagenomic profiling.
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Figure 2. Changes in (a) soil C and (b) soil N and non-metric multidimensional scaling ordination of (c)
soil molecular C composition as assessed by py-GC/MS and (d) soil microbial composition as assessed by
metagenomic profiling. Soil was collected immediately below maize-filled litterbags after 18, 26, 34, 52,

71 and 82 weeks of decomposition.
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Figure 3. Correlations between mean Cin above- and below-ground net primary productivity (ANPP and
BNPP) of maize/cover crop systems and active C fractions at a) 0 to 10 cm and b) 10 to 25 cm soil depth.
POM is particulate organic matter, and PMC is potentially mineralizable C. Total ANPP and BNPP refer to
maize and cover crop biomass C, while Cover ANPP and BNPP refer only to cover crop biomass C. Total
residue refers to the sum of all unharvested material, maize and cover crop. R-values are displayed

where correlations were significant (P<0.05).
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Supplemental Figure 1. Mass and C and N content of maize litter. A single exponential decay model is
shown as parameters did not differ among treatments. All models were significant at P<0.0001.

Litterbags were collected after 18, 26, 34, 52, 71 and 82 weeks of decomposition.
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Supplemental Figure 2. Extracellular enzyme activity in maize litter (after 26 and 82 weeks of decomposition in litterbags) and adjacent 0 to 5 cm

soil. Enzymes were a-glucosidase, B-glucosidase, N-acetyl-B-glucosidase, B-D-cellobiosidase,, L-Leucine-7-amidomethylcoumarin, phosphatase,

and B-xylosidase (AG, BG, CELL, LAP, PHOS, NAG, and XYL).
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Supplemental Figure 3. Chemical characterization of maize litter (after 26 and 82 weeks of decomposition in litterbags) and adjacent 0 to 5 cm

soil. Compound classes are expressed as the proportion of peak area attributed to that class out of the total peak area in a given sample, as

determined by py-GC/MS.
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Supplemental Table 1. P-values from 2-way ANOVA comparing the effects of date (26 or 82 weeks of

decomposition at sampling), cover crop treatment (rye, bluegrass, or control) and date x cover on

76

proportion of compound classes in maize litter and 0 to 5 cm adjacent soil samples. Compound classes

expressed as the proportion of peak area attributed to that class out of the total peak area in a given

sample as determined by py-GC/MS.

Source Aromatic Lignin  Lipid Polysaccharide N-Bearing Protein  Phenol U?)Ii?goi:/n
Litter
Date <0.01 0.09 <0.05 <0.05 0.45 <0.0001 <0.05 0.92
Cover crop 0.89 0.59 0.13 0.86 0.54 0.26 0.63 0.28
Date x Cover 0.68 0.82 0.49 0.41 0.69 <0.05 0.19 0.78
Soil
Date 0.99 0.06 0.49 0.72 0.91 <0.05 0.86 0.90
Cover crop 0.23 0.18 0.46 <0.05 0.32 0.23 0.98 0.11
Date x Cover 0.59 0.63 <0.05 0.84 0.05 <0.05 0.32 0.82
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Supplemental Table 2. P-values from 2-way ANOVA on extracellular enzyme activity in maize litter and 0

to 5 cm adjacent soil samples. Enzymes measured were a-glucosidase, B-glucosidase, N-acetyl-B-

glucosidase, B-D-cellobiosidase, L-Leucine-7-amidomethylcoumarin, phosphatase, and B-xylosidase (AG,

BG, CELL, LAP, PHOS, NAG, and XYL), as well as the sum of all enzyme activity, in nmol g litter or soil h%.

Source AG BG CELL PHOS NAG XYL LAP Sum
Litter
Date <0.01 0.22 0.79 <0.001 <0.05 <0.001 <0.01 <0.001
Cover crop 0.78 0.43 0.32 0.64 0.54 0.67 0.17 0.24
Date x Cover 0.68 0.64 0.41 0.57 0.13 0.80 0.13 0.05
Soil
Date 0.06 <0.01 <0.05 <0.001 <0.001 <0.001 <0.01 0.99
Cover crop 0.88 0.83 0.89 0.99 0.69 0.83 0.80 0.84
Date x Cover 0.95 0.93 0.76 0.82 0.94 0.84 0.79 0.94
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Chapter 4: Separate drivers for microbial C mineralization and physical protection of C

4.1 Abstract

While we know about the effects of temperature and moisture on soil microbial activity, and that
microbial by-products are a critical source of soil C, we are missing a link in our understanding of how
physical protection of soil C may be affected by temperature and moisture. We performed a 6-month
incubation of soil and plant litter under varying temperature and moisture. Using *3C isotopic
differences, we traced plant litter C into various aggregate fractions after 30, 50, and 60% of plant C had
been respired. In addition, we evaluated microbial biomass C, enzyme activity, and organic C chemistry
in soil aggregates. While warmer temperatures increased C mineralization rate and decreased microbial
biomass, aggregation was enhanced under drier conditions irrespective of temperature. Complex C
compounds were relatively more abundant under moister conditions, pointing to a greater role for
simple compounds in stabilizing macro- and micro-aggregates. Microbial composition shifted over time
and with temperature and moisture, but no particular microbial community was associated specifically
with the drier conditions that promoted aggregation. These results indicate that physical protection of C
in aggregates is more vulnerable to changes in moisture regime than temperature. Predictions of how
management and climate will affect soil C storage should incorporate separate responses to

temperature and moisture for aggregate and microbial C pools.

4.2 Introduction

Recent evidence suggests that soil organic matter (SOM) is formed both early in litter decomposition,
during leaching of non-structural compounds, and late in decomposition, when litter is fragmented and
incorporated physically into the soil (Cotrufo et al., 2015). Litter decomposition pathways may be
altered by the litter quality (e.g., lignin:N ratio) or by decomposer communities, resulting in different

end products (Lavallee et al., 2018; Wickings et al., 2012). Litter decomposition rate is commonly
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measured as mass loss from litterbags, labelled material in the field, or CO; efflux from laboratory
incubations or field soils. In temperate systems, it appears that fresh litter is nearly completely
incorporated into the soil (Angers et al., 1997; Cotrufo et al., 2015), but the rate of decomposition varies
with temperature, moisture, or substrate quality (Cleveland et al., 2014; Conant et al., 2011; Devévre
and Horwath, 2000; Reichstein et al., 2005; Schmitz et al., 2013; Sierra et al., 2015). Varying the rate of
litter decomposition may alter SOM accumulation via changes in microbial composition, microbial

efficiency, or adsorption/desorption rates (Conant et al., 2011; Dijkstra et al., 2011).

Persistence of SOM increases with physical protection in aggregates or mineral association (Kogel-
Knabner et al., 2008; Lehmann and Kleber, 2015; Marin-Spiotta et al., 2009; Six et al., 2000a).
Microbially-derived compounds are the majority of mineral-associated SOM and have been shown to be
critical for soil aggregation (Chaney and Swift, 1986; Cotrufo et al., 2013; Grandy and Neff, 2008;
Kallenbach et al., 2015; Plaza et al., 2013; Soong et al., 2015; Tisdall and Oades, 1982). Therefore,
microbial carbon use efficiency (CUE, the proportion of C substrate assimilated rather than respired by
microbes), as well as total microbial biomass C (MBC) during decomposition, may determine the degree
of physical protection of SOM and subsequent persistence. However, high MBC was associated with
losses of mineral-associated C unless litter C:N ratio was low (Finn et al., 2016), and shoot C may be
more efficiently mineral-associated than root C (Lavallee et al., 2018), highlighting need the for
investigations into interactions between microbial activity and mineral association under varying

conditions.

Despite the importance of microbial activity for aggregation, little is known about how temperature and
moisture regimes affect soil aggregate stability (Hamdi et al., 2013; Prescott, 2010; Zhou et al., 2014).
Stable aggregates declined along a warming gradient in a subarctic grassland (Poeplau et al., 2017), but
temperature had no effect on Cin any soil fraction in a field warming experiment on an arable soil

(Grunwald et al., 2017). For moisture, the amplitude and history of dry-wet cycles may be more
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important than mean soil water content. Rapid re-wetting, or slaking can be extremely destructive even
to stable aggregates as air trapped inside aggregates bursts out once aggregates are submerged in water
(Le Bissonnais, 1996; Wu et al., 2017). Antecedent moisture conditions can determine short-term C
mineralization (Smith et al., 2017). Dry-wet cycles can reduce aggregate stability due to slaking, probably
due to decomposition of labile organic matter, but this effect is not consistent in all soils (Cosentino et
al., 2006; Degens and Sparling, 1995). While greater aggregate stability offers longer physical protection
for soil C, faster aggregate turnover may allow greater incorporation of litter C into aggregates (Denef et
al., 2001; Tisdall and Oades, 1982). This conflicting evidence points to a need to connect microbial
processes more directly with soil aggregate formation and stability. Because temperature and moisture
vary seasonally, spatially, and with human management, properly constraining their effects on physical

C protection is critical to assessing our ability to increase global C stocks (Minasny et al., 2017).

To illuminate fundamental controls on soil C persistence and predict how management and climate
change may affect soil C stocks, we subjected the same soil and substrate to varying environmental
conditions in a 6-month incubation. Focusing our investigation on providing preliminary evidence for the
relationships between microbial activity and physical protection of soil C, our objectives were to
evaluate 1) how temperature and moisture manipulations affected microbial biomass, activity, and
composition, and 2) how soil aggregate distribution, incorporation of substrate C, and aggregate C
chemistry was affected by temperature and moisture or resultant microbial activity. We hypothesized
that MBC and activity would decrease with warmer temperatures, leading to less aggregation and
incorporation of substrate C. However, we expected that complex C would be more easily broken down

under warm conditions, leading to proportionally more simple C.

4.3 Materials and methods

4.3.1 Experimental design



81

Plano silt loam was collected from the Wisconsin Integrated Cropping Systems Trial’s (WICST) 25-year-
old continuous corn plots in June 2015 (Posner et al., 1995). Soil was air-dried, sieved to 2 mm, and
visible roots and detritus were removed. The §3C of this soil was -17.15 %o. Biomass (Mimulus ringens L.
and Verbena hasta L.) was grown under elevated CO; in the University of Wisconsin-Madison Biotron in
2006 (Kao-Kniffin and Zhu, 2013), which led to a depleted 6*3C signature of -42.32%o.. Soil was packed in
100-mL plastic specimen cups to a bulk density of 1.20 g cm™, with 2% biomass by mass incorporated,
except in benchmark samples, which received no biomass additions. This amounted to an addition of
1.02 g C, or 8.54 mg C g soil. Initial soil + biomass mixtures had 38.8 (+0.06) g C and 2.77 (+0.004) g N
kg! soil. Benchmark jars (no plant biomass added, n=4 per treatment) had 29.3 (+0.06) g C and 2.52
(£0.01) g N kg soil. Samples were incubated in a 2 x 2 factorial design with temperature (22 or 30 °C)
and moisture (45 and 65% water-filled pore space, WFPS) treatments, referred to hereafter as warm
dry, warm moist, cool dry, and cool moist. Incubations were kept loosely covered with lids with two 8-
mm holes, which minimizes water loss while preventing headspace buildup of CO, to a level which
would inhibit microbial respiration (Sanford and Kucharik, 2013). Rate of CO; efflux from incubations
was measured by sealing jars and circulating gas through a LI-COR infrared gas analyzer (xxMODELXxx, LI-
COR Biosciences, Lincoln, NE) over 2 to 10 min, with readings every second. A linear and a quadratic
model of CO, concentration over time was fit for each jar and measurement. The quadratic model fit the
data 68% of the time, with an average pseudo-R? of 0.97. Linear fluxes were used when the CO; efflux
did not fit a quadratic model, with an average R? of 0.87. Efflux was measured at least 3 times per week
for the first 30 days, and twice per week thereafter. Samples were kept within 5% of target WFPS by

watering after CO, efflux measurements as needed.

After converting flux rates to mass loss of C over time using the Ideal Gas Law (Geisseler et al., 2011;
Zibilske, 1994), we calculated cumulative loss of C from incubations by linear interpolation between CO;

efflux measurements. We estimated plant biomass lost to respiration for each treatment jar separately:
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Eqn 1: C/'_ Cbenchmark = Cest plant biomass (i)

Where C;is the cumulative C loss for a given jar i, Coenchmark is the mean cumulative C loss for all
benchmark jars of the same treatment as jar i. This assumes that there was negligible changes in C loss
rates for the soil C upon biomass addition: based on strong correlation between this Cest piant biomass and
subsequent analysis of C lost according to §3C in sampled soils, we are confident that this assumption is
valid and the approach was robust (R?=0.90, P<0.0001, Figure 1). Destructive sampling of 4 samples per
treatment (one from each quartile of total C respired) took place at ~30%, 50%, and 60% of plant
biomass respired (Tso, Tso and Teo, Table 1). At Tz and Tso, two jars were used for aggregate fractionation,
and two were split for analysis of microbial biomass C (MBC), extracellular enzyme activity (EEA), and
16S RNA gene sequencing. Samples for aggregate fractionation, MBC, and EEA were refrigerated until
analysis; samples for sequencing were stored at -80 °C. At Teo, all four jars were subjected to all analyses.
Subsamples from all jars were analyzed for total C and N on a Flash EA 1112 CN Automatic Elemental

Analyzer (Thermo Finnigan, Milan, Italy) at incubation initiation and after sampling.

4.3.2 Microbial assays

Microbial biomass C was determined using the chloroform fumigation direct extraction method (Setia et
al., 2012; Vance et al., 1987), with K,SO, diluted to 0.05 M in order to reduce damage to the Shimadzu
TOC-V instrument used to determine dissolved organic C concentration in the extractant. The §'3C of
dissolved organic C was determined on a TOC analyzer (O.l. Analytical Model 1030 TOC Analyzer Xylem
Analytics, College Station, TX) interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon
Ltd, Cheshire, UK) with a GD-100 Gas Trap Interface (Graden Instruments) at the UC Davis Stable Isotope
Facility. Samples were acidified and purged with He to remove inorganic carbonates, which are
negligible at this site (Paul et al., 2001). The activity of extracellular enzymes xylosidase, for a-

glucosidase, B-glucosidase, N-acetyl-glucosidase, cellobiohydrolase, phosphatase, and leucine-amino-
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peptidase (XYL, AG, BG, NAG, CELL, PHOS and LAP) was determined using a fluorescence assay at room

temperature (Bell et al., 2013; Steinweg et al., 2012).

We extracted DNA with a Qiagen (Germantown, MD) DNeasy PowerLyzer PowerSoil Kit. Extraction kit
instructions were followed for the DNA extraction protocol using 0.25 g of moist soil. As part of the
protocol, samples were lysed on a MP Biomedicals FastPrep-24 5G (Santa Ana, CA) for 45 seconds at 6 m
s1. Samples were amplified in triplicate, targeting the 16S rRNA gene v4 region with 515f and 806r
primers (Walters et al., 2015), with barcodes and lllumina sequencing adapters added as per Kozich et
al. (2013) (Supplementary Table X). PCR was performed with 12.5 pL Q5 Hot Start High-Fidelity 2X
Master mix (New England BioLabs INC., Ipswich, MA), 1.25 uL 515f forward primer (10 uM), 1.25 uL 806r
reverse primer (10 uM), 1 uL DNA extract, and 7.75 pL PCR-grade water. The reactions took place on an
Eppendorf Mastercycler nexus gradient (Hamburg, Germany) thermal cycler as follows: 98 °C for 2
minutes + (98 °C for 30 seconds + 58 °C for 15 seconds + 72 °C for 10 seconds) x 30 + 72 °C for 2 minutes
and 4 °C hold. The PCR amplicon triplicates were pooled, purified and normalized using a SequalPrep
Normalization Plate (96) Kit (ThermoFisher Scientific, Waltham, MA). Samples were combined and
library cleanup was performed using a Wizard SV Gel and PCR Clean-Up System A9282 (Promega,
Madison, WI) according to manufacturer’s instructions except for the following two deviations (1) the SV
Minicolumn incubation and centrifugation (steps 5.A.2-5.A.3) steps were repeated twice for each
sample, and (2) nuclease-free water application was divided into 30 pL and 20 uL increments with the
incubation step and centrifuge step after each addition (step 5.A.6). The pooled library was submitted to
the UW Madison Biotechnology Center (UW-Madison, WI) for 2x250 paired end lllumina MiSeq

sequencing.

4.3.3 Aggregate fractionation
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Aggregates were separated by size using a wet-sieving procedure as outlined by Elliott (1986), followed
by macroaggregate dispersal on a shaker as described by Six et al. (1999). We isolated six soil fractions:
macroaggregates (>250 um), microaggregates (53 to 250 um), silt & clay (<53 pum), and from within
macroaggregates, coarse particulate organic matter (cPOM, >250 um), occluded microaggregates (53 to
250 um), and occluded silt & clay (<53 um). All fractions were analyzed for total C and N on an elemental
analyzer (Flash EA1112, Thermo Electron Corp., Milan, Italy) as well as §*3C. Isotopic composition of soil
C was determined at the UC-Davis Stable Isotope Facility using a Thermo GC-C-IRMS composed of a
Trace GC Ultra gas chromatograph (Thermo Electron Corp, Milan, Italy) coupled to a Delta V Advantage
isotope ratio mass spectrometer through a GC/C-lll interface (Thermo Electron Corp, Breman,

Germany).

4.3.4 Organic C chemistry

The molecular composition of C in aggregate fractions from each sample and the initial soil+biomass
mixture, were characterized by electrospray ionization (ESI) coupled with Fourier-transform ion
cyclotron resonance mass spectrometry (FT-ICR). Sequential extractions with water, methanol and
chloroform were performed according to Tfaily et al. (2015). Water and methanol extractions were
directly injected into a 21 Tesla Bruker SolariX FT-ICR spectrometer. Chemical formulas were assigned
using in-house software, with a signal to noise (S/N) > XX, and error XX, taking into consideration the
presence of C, H, O, N, S, and P. Spectra were classified into eight FTI-ICR compound classes, based on
0O/C and H/C counts: lipids (0 < 0/C<0.3, 1.5 < H/C < 2.5), unsaturated hydrocarbons (0 < O/C < 0.125,
0.8 £ H/C < 1.5), condensed hydrocarbons (0 < 0/C £0.95, 0.2 < H/C < 0.8), proteins (0.3 < O/C < 0.55,
1.5 < H/C<2.3), amino sugars (.55 < 0/C<0.7,1.5 <H/C < 2.2), carbohydrates (0.7<0/C<1.5,1.5<
H/C < 2.5), lignins (0.125 < O/C £ 0.65, 0.8 < H/C < 1.5), tannins (0.65<0/C<1.1,0.8<H/C<1.5) (see

van Krevlan diagram, Supplementary Figure 1). These metrics for classification neglect molecular
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structure but do represent broadly different compound classes. Processing code can be found at:

https://github.com/ktoddbrown/ FTICR_Processing.

4.3.5 Statistical Analysis

The effects of temperature, moisture, sample date and their interactions on microbial biomass C, EEA,
total C and N, proportion of plant C, bacterial phyla, FT-ICR compound classes, aggregate mass
proportion and aggregate C and N were evaluated using the aov function in R (R version 3.3, R Core
Team 2016). Control data were excluded from this analysis, but a second model added the effects of
biomass addition for response variables at Teo. This allowed us to evaluate whether trends related to
temperature and moisture were robust regardless of biomass addition. Enzyme activities were log-
transformed to meet assumptions of the normal distribution. Where a significant interaction with date
occurred, the effects of temperature and moisture within a given date are presented separately. To
interpret patterns in relative intensities of individual peaks measured by FT-ICR and relative abundances
of bacterial OTUs, ordinations were created with metaMDS in the vegan package using Bray-Curtis
distance matrices. PERMANOVA (adonis, vegan) was used to determine significant differences by
temperature, moisture sample date, and biomass addition within the distance matrices. The envfit
function from the vegan package (R Core Team, 2016) was used to evaluate the relationship between

response variables and bacterial or molecular composition.

4.4 Results

4.4.1 Temperature and moisture effects on C mineralization, microbial biomass, activity and composition

Overall, the incubation showed a stronger impact of temperature than moisture on microbial biomass,
activity, and composition. Warm temperatures increased mineralization rates at Tz and Tsg in both
biomass and control jars (Table 1), and warm moist jars had a greater C mineralization rate than warm

dry jars at only in T3 biomass-added jars. At Teo, temperature did not affect mineralization rate, but the
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cumulative C respired was greater in warm biomass-added jars than cool dry biomass-added jars. In
control jars at Teo, cumulative C was greater in warm than cool jars. The minimal effects of moisture

suggest moisture was sufficient for microbial C mineralization irrespective of temperature treatment.

Microbial biomass responded to both temperature and moisture (Figure 3). At T3o and Tso, MBC was
greater in cool dry jars than all other treatments, but at T, MBC was greater in all cool jars. The effect
of temperature was consistent irrespective of biomass addition, but control jars had lower overall MBC

than biomass-added jars.

Microbial activity as measured by EEA responded differently to temperature and moisture. The enzymes
BG, NAG, PHOS, and XYL, used to depolymerize C compounds, were elevated at warm temperatures at
T30, Wwhereas the enzyme LAP, which releases N from the protein leucine, was elevated in cool jars at Tsg
and Teo (Figure 2, Table 2). Moisture had a mixed effect on EEA depending on enzyme and sample date.
When biomass was added, moist jars had higher BG, CELL, PHOS at Tso, but PHOS and NAG were
elevated in dry jars at Tso. In control jars, only PHOS activity was elevated in warm treatments (Figure 2,
Supplemental Table 2). However, NAG and LAP activity at Teo Were greater in control than biomass
added jars (Figure 2). Since no nutrients were added to control jars, production of NAG and LAP may

have been required for microbes to acquire N.

Bacterial communities clustered according to sample date, temperature treatment, and biomass

addition, all of which were significant according to PERMANOVA (P<0.01, Figure 4, Table 3).

4.4.2 Soil aggregation and C chemistry

Moisture had a strong effect on soil aggregate distribution, with drier conditions increasing aggregation
and associated C and N. Dry jars showed significantly larger proportions of soil in macroaggregates,
occluded microaggregates and occluded silt and clay, with proportionally less soil in silt and clay (Table

4, Figure 5). The proportion of soil in coarse POM, however, was significantly increased in cool jars at Tso



87

and warm jars at Tso. Biomass addition increased the proportion of soil in aggregates, while control jars

had elevated silt and clay (Supplemental Table 2).

Aggregate C and N content was increased while fine fraction C and N decreased in dry jars (Figure 5,
Table 4, Supplemental Table 2). Across samples and biomass addition, dry jars contained greater
occluded microaggregate and less silt and clay C. Occluded microaggregate and macroaggregate N were
also greater under dry conditions, with correspondingly less silt and clay N. In control jars, occluded silt
and clay C and N were also greater under dry conditions. Coarse POM C and N, macroaggregate N,
occluded microaggregate N, and total C decreased during the incubation, but silt and clay N increased.
Biomass addition decreased the C and N content of silt and clay and had no effect on microaggregate C

or N, but increased C and N in all other fractions.

Across fractions, lipids (64%) were the most abundant, followed by proteins (11%), lignin (10%) and
unknown compounds (8%). Amino sugars, carbohydrates, condensed hydropcarbons, and tannins were
found consistently across fractions in low abundances (<2% each) (Figure 6). Both silt and clay fractions
were depleted in carbohydrates and depleted in proteins relative to other fractions. Free silt and clay
spiked in condensed hydrocarbons, tannins, and unknown compounds at Teo accompanied by a drop in
relative abundance of lipids and proteins. Across sample dates and treatments, microaggregates were

consistently enriched in amino sugars.

The chemical composition of all soil fractions changed over time while the effect of temperature and
moisture varied among aggregate fractions (Table 3, Figure 7). In particular, temperature affected
chemical composition of macroaggregates, microaggregates, occluded microaggregates, and silt and
clay. Moisture affected the chemical composition of only macroaggregates, microagregates, and

occluded microaggregates. The chemical composition of coarse POM varied only with sample date.
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The overall number of peaks, an indicator of OM richness, declined in macroaggregates and silt and clay
after Tso, but remained fairly stable in other fractions (Table 5, Figure 8). Treatment also affected OM
richness in some aggregate fractions: more peaks found in moist samples in macroaggregates, while
more peaks were found in cool samples in silt and clay, and more peaks were found in warm treatments
in occluded microaggregates. Treatments did not affect OM richness in occluded silt and clay,

microaggregates, or coarse POM.

Proteins and lipids, two of the simple compound classes, were affected by temperature especially in the
fine fractions: cool jars had elevated proteins in occluded silt and clay and free silt and clay, and
elevated lipids in free silt and clay at the third sample date (Figure 8, Table 5). Lipids were elevated
under warm temperatures in occluded silt and clay, however, and amino sugars also increased with
warm temperatures in macroaggregates, silt and clay, occluded microaggregates, and coarse POM.
Proteins did not vary in macroaggregates or occluded microaggregates. Lipids were elevated in
macroaggregates under cool dry conditions and elevated in occluded microaggregates under cool
conditions. In microaggregates the effects of temperature and moisture on protein and lipid abundance

were highly variable, but cool dry conditions generally elevated proteins and lipids.

Carbohydrates, another simple compound, varied only in larger aggregate fractions, with no significant
effect of temperature and moisture in silt and clay or occluded silt and clay (Table 5, Figure 8).
Temperature elevated carbohydrates in macroaggregates, occluded microaggregates, and coarse POM.
Microaggregates were again more variable, with elevated carbohydrates under wet conditions at Ts,

dry conditions at Tsg, and warm conditions at Teo.

Complex C compound classes were also more affected by treatments in coarser fractions (Table 5, Figure

8). Tannins and condensed hydrocarbons were elevated under moist conditions, especially early in
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decomposition. Lignin and unsaturated hydrocarbons, in contrast, were increased under warm

conditions in macroagregates, microaggregates and occluded microaggregates.

4.4.3 Plant C incorporation into soil C pools

Treatments had a much stronger effect on the proportion plant Cin MBC than soil C fractions, with a
total of up to 60% of plant recovered. Plant C made up 30 to 50% of MBC, varying significantly by
temperature, moisture, and date (Figure 9). Incorporation of plant C into MBC was greater in cool, dry
treatments and dropped after T3, for all treatments except warm moist jars, which maintained the

lowest but most stable proportion of plant C in microbial biomass.

Dry conditions increased the proportion of C from plant litter additions in silt and clay (P<0.001,
Supplemental Table 2, Supplemental Figure 3). However, silt and clay C stock was smaller under dry
conditions (Figure 5), so total plant C stabilized in silt and clay was not different among treatments (data
not shown). Treatment did not affect any other aggregate fraction in proportion of C from plant biomass
(Supplemental Table 3) or total plant biomass C (data not shown). However, conversion of plant C to
macroaggregate, microaggregate C and occluded microaggregate C was more efficient under cool
conditions at Teo (P<0.05, Figure 10). In other words, after 6 months of incubation, less plant C was

respired per unit plant C incorporated into aggregates under cool conditions than warm conditions.

The proportion of plant biomass C in all aggregate fractions decreased over time (Supplemental Figure 3,
Table 4). Although the proportion of plant biomass in all fractions declined between T3 and Tso, only
occluded microaggregates significantly declined after Tsg, indicating lower rate of plant biomass C

respiration and overall greater stability in C pools after ~50% of plant C was respired.

4.5 Discussion
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This indicates that the microbial contribution to soil aggregate stability will be mediated by

environmental conditions.

Greater efficiency of plant C stabilization under cool dry conditions aligns with previous evidence of
increasing CUE with decreased temperature (Devévre and Horwdth, 2000; Dijkstra et al., 2011; Frey et
al., 2013; Steinweg et al., 2008). Increasing microbial biomass per unit C respired represents a pathway
for conversion of high-quality (low C:N) plant litter into stable SOC (Creamer et al., 2016; Kallenbach et
al., 2015). In addition, microbially-derived C is likely to associate with minerals, as shown by elevated in
lipids and proteins in the fine fractions under cool conditions. Other studies have also found that
mineral-associated organic matter is primarily labile compounds (Haddix et al., 2016), presumed to be of

microbial origin (Grandy and Neff, 2008).

High EEA in our incubations coincided with early high C mineralization rates in warm jars and overall
higher C mineralization in biomass-added jars. Although BG has been shown to be sensitive to moisture
at 10 to 40% volumetric soil moisture (Steinweg et al., 2012), and hot dry field conditions increased CELL
activity (Doyle et al., 2006), under our laboratory conditions substrate diffusion was apparently not
limited by moisture and temperature was the primary driver of C cycling enzymes like BG, CELL, and
PHOS. Moisture affected XYL, which has been shown to be more sensitive to disturbance than other
hydrolytic enzymes, perhaps because it occurs at lower concentrations (Blankinship et al., 2014). As
shown in other circumstances (Hargreaves and Hofmockel, 2014), high microbial biomass C did not lead
to high EEA, because enzyme production is likely stimulated by substrate shortage while microbial

biomass growth or high CUE increase with low C:N substrate availability (Moorhead et al., 2012).

Aggregate C and silt and clay C were both sensitive to temperature and moisture in this experiment,
although they represent different modes of physical C protection. The silt and clay C generally consists

of microbially-derived compounds tightly bound through electrostatic interactions between minerals
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and charged organic matter (Kleber et al., 2007). Macroaggregates contain networks of micro-pores,
which are elevated in more complex C (Bailey et al., 2017), and rely on binding from roots and fungal
hyphae (Six et al., 2000b), which were probably minimal in the our incubation. Diffusion of substrates
and release of soluble C under moist conditions might be expected to reduce both silt and clay and
aggregate C; however, we found that only macroaggregate C was reduced in moist conditions. This may
be because aggregate C is more loosely bound than silt and clay C and therefor more sensitive to
disturbance (Panettieri et al., 2015; Trivedi et al., 2015). Decomposition of cPOM has been shown
increase with temperature more than mineral-associated C (Benbi et al., 2014), suggesting that cPOM
and aggregate C will be rapidly mineralized if changes in abiotic conditions render them accessible to
microbes . Nevertheless, increasing aggregate C is critical for increasing total C stocks, particularly where
they have been severely depleted by agricultural disturbance (Minasny et al., 2017; Six et al., 2000a).

Our evidence suggests that building aggregate C will be more rapid and feasible under drier conditions.

Although soil aggregate and pore size distribution are known drivers of microbial community structure
(Bach et al., 2018; Smith et al., 2017), we found that similar microbial communities only induced
aggregation under dry conditions. The effect of moisture on microbial success is mediated by a complex
interplay between gas and solute diffusion (Manzoni et al., 2012). Diffusion of substrates may impact
aggregate binding as simple substrates are more easily accessed by microbes under moist conditions,
leaving aggregates relatively enriched in complex C (Smith et al., 2017). The microbially-derived C
compounds that enhance aggregation are ubiquitous in soil, so all the microbial communities present
here hold the potential to increase soil aggregation (Plaza et al., 2013). However high-resolution imaging
reveals a patchy distribution of microbial necromass and organic matter (Kuzyakov and Blagodatskaya,
2015; Miltner et al., 2012), which may be affected by moisture regime. In addition, the binding ability of
these microbial exudates may have been enhanced under drier conditions, leading to more stable

aggregates throughout the incubation and regardless of biomass addition. This suggests that while
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increasing microbial biomass may increase the pool of C available for mineral association (Grandy and
Neff, 2008; Miltner et al., 2012), increasing total biomass is not necessary for increasing aggregate-

protected C.

A critical question for predicting soil C stabilization over time is whether conversion of plant litter to
stable soil C will be affected by climate regime. Although C mineralization proceeded more rapidly under
warm conditions, plant litter C in aggregates was equivalent among temperature and moisture
treatments. The priming effect of C addition has also been shown to be the same at warm or cool
temperatures (Thiessen et al., 2013), so we believe that primed respiration of native soil C due to litter
addition did not differ among treatments. However, greater efficiency of plant C incorporation into
aggregates under cool conditions suggests that more plant C will be respired per unit plant C physically
protected under warmer conditions, decreasing potential for stabilization of newly incorporated C. In
addition, the drastic decrease in aggregation with moisture suggests that wetter conditions will decrease
the physical protection of both newly added and native C. It is unclear whether this effect will be stable
under varying moisture regimes, as frequency and amplitude of dry-wet cycles are known to impact
aggregate stability, but cumulative C mineralization is more closely related to long-term moisture regime

than wetting pulses (Borken and Matzner, 2009; Cosentino et al., 2006; Joly et al., 2017).

4.6 Conclusions

We found that while temperature drove microbial composition, activity, and C mineralization,
aggregation was enhanced by drier conditions. The complex interactions between diffusion of
substrates, microbial physiology, and temperature and moisture effects on the binding strength of
various C compounds, dictate that the relationship between temperature or moisture and C protection
is unlikely to be linear on the microscale, despite evidence that temperature and moisture drive soil C

protection on the global scale. We showed that while microbial necromass and exudates may be critical
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for aggregate binding, similar microbial communities’ ability to increase physically protected C will be
limited by moisture regime. Given evidence for shifting precipitation regimes in many regions due to
climate change, our predictions of global C stocks should be adjusted to account for these anomalies.
More research is needed to determine the effects of precipitation frequency and intensity on aggregate

distribution and efficiency of conversion of plant C to stable soil C.
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4.9 Figures and Tables

Figure 1: Plant C lost at each sampling point (Tso, Tso and Teo, when ~30%, 50% and 60% of added plant
biomass had been respired). The x-axis is calculated by linear interpolation between CO,-C efflux
readings (prior to sampling) and the y-axis is calculated from the §3C recovered after destructively
sampling soil. The solid line is 1:1. Water levels were 45% or 65% WFPS (“dry” or “moist”), and
temperature levels were 22 or 30°C (“cool” or “warm”).
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Figure 2: Potential extracellular enzyme activity in a) biomass added and b) control jars for a-
glucosidase, B-glucosidase, cellobiosidase, leucine-amino-peptidase, N-acetyl-glucosidase, phosphatase,
and xylosidase (AG, BG, CELL, LAP, NAG, PHOS and XYL). Samples 1, 2, and 3 refer to Tzo, Tso and Teo,
when ~30%, 50% and 60% of added plant biomass had been respired, water levels were 45% or 65%
WEFPS (“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”). Note that XYL was
not measured at Tso. For comparisons among treatments, see Table 2.
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Figure 3. Microbial biomass C in a) biomass added, and b) control jars. Samples 1, 2, and 3 refer to Ts,
Tso and Tego, Wwhen ~30%, 50% and 60% of added plant biomass had been respired, water levels were 45%
or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”).
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Figure 4: NMDS of Bray-Curtis dissimilarities in 16S microbial community composition. Samples 1, 2, and
3 occurred when 30, 50 and 60% of biomass added had been lost, water levels were 45% or 65% WFPS
(“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”). Arrows shown are
significant modeled relationships between NMDS axes and potential activity of extracellular enzymes B-
glucosidase (BG) and phosphatase (PHOS), moisture and rate of C loss (g C/day) at time of sampling
(PERMANOVA P<0.05).
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Figure 5. Aggregate (a) distribution, (b) C, and (c) N content at samples T3, Tso and Teo, Wwhen ~30%, 50%

and 60% of added plant biomass had been respired. Water levels were 45% or 65% WFPS (“dry” or

“moist”), and temperature levels were 22 or 30°C (“cool” or “warm”). For ANOVA effects of temperature

and moisture, see Table 4.
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Figure 6. Molecular composition of methanol-extracted carbon in soil aggregate fractions. The relative
abundance of Fourier-transform ion cyclotron resonance mass spectrometry defined organic compound
classes analyzed in soil aggregates at Samples 1, 2, and 3 refer to Tz, Tso and Teo, when ~30%, 50% and
60% of added plant biomass had been respired.
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Figure 7. NMDS of FTICR chemistry. Samples 1, 2, and refer to Tso, Tso and Teo, when ~30%, 50% and 60%
of added plant biomass had been respired, water levels were 45% or 65% WFPS (“dry” or “moist”), and
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Figure 8: Organic C compound classes in soil aggregates as determined by Fourier-transform ion
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cyclotron resonance (FT-ICR) mass spectroscopy. Samples 1, 2 and 3 refer to Tso, Tso and Teo, when ~30%,
50% and 60% of added plant biomass had been respired (see Table 1 for details), water levels were 45%

or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”)..

Relative abundances

Macroaggregates

MEm

===

[N

Sample 1 Sample 2Sample 3

0.0075
0.0050
0.0025
0.0000 -

0.03
0.02 1
0.01 7
0.00 -

0.06 |
0.04 -
0.02
0.00

10000
7500
5000 |
2500

I
NN
I

ool

Microaggregates

L

0_

1]

I
I

1

= =

- =

ﬁ

Sample 1 Sample 2 Sample 3

$ Cool dry
— Cool moist
E3 warm dry

B Warm moist

0.6
0.4
0.2 1
0.0 -
0.06
0.04
0.02
0.00 ~
0.15
0.10
0.05
0.00 -

0.0075
0.0050
0.0025
0.0000

0.02
0.01 7
0.00 -
0.15 4
0.10
0.05

0.00 -
0.020
0.015 1
0.010
0.00S
0.000

0.06
0.04
0.02
0.00 -
0.6 7
0.4
0.2 1

0.0 -
12500
10000

7500
5000

2500
0 -t

Silt and Clay

"

.

i

Sample 1 Sample 2 Sample 3

.

spidn

suogueacupi}
pajRInesun

suiejoug

aiebng
oulLyy

spunodwoy)  suoqeaIpA} ”
pasuapuon sujuue), b ieRIpAyogIe

umouNun

s)eay
1830



111

Figure 8 (cont’d): Organic C compound classes in soil aggregates as determined by Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectroscopy. Samples 1, 2 and 3 refer to Tso, Tso and Teo, when ~30%,
50% and 60% of added plant biomass had been respired (see Table 1 for details), water levels were 45%
or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”

Relative abundances

Coarse POM

COOLO 999099
o= ooooo
ohone o=@

1 1 1

0.004 A
0.002

0.000 -
0.012
0.009
0.006
0.003
0.000 -

0.15 4
0.10 1
0.0S 4
0.00 -
0.0025 1
0.0020
0.0015 A
0.0010 A
0.0005
0.0000 -

0.015 1
0.010
0.00S A
0.000 -

0.06
0.04
0.02
0.00 -

9000
6000
3000

0 -

il

I
i =

Sample 1Sample 2Sample 3

Occluded Microaggregates

(L0

i
L

+ M

[Nl

|
|

Sample 1 Sample 2 Sample

$ Cool dry
* Cool moist
$ Warm dry

— Warm moist

=

Occluded Silt and Clay

0.6
0.4 1
0.2 4
0.0 -

0.03
0.02
0.01
0.00 -
0.20
0.15 7
0.10
0.0S
0.00 -

0.006
0.004
0.002
0.000
0.015
0.010
0.005
0.000

0.10

0.05 1
0.00 -

0.004
0.002
0.000 -

0.020
0.015
0.010
0.00S
0.000

0.09

0.03 1
0.00 -

9000
6000
3000

il
il

n

0 -

Sample 1 Sample 2 Sample 3

spidn

suogueacupi}
pajeInesun

suIaj0g

aiebng
ouluky

,

spunodwo)  suoqEICIpAL
pasuapuon BujuBj uwbry  seEiphyoqie

umouNUn

s)eay
[B30|



112

Figure 8. Proportion of microbial biomass C derived from added plant biomass, based on 8§'3C signature.
Samples 1, 2 and 3 refer to Tso, Tso and Teo, when ~30%, 50% and 60% of added plant biomass had been

respired (see Table 1 for details), water levels were 45% or 65% WFPS (“dry” or “moist”), and
temperature levels were 22 or 30°C (“cool” or “warm”).
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Figure 9. Efficiency of conversion of plant C to various aggregate pool C after 6 months of incubation and
mineralization of ~60% of total plant C (Sample 3). Water levels were 45% or 65% WFPS (“dry” or
“moist”), and temperature levels were 22 or 30°C (“cool” or “warm”).
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Table 1: Incubation characteristics by treatment at each sample date. *At Sample 2, control jars were
not always measured on the day of sampling, so mean control values are taken from nearest
measurements: Day 61 for warm dry, Day 100 for all cool. Water levels were 45% or 65% WFPS (“dry” or
“moist”), and temperature levels were 22 or 30°C (“cool” or “warm”).

Control . Control
Samp . Rate of Cumulative .
le Treatment Time C loss rate of CO? Efflux Cumulative
Closs CO2 Efflux
days gcCday! g Cday! g g
1 Warm dry 15 1.26E-02 a 298E-3 a 0.385 a 0.0789 a
Warm moist 15 1.11E-02 b 2.78E-3 a 0.390 a 0.0797 a
Cool dry 29 4.03E-03 c 7.05e-4 b 0.387 a 0.0656 b
Cool moist 29 4.156-03 ¢ 7.99E-4 b 0.353 b 0.0711 b
2 Warm dry 63 2.98E-03 a 1.59E-3 a 0.665 a 0.181 a
Warm moist 55 3.78E-03 a 157E-3 a 0.684 a 0.162 a
Cool dry 99 2.52E-03 b 5.45E-4 b 0.605 b 0.115 b
Cool moist 99 2.46E-03 b 6.64E-4 b 0.612 b 0.128 b
3 Warm dry 195 8.79E-04 3.60E-4 0.854 a 0.311 a
Warm moist 195 1.13E-03 7.76E-4 0.922 a 0313 a
Cool dry 195 1.27E-03 4.45E-4 0.774 b 0.164 b
Cool moist 195 1.17E-03 5.78e-4 0.805 b 0.188 b




Table 2: ANOVA p-values of potential activity in umol g soil™* h! for the enzymes a-glucosidase, B-
glucosidase, cellobiosidase, leucine-amino-peptidase, N-acetyl-glucosidase, phosphatase, and xylosidase
(AG, BG, CELL, LAP, NAG, PHOS and XYL) and for microbial biomass C (MBC). Samples 1, 2, and 3

occurred when 30, 50 and 60% of biomass added had been lost, water levels were 45% or 65% WFPS
(“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”).

115

Parameter AG BG CELL PHOS NAG XyYL* LAP MBC
P-value
Sample (S) <0.05 <0.0001 <0.001 <0.0001 <0.0001 <0.0001 <0.001 <0.0001
Water (W) 0.64 0.68 0.68 0.38 <0.05 <0.0001 0.12 0.09
Temperature (T) 0.75 <0.001 0.35 <0.001 <0.001 0.19 <0.001 <0.0001
SxW 0.33 <0.05 <0.05 <0.01 <0.01 <0.0001 0.25 0.37
SxT 0.09 <0.001 0.08 <0.001 <0.0001 <0.0001 <0.0001 0.37
TxW 0.45 0.36 0.19 0.59 0.22 0.56 0.76 <0.05
SXTxW 0.13 0.21 0.33 <0.05 <0.05 0.59 0.47 <0.05

*not measured at Sample 2



Table 3: Results of PERMANOVA analysis for 16s bacterial composition and aggregate chemical composition Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometry compound classes. Samples 1, 2, and 3 occurred when 30, 50 and 60% of biomass added had been lost,

water levels were 45% or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”).
Parameter 16s composition FTICR spectra
. . . Coarse Occluded Occluded Silt &
Whole soil Macroaggregates Microaggregates Silt & Clay POM Microaggregates Clay
P-value

Sample (S) <0.001 <0.001 <0.001 <0.001 <0.01 <0.05 <0.001
Water (W) <0.001 <0.001 <0.001 0.24 .10 <0.01 0.29
Temperature (T) <0.001 <0.001 <0.001 <0.001 .07 <0.01 0.07
SxW <0.001 0.22 <0.05 0.12 47 0.16 0.93
SxT 0.06 0.12 <0.01 <0.001 .94 <0.05 <0.05
WxT <0.05 0.36 0.34 0.41 .86 1.0 0.55
SXWxT 0.06 0.12 <0.05 0.41 .65 0.98 0.87

9TT
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Table 4: ANOVA P-values from models of temperature and moisture effects on aggregate fraction mass,
C, N, and proportion of plant-derived C in aggregate fractions. Samples 1, 2, and 3 occurred when 30, 50
and 60% of biomass added had been lost, water levels were 45% or 65% WFPS (“dry” or “moist”), and
temperature levels were 22 or 30°C (“cool” or “warm”).

Model
Occluded
Macro- Micro- Silt & Coarse micro- Occluded Whole
Parameters aggregates  aggregates clay POM aggregates silt & clay soil
P-value
Aggregate mass distribution
Sample (S) 0.33 0.51 0.06 <0.0001 <0.05 <0.01 NA
Water (W) <0.0001 <0.01 <0.0001 0.10 <0.001 <0.01 NA
Temperature (T) 0.64 0.54 0.82 0.50 0.22 0.29 NA
SxW 0.27 0.55 0.26 0.23 0.93 0.18 NA
SxT 0.96 0.71 0.99 <0.01 0.14 0.74 NA
WxT 0.36 0.22 0.81 0.67 0.45 0.90 NA
SXWxT 0.64 0.81 0.34 0.81 0.58 0.16 NA
Aggregate C content
Sample (S) 0.19 0.54 0.14 <0.0001 <0.05 0.87 <0.0001
Water (W) 0.06 0.78 <0.0001 0.92 <0.05 0.79 0.07
Temperature (T) 0.39 0.93 0.49 0.90 0.93 0.50 0.08
SxW 0.61 0.24 0.61 0.82 0.98 0.85 0.35
SxT 0.54 0.17 0.65 0.64 0.08 0.86 0.47
WxT 0.79 0.25 0.94 0.44 0.60 0.49 0.87
SXWxT 0.29 0.42 0.28 0.82 0.47 0.84 0.85
Aggregate N content
Sample (S) <0.05 0.83 <0.01 <0.0001 <0.01 0.22 0.84
Water (W) <0.001 0.79 <0.0001 0.60 <0.01 0.79 0.78
Temperature (T) 0.18 0.90 0.88 0.67 0.72 0.61 0.51
SxW 0.72 0.25 0.60 0.57 0.74 0.78 0.66
SxT 0.62 0.13 0.96 0.20 0.36 0.96 0.29
WxT 0.81 0.19 0.80 0.45 0.87 0.58 0.96

SXxXWxT 0.51 0.47 0.14 0.95 0.25 0.35 0.60
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Table 5: ANOVA P-values from models of temperature and moisture effects on relative abundances of
organic C in aggregate fractions. Compound classes were determined by Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometry. Samples 1, 2, and 3 occurred when 30, 50 and 60% of biomass
added had been lost, water levels were 45% or 65% WFPS (“dry” or “moist”), and temperature levels
were 22 or 30°C (“cool” or “warm”).

Model
Occluded
Macro- Micro- Silt & Coarse micro- Occluded
Parameters aggregates aggregates clay POM aggregates silt & clay
P-value
Total peaks
Sample (S) <0.0001 <0.01 <0.0001 0.27 0.47 0.27
Water (W) <0.05 0.95 0.18 0.53 0.70 0.54
Temperature (T) 0.60 0.62 <0.0001 0.84 <0.01 0.11
SxW 0.94 0.16 <0.001 0.37 0.10 0.10
SxT 0.70 0.15 <0.0001 0.31 0.08 0.51
WxT 0.32 0.13 <0.001 0.53 0.23 0.99
SXWxT 0.94 0.12 0.48 0.51 0.60 0.33
Lipids
Sample (S) 0.11 <0.0001 <0.0001 <0.05 0.30 <0.0001
Water (W) <0.05 <0.01 0.31 0.11 0.07 0.22
Temperature (T) <0.0001 <0.0001 <0.0001 0.07 <0.05 <0.05
SxW 0.52 <0.01 <0.05 0.44 0.69 0.47
SxT 0.32 <0.01 <0.0001 0.98 <0.05 <0.001
WxT 0.86 0.31 0.57 0.65 0.68 0.66
SXWxT 0.17 0.14 0.39 0.76 0.57 0.21
Proteins
Sample (S) 0.16 <0.01 <0.0001 <0.0001 0.34 0.07
Water (W) 0.40 <0.01 0.99 0.05 0.38 0.31
Temperature (T) 0.71 <0.05 <0.01 0.37 0.77 <0.05
SxW 0.82 0.13 0.53 0.14 0.07 0.50
SxT 0.11 <0.05 0.26 0.42 0.13 0.08
WxT 0.23 0.44 <0.05 0.43 0.40 0.66
SXWxT 0.55 <0.01 0.71 0.61 0.82 0.91
Lignin

Sample (S) <0.01 <0.0001 <0.0001 0.88 <0.05 0.05
Water (W) <0.01 0.83 0.23 0.72 0.06 0.85
Temperature (T) <0.0001 <0.0001 0.56 0.12 <0.05 0.90
SxW <0.05 0.10 0.18 0.48 0.84 0.38
SxT 0.54 0.20 0.34 0.78 0.62 0.66
WxT 0.46 0.96 0.40 0.78 0.98 0.31

SXxWxT 0.25 0.27 0.48 0.71 0.73 0.89



Unknown Compounds

Sample (S) <0.0001 <0.05 <0.0001 <0.05 0.22 0.71
Water (W) 0.27 0.24 0.53 0.54 0.59 0.97
Temperature (T) <0.05 0.4757 <0.01 0.80 0.88 0.25
SxW 0.41 0.10 0.11 0.34 0.26 0.86
SxT <0.0001 0.12 <0.01 0.32 0.14 <0.05
WxT 0.15 0.72 0.32 0.56 0.94 0.38
SXxWxT 0.28 0.38 0.74 0.10 0.90 0.99
Unsaturated hydrocarbons
Sample (S) 0.57 <0.0001 0.06 <0.05 0.10 <0.01
Water (W) 0.55 <0.05 0.14 0.86 0.82 0.92
Temperature (T) <0.001 <0.01 0.74 0.31 <0.01 0.32
SxW 0.11 0.67 0.51 0.28 0.79 0.61
SxT 0.94 <0.05 <0.01 0.75 0.30 0.84
WxT 0.88 0.13 0.80 0.94 0.76 0.21
SXWxT 0.14 0.33 0.31 0.68 0.67 0.86
Amino sugars
Sample (S) 0.27 <0.01 <0.0001 0.41 <0.05 <0.05
Water (W) 0.42 0.67 <0.01 0.15 0.06 0.70
Temperature (T) <0.01 0.19 <0.0001 <0.05 <0.0001 0.96
SxW 0.90 0.19 0.49 0.92 0.07 0.93
SxT 0.81 0.07 <0.001 0.21 0.38 0.22
WxT 0.52 0.25 0.23 0.74 0.99 <0.05
SXxWxT 0.48 0.11 0.99 0.13 0.55 0.84
Carbohydrates
Sample (S) <0.05 <0.0001 <0.05 0.63 <0.001 <0.05
Water (W) 0.05 <0.05 0.19 0.28 0.07 0.58
Temperature (T) <0.001 <0.001 0.52 <0.05 <0.001 0.87
SxW 0.84 <0.01 0.92 0.89 0.08 0.77
SxT <0.05 <0.01 <0.05 0.16 0.26 0.79
WxT 0.44 0.79 0.43 0.37 0.81 0.27
SXWxT 0.25 0.80 0.77 0.29 0.82 0.53
Tannins
Sample (S) <0.0001 <0.001 <0.0001 <0.01 <0.01 0.20
Water (W) <0.0001 <0.0001 <0.001 <0.001 <0.0001 0.11
Temperature (T) <0.0001 <0.01 <0.0001 <0.001 0.18 0.19
SxW <0.0001 <0.001 0.75 <0.05 <0.001 0.90
SxT 0.11 <0.05 <0.0001 0.34 0.16 0.32
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WxT 0.48 0.39 0.49 0.05 0.17 0.65
SXWxT <0.05 0.06 0.25 0.20 0.92 0.87
Condensed hydrocarbons
Sample (S) <0.0001 <0.0001 <0.0001 0.05 <0.001 0.06
Water (W) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.19
Temperature (T) <0.0001 <0.001 <0.0001 <0.01 <0.001 0.81
SxW <0.0001 <0.0001 0.46 <0.01 <0.0001 0.79
li SxT <0.05 <0.01 <0.0001 0.12 <0.01 0.54
WxT 0.21 <0.05 0.06 0.18 <0.01 0.85
SXWxT <0.01 <0.05 0.11 0.09 0.08 0.87
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Supplemental Figure 1: Example of a van Krevlan diagram, visualizing the classification of organic C
compounds according to H:C and O:C ratios. Peaks were generated using Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometry and elemental formulas assigned based on in-house
software at the Environmental Molecular Sciences Laboratory.
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Supplemental Figure 2. Aggregate distribution, C and N stocks in control jars (no added plant litter) after 6 months of incubation (Sample 3).

Water levels were 45% or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”).
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Supplemental Figure 3: Proportion of plant biomass recovered in aggregate fractions as calculated by
513C. Samples 1, 2, and 3 occurred when 30, 50 and 60% of biomass added had been lost, water levels

were 45% or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or 30°C (“coo
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Supplemental Table 1: ANOVA p-values of potential activity in umol g soil-1 h-1 for the enzymes a-
glucosidase, B-glucosidase, cellobiosidase, leucine-amino-peptidase, N-acetyl-glucosidase, phosphatase,
and xylosidase (AG, BG, CELL, LAP, NAG, PHOS and XYL) and for microbial biomass C (MBC). Samples 1, 2,
and 3 occurred when 30, 50 and 60% of biomass added had been lost, water levels were 45% or 65%
WEFPS (“dry” or “moist”), and temperature levels were 22 or 30°C (“cool” or “warm”).

AG BG CELL PHOS NAG XYL* LAP MBC
P-value
Model
Parameters
Control
Temperature (T) 0.09 0.31 0.79 <0.05 0.85 0.19 0.15 0.27
Water 0.42 0.30 0.19 0.48 0.88 0.58 0.10 0.16
TxW 0.19 0.68 0.30 0.16 0.06 0.52 0.61 0.18
Biomass vs Control
Addition (A) 0.52 0.87 0.65 0.16 <0.001 0.10 <0.0001 <0.001
Temperature (T) 0.08 0.07 0.60 <0.05 0.44 <0.05 <0.01 <0.001
Water (W) 0.72 0.41 0.67 0.32 <0.05 0.37 0.06 0.33
AxT 0.71 0.64 0.83 0.52 0.53 0.32 <0.05 <0.05
AxW 0.19 0.55 0.26 0.84 <0.05 0.12 0.47 0.10
TxW 0.32 0.77 0.50 0.42 0.10 0.56 0.76 0.13

AxTxW 0.54 0.80 0.58 0.42 0.80 0.80 0.51 0.39
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Supplemental Table 2: ANOVA P-values from models of temperature and moisture effects on aggregate
fraction mass, C and N in control jars (Control Model), ANOVA P-values of biomass addition,
temperature and moisture effects on aggregate fraction C and N (Biomass vs. Control) after 6 months of
incubation. Water levels were 45% or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or

30°C (“cool” or “warm”).

Model
Occluded
Macro- Micro- Silt & Coarse micro- Occluded Whole
Parameters aggregates aggregates clay POM aggregates  silt & clay soil
P-value
Aggregate mass distribution
Control
Water(W) <0.0001 0.21  <0.0001 0.80 <0.0001 <0.0001 NA
Temperature (T) <0.05 0.39 <0.001  <0.05 0.14 0.14 NA
WxT 0.91 0.15 0.44 0.06 0.41 0.41 NA
Biomass vs Control
Addition (A) <0.0001 0.06  <0.0001 0.08 <0.0001 <0.0001 NA
Water (W) <0.0001 <0.05 <0.0001 0.28 <0.0001 <0.0001 NA
Temperature (T) 0.12 0.98 <0.05 0.32 0.14 0.90 NA
AxW <0.0001 0.40 <0.0001 0.37 <0.01 <0.001 NA
AxT 0.13 0.20 <0.05 0.21 0.77 <0.05 NA
WxT 0.40 0.07 0.70 0.50 0.62 <0.01 NA
AxWxT 0.47 0.82 0.16 0.19 0.59 0.70 NA
Aggregate C
Control
Water(W) <0.0001 0.46  <0.0001 0.46 <0.0001  <0.0001 0.20
Temperature (T) 0.74 0.84 <0.05  <0.05 0.15 0.43 <0.05
WxT 0.53 0.35 0.18 0.17 0.58 0.23 0.36
Biomass vs Control
Addition (A) <0.0001 0.86 <0.001 0.10 <0.0001 0.07 <0.0001
Water (W) 0.76 0.39 <0.0001 0.42 <0.0001 0.34 <0.05
Temperature (T) 0.31 0.10 <0.05 0.06 0.80 0.45 <0.05
AxW 0.34 0.07 <0.0001 0.99 <0.01 0.10 0.22
AxT 0.49 0.13 0.47 0.22 0.13 0.61 0.90
WxT 0.36 0.54 0.71 0.56 0.74 0.91 0.64
AXWxT 0.47 0.58 0.15 0.25 0.70 0.51 0.58
Aggregate N
Control
Water(W) <0.001 0.43  <0.0001 0.39 <0.001 <0.001 0.32



Temperature (T)
WxT

Biomass vs Control
Addition (A)
Water (W)
Temperature (T)
AxW
AxT
WxT
AxWxT

0.64
0.92

<0.0001
<0.001
0.61
0.12
0.26
0.78
0.66

0.89
0.39

0.66
0.53
0.10
0.08
<0.05
0.32
0.85

0.72
0.25

<0.01
<0.0001
0.88
<0.01
0.76
0.89
0.09

<0.05
0.10

0.11
0.35
0.09
0.91
0.28
0.73
0.45

0.30
0.76

<0.0001
<0.0001
0.64
<0.01
0.44
0.73
0.45

0.36
0.13

<0.05
<0.05
0.63
<0.01
0.87
0.45
0.62
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0.83
0.70

<0.01
0.65
0.78
0.39
0.97
0.48
0.82
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Chapter 5: Conclusions

5.1 Summary

This work was motivated by interest in the efficacy of sustainable agriculture practices regarding soil C.
Since soil C processes occur on multiple scales, | performed both field and laboratory experiments and

made measurable strides in understanding the effects of management and abiotic conditions on soil C.

We investigated cover crops as a tool to marginally perennialize annual cropping systems and therefore
increase soil C by increasing total photosynthesis and root biomass. Cover crops were found to have a
neutral effect on the overall net ecosystem C balance (NECB) in maize systems, where the residue
removal or harvest was a much more important input of C to the soil. Our estimation of Ry as part of
NECB revealed seasonal stimulation of heterotrophic microbes by cover crops, but no effect of cover

crops on cumulative annual C losses to Ry,

Cove crops also did not alter maize residue decomposition rate, a critical management parameter for
growers in northern climates and a critical input of C to the soil, as revealed by our NECB. However,
cover crops increased potentially mineralizable C (PMC) and particulate organic matter (POM) C, two
pools of “active” C expected to precede increases in total soil C. This finding in light of similar C balance,
decomposition rate, and microbial communities with cover crops highlights that the impacts of cover
crop adoption will be slow and likely limited to belowground pools, especially where biomass growth is

constrained by northern climates and annual cropping systems.

Moving into the lab to investigate the effects of temperature and moisture on microbial activity and soil
aggregate C, we found that warmer temperatures increased microbial activity, but drier conditions
increased soil aggregation irrespective of microbial mineralization rate, biomass, or composition. Moist

conditions resulted in elevated complex C in aggregates, but lower overall macroaggregate C, suggesting
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that simple C compounds may be more soluble than binding when diffusiion is greater. We concluded
that when agronomic management impacts moisture regime (i.e via changing ground cover), there may

be previously unforseen effects on physical protection of soil C.

5.2 Future Work

Many open questions remain, but some of the most pressing include the long-term effects of cover

crops on soil C and the field testing of our finding relating moisture to aggregate C.

In the first case, developing cover crop systems that maximize production of biomass is critical to
fulfilling expectations that cover crops will increase soil C. This is both an agronomic and a social issue,
because moving away from maize-soy rotations opens up more options for cover crop or perennial
adoption, but farmers remain reliant on existing markets, crop insurance, and infrastructure that favor
maize and soy. Options for incremental change include promoting cover crop adoption following corn
silage and improving technology for interseeding, but to achieve meaningful increases in C inputs from

cover crops will require expanding their growing season in northern climates substantially.

On the mechanistic side, it is not clear how C moves between “active” pools and long-term
sequestration, so it is difficult to infer the long-term implications of the increases we observed in PMC
and POM. Research investigating the turnover rate under varying management scenarios could

illuminate these processes and help us to interpret our results.

Last, the phenomenon we observed in the laboratory of de-coupled microbial activity rate from soil
aggregation must be rigorously tested under natural conditions. Changing moisture regimes are
expected under various climate change scenarios, and our experiment did not address the impact of
frequency or intensity of wetting on physical protetion of C. Microbial populations are adapted to a wide
range of conditions, and it may be that specific physiological pathways we did not investigate in this

study are responsible for the increased stability we observed in drier conditions.



