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ABSTRACT

The expansion of conventional row crop agriculture has altered soil biodiversity and
function across the Midwest United States. The tallgrass prairie ecosystem that historically
dominated this region is characterized by rich soil food webs that carry out important ecosystem
services; therefore, restoring prairies within agricultural landscapes may reverse the harms
wrought by intensive agricultural management. Prairie strips are a farm conservation practice in
which tallgrass prairie vegetation is established in row crop fields, comprising up to 25% of a
field area in linear strips ranging from 30 to 120 feet in width. Prairie strips reintroduce many
features of the tallgrass prairie ecosystem to row crop farms, including increased plant, insect,
and wildlife diversity, enhanced pollination, and reduced erosion and nutrient runoff. It remains
unknown whether prairie strips also reintroduce belowground biota and soil processes
characteristic of the tallgrass prairie. In this dissertation, | investigated the belowground changes
associated with prairie strip establishment in Michigan and lowa cropping systems.

In Chapter 1, I measured soil microbial community composition during the first four
years of prairie strip establishment within two low-intensity cropping systems in Michigan. |
found that prairie strips quickly enriched prairie-associated microbial phyla and functional
groups within just a few months after prairie strip planting, that land use history is an important
driver of prairie strip microbial community composition, and that prairie strips did not affect
microbial communities of surrounding cropland soils, suggesting that prairie taxa do not spill
over into surrounding cropland soils early in their establishment. To understand whether prairie
strips have a stronger effect on adjacent cropland soil microbial communities later in their
succession, | conducted a similar study at a site in lowa with more mature prairie strips in

Chapter 2. | showed that similar to newly planted prairie strips in Michigan, 12 year old prairie



strips altered soil microbial communities beneath the prairie strip, but not in adjacent cropland
soils. Prairie strips also increased soil microbial biomass carbon and potential enzyme activities
beneath the prairie strip, and increased potential activity of some extracellular enzymes in
adjacent cropland soils.

In Chapter 3, | measured early soil carbon indicators and soil organic matter fractions
during three years of prairie strip establishment and at multiple distances from prairie strips in
two cropping systems. This study showed that prairie strips do not exhibit a linear increase in
soil carbon indicators during three years of establishment, but some indicators do show a
temporary increase compared to surrounding cropland. Prairie strips increased soil active C
relative to adjacent cropland in 2 of the 3 years we measured. Prairie strips did not increase soil
active C in surrounding cropland soils, nor did they increase C stocks in organic matter fractions
after 3 years. Early increases in prairie strip soil active C suggest that prairie strips will show
more pronounced increases in soil C stocks relative to cropland in coming years.

Finally, in Chapter 4, I examined prairie strips’ effect on insecticide movement across the
landscape and insecticide degradation by soil microbial communities. | measured the
neonicotinoid clothianidin in soil, plant tissue, and groundwater. Prairie strips at this site
accumulated neonicotinoids in plant tissue, but at concentrations below levels toxic to pollinator
insects. This study also showed that prairie strips planted in cropland managed with
neonicotinoid-treated seeds do not reduce neonicotinoid runoff into downslope soils. Lastly, |
report findings from an experiment that tests degradation of neonicotinoid insecticides by soil
microbial communities in prairie strips and surrounding cropland. Altogether, this dissertation
shows that prairie strip effects on surrounding cropland is minimal, but beneath the strips, prairie

strips quickly restore soil biota and soil C cycling functions of the tallgrass prairie.
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INTRODUCTION

Agricultural expansion and intensification in the Midwest United States has led to an
extreme loss of biodiversity and ecosystem services (IPBES 2019; UNEP and IUCN 2021).
Belowground biodiversity and functioning in soils have also declined due to intensive
agricultural land management (Grandy and Robertson 2006; Poeplau et al. 2011; Sanderman et
al. 2017; FAO et al. 2020). The use of large, heavy equipment in agricultural fields can cause
both compaction and fragmentation of soil aggregates, and over time, soil that is regularly
disturbed exhibits lower water infiltration, greater nitrous oxide emissions, greater chemical
runoff, and lower crop yields (Van Veen and Paul 1981; Grandy and Robertson 2006; Syswerda
et al. 2011; Robertson et al. 2015; Millar and Robertson 2015; Cusser et al. 2020).
Agrochemicals applied as seed treatments or foliar sprays infiltrate into soil and alter soil pH
(Brady and Weil 2017), shift belowground community composition (Fierer and Jackson 2005;
Jach-Smith and Jackson 2018), and limit soil organic matter formation (Millar and Robertson
2005; Brady and Weil 2017). Compared to diverse perennial systems, annual monocultures also
show a reduced capacity for carbon storage, due to lower belowground biomass, litter additions,
and diversity of pore space for microbial carbon use (Cérdova et al. 2018; Kravchenko et al.
2019; Sprunger et al. 2017; Sprunger et al. 2018). The U.S. Midwest needs land management
strategies that deliver crop yields without compromising soil functionality.

The tallgrass prairie ecosystem that historically comprised most of the U.S. Midwest (Li
et al. 2023) harbors a diverse soil food web that carries out critical ecosystem services (Van
Veen and Paul 1981; Anderson 2006; Helzer 2009; McClain et al. 2021). Reintroducing prairie
within agricultural landscapes may therefore reverse losses of soil biota and functionality that

occurred during agricultural intensification. The lowa State University Science-based Trials of



Rowcrops Integrated with Prairie Strips (STRIPS) research team developed a management
strategy called prairie strips to implement prairie systems on Midwestern farms. Prairie strips are
strips of tallgrass prairie vegetation established in row crop fields, comprising up to 25% of a
field area in linear strips ranging from 30 to 120 feet in width (Schulte et al. 2017). The STRIPS
team has published over a decade’s worth of research demonstrating socioeconomic and
ecological benefits of prairie strips, both within the prairie areas and in the cropland surrounding
prairie strips. Prairie strips have also now been established at Michigan State University’s W.K.
Kellogg Biological Station to compare prairie strip effects across Midwest states.

Prairie strips provide suite of ecological benefits on farms without compromising crop
yields beyond the area taken out of production (Schulte et al. 2017). As habitat corridors, prairie
strips support increased diversity of insects, birds, and other wildlife within the strips and, in
some cases, in surrounding cropland (Schulte et al. 2017; Kemmerling et al. 2022; Kemmerling
et al. 2023; Borchardt et al. 2023; Stephenson et al. 2024). Prairie strips also support healthier
and more productive pollinator populations (Zhang et al. 2023). At the landscape scale, across
both prairie and cropland, prairie strips reduce erosion (Schulte et al. 2017; Stephenson et al.
2024), nutrient runoff (Hernandez-Santana et al. 2013, Pérez-Suarez et al. 2014, Zhou et al.
2014; Hladik et al. 2017) and transport of antimicrobial resistance contaminants from manure
application (Alt et al. 2023) into downslope and offsite areas. Most research on prairie strips has
focused on their aboveground effects, but prairie strips also have the potential to restore the
diversity and functional capacity of prairie soil communities.

Belowground effects of prairie strips may be similar those of larger prairie restorations.
Prairie restoration enhances soil structure (Baer et al. 2002, Herzberger et al. 2014, Sprunger et

al. 2017, Mackelprang et al. 2018, Kravchenko et al. 2019), increases organic matter inputs



(Johnson et al. 2001, Allison et al. 2005, Kohl et al. 2014, Séle et al. 2015, Carson and Zeglin
2018, Zhu et al. 2020), and changes the composition of soil food webs (Bach et al. 2018, Upton
et al. 2018, Plassart et al. 2008, Barber et al. 2017, Mackelprang et al. 2018). The unique
configuration of prairie strips’ within cropland may also cause prairie strip establishment to
effect soil biota and function in surrounding cropland. Organisms may disperse from prairie strip
soils to cropland soils (Warmink et al. 2011, Coleman and Wall 2015, van Elsas et al. 1991,
Choudoir et al. 2018, Langenheder and Lindstrom 2019, Chaudhary et al. 2020, Kemmerling et
al. 2022), or prairie roots may extend into cropland and contribute organic matter (Sprunger et al.
2018; Middleton et al. 2018). On the other hand, cropland management activities could alter
abiotic conditions (Weil and Brady 2017, Maher et al. 2010, Stewart et al. 2007) and inhibit soil
biota from successfully dispersing from prairie strips (Jeske et al. 2018; Séle et al. 2015;
Warmink et al. 2011; Johnsen et al. 2001; Ferrero et al. 2022; Dutter et al. 2024).

Only a handful of studies have measured belowground responses to prairie strips, and
most have taken place in mature prairie strips after 10 or more years of establishment. Older
prairie strips exhibit enhanced soil carbon pools compared to cropland, including greater
dissolved organic carbon (Smith et al. 2014), soil organic carbon (Pérez-Suérez et al. 2014), and
microbial biomass carbon (Dutter et al. 2024), but have little effect on soils in adjacent cropland
(Dutter et al. 2023; Dutter et al. 2024). One of the few studies in newer prairie strips showed
increased water infiltration in prairie strips compared to surrounding cropland after 3 years,
further reducing landscape-level soil erosion and agrochemical runoff (Henning et al. 2024). The
rate at which belowground changes in prairie strips occur, the degree to which prairie strips
affect soils in surrounding cropland, and the ways in which effects differ across cropping

systems are all key knowledge gaps in prairie strip research.



My dissertation addresses these gaps by describing how prairie strips affect belowground
communities and their functioning in cropping systems across the Midwest. In Chapter 1, |
investigate soil microbial communities in newly-established prairie strips and adjacent cropland
in two Michigan cropping systems. | measure bacterial and fungal community composition
during the first four years of prairie strip establishment and at multiple distances from prairie
strips within two low-intensity cropping systems. The study clarifies whether, and how quickly,
prairie strip soil communities can be expected to resemble those of larger-scale prairie
restorations. The project also evaluates the effect of agricultural land use history in prairie strip
communities, and the extent to which prairie strips can introduce bacteria and fungi to
surrounding cropland soils early in their establishment.

In Chapter 2, | test whether prairie strips have a stronger effect on adjacent cropland soil
microbial communities later in their succession. In row crop fields with prairie strips and without
prairie strips in lowa, | measure soil bacterial and fungal communities, as well as soil carbon and
nitrogen, over two years. This chapter shows the extent to which prairie strips can, and cannot,
be expected to alter soil microbial communities beneath the strip and in adjacent cropland soils
after 12 years of establishment in a no till cropping system. The study also shows how planting
prairie strips in a contour configuration may alter surrounding soil nutrient cycling differently
under corn and soybean crop rotation phases.

Chapter 3 builds on these findings to determine whether early compositional changes in
prairie strip soil microbial communities translate to changes in soil carbon cycling in prairie
strips. | measure early soil carbon indicators, as well as carbon in soil organic matter fractions, in
prairie strips and surrounding cropland soils in two Michigan cropping systems. This chapter

clarifies whether prairie strips build soil carbon stocks within their first three years, and also



shows how soil carbon fractions in both prairie strips and cropland reflect crop rotational phases
and management practices. Finally, Chapter 4 describes how prairie strips affect landscape-scale
movement of neonicotinoid insecticides, and whether prairie strips accumulate insecticides in
their soils and plant tissue. In this study, | measure neonicotinoids in surface soil, deep soil, plant
tissue, and groundwater at a commercial farm in central lowa comprised of two catchments: one
with prairie strips and one without prairie strips. The study shows whether prairie strips planted
amid insecticide-treated crop seeds can serve as insecticide-free habitat for visiting insects, and
whether they can reduce insecticide runoff into downslope and offsite areas.

In summary, this dissertation aims to identify how prairie strips affect belowground
biodiversity and function during the first few years of their establishment to address knowledge
gaps in the agroecology literature and to help land managers make sound decisions about prairie

strip implementation.
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CHAPTER 1: PRAIRIE STRIPS QUICKLY ALTER SOIL BACTERIAL AND FUNGAL
COMMUNITIES IN STRIPS, BUT NOT IN SURROUNDING CROPLAND

ABSTRACT

The conversion of tallgrass prairie to row crop agriculture in the U.S. Midwest has
reduced soil biodiversity and function. Prairie strips are zones of perennial vegetation integrated
into row crop farm fields that can increase native plant, insect, and wildlife diversity in
agricultural landscapes, and may also enrich belowground diversity of soil bacteria and fungi.
Within a 35 year old cropping system experiment, we introduced prairie strips in two treatments
- one with reduced chemical inputs and one with no chemical inputs — and measured soil
microbial communities every year for the first four years of prairie strip establishment,
hypothesizing that communities will shift in soils under prairie vegetation, and that subsequent
dispersal from prairie communities will alter composition in surrounding cropland. We assessed
alpha diversity, beta diversity, and abundance of prairie-associated microbial phyla in prairie
strip soils and in cropland soils at multiple distances from prairie strips. We found that as early as
two months after planting, prairie strip bacterial and fungal communities diverged from cropland
community composition, exhibited higher diversity than in cropland soils, and were enriched in
microbial phyla characteristic of remnant tallgrass prairie soils. Prairie strips harbored different
communities in the two cropping systems, indicating that land use history shapes communities
early in prairie strip establishment. Microbial communities in surrounding croplands were not
altered by the presence of prairie strips, neither on average nor by distance. We show that prairie
strips restore tallgrass prairie soil biota in multiple cropping systems, but prairie taxa are not
likely to spill over into even low-intensity cropland soils due to cropland management practices

that appear to inhibit microbial dispersal and establishment.
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INTRODUCTION

Tallgrass prairie ecosystems contain highly diverse soil food webs that carry out essential
ecosystem functions, including decomposition, nutrient cycling, soil aggregation, and disease
suppression (Bach and Hofmockel 2016; Sprunger and Robertson 2018; vanVeen and Paul 1981;
Shaw et al. 2016; Bakker et al. 2010). The proliferation of large-scale agriculture in the U.S. has
led to an almost complete loss of the tallgrass prairie ecosystem and its perennial cover, rich soil
biodiversity, and broad ecological functions (Samson and Knopf 1994; Syswerda et al. 2011;
Tsiafouli et al. 2013; Gardi et al. 2013; Robertson et al. 2014; Wagg et al. 2014; Geisen et al. 2019;
Banjeree et al. 2019). There is a need for land management strategies that support crop production
while restoring habitat for soil biota.

Prairie strips are zones of prairie vegetation planted on row crop farms to support multiple
conservation outcomes, and they may also increase belowground biodiversity and functionality in
soils (USDA 2020, USDA 2022). In both lowa and Michigan, converting 10% of a row crop farm
to prairie strips has been shown to increase plant, bird, and insect diversity within months to years
after planting (Schulte et al. 2017; Kemmerling et al. 2022; Kemmerling et al. 2023). Soon after
establishment, prairie strips change soil physiochemical properties, including soil erodibility
(Stephenson et al. 2024), infiltration (Hernandez-Santana et al. 2013), and organic carbon and
nitrogen pools (Igbal et al. 2014; Smith et al. 2014). Prairie strips may also shift belowground
communities of soil fauna early in their establishment, including soil bacterial and fungal
communities that carry out key ecosystem functions (Schmidt et al. 2007; Morris and Blackwood
2007) including plant nutrient acquisition, stress tolerance, pathogen resistance, and community
succession (Lekberg and Koide 2014; Poole et al. 2018; Koziol and Bever 2017), as well as soil

carbon storage (Zhang et al. 2013; Kallenbach et al. 2016).
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Microbial changes in prairie strips may be similar to those that occur in larger prairie
restorations (Badger-Hanson and Docherty 2022). Microbial biomass often increases following
prairie restoration due to soil physical changes such as enhanced soil aggregation via reduced
tillage and greater root biomass (Baer et al. 2002, Herzberger et al. 2014, Sprunger et al. 2017,
Mackelprang et al. 2018, Kravchenko et al. 2019), as well as chemical changes, including organic
matter inputs from mowing, grazing, rhizodeposition, and prescribed fire (Johnson et al. 2001,
Allison et al. 2005, Kohl et al. 2014, Séle et al. 2015, Carson and Zeglin 2018, Zhu et al. 2020).
Overall microbial diversity does not respond consistently to prairie restoration, and has been
shown to increase (Bach et al. 2018, Upton et al. 2018, Plassart et al. 2008), decrease (Barber et
al. 2017, Mackelprang et al. 2018), or show no change (Jangid et al. 2010) relative to agricultural
soils. Microbial diversity also can be sensitive to plant successional stage (Barber et al. 2023), and
is not necessarily indicative of microbial function (Shade 2017).

Changes in plant community composition and soil edaphic properties during prairie
restoration act as environmental filters that shape microbial assemblages (Fierer and Jackson 2006;
Lauber et al. 2008; Hargreaves et al. 2015) and cause particular fungal and bacterial groups to
increase in abundance (Allison et al. 2005, Herzberger et al. 2014, Duncan et al. 2016, Barber et
al. 2017, Mackelprang et al. 2018, Barber et al 2023), and a similar microbial selection process
may occur during prairie strip establishment. Compared to cropland soils, restored prairie soils
contain a higher proportion of carbon-rich fungal biomass and gram-negative bacteria (Drijber et
al. 2000, Allison et al. 2005, Herzberger et al. 2014), as well as higher abundances of particular
taxonomic groups (Allison et al. 2005, Herzberger et al. 2014, Duncan et al. 2016, Barber et al.
2017, Mackelprang et al. 2018, Barber et al 2023). While these prairie-associated microbes may

be enriched on farms through the establishment of prairie strips, agricultural land use legacies and
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edge effects of cropland management could make prairie strip microbial communities unique from
other restorations.

Establishing prairie strips may also shift microbial communities in adjacent cropland soils.
Microbes may disperse from prairie strips to cropland soils via air, water, fungal hyphae, and
microbivores (Warmink et al. 2011, Coleman and Wall 2015, van Elsas et al. 1991, Evans et al.
2017; Choudoir et al. 2018, Langenheder and Lindstrom 2019, Chaudhary et al. 2020). Biotic
spillover has already been observed for higher order taxa in fields with prairie strips. Kemmerling
et al. (2022) report overall greater abundance of dung beetles and spiders one year after prairie
strip establishment, and abundances that decline with distance from the prairie strip. There is also
evidence that soil nematodes disperse outward from prairie strips into neighboring cropland soils;
in Michigan croplands, fungivore nematode abundance and nematode community maturity indices
decrease with distance from the prairie strip (Tvisha Martin, personal communication). On the
other hand, cropland management activities including crop rotation sequence, agrochemical
inputs, and soil disturbance could alter cropland abiotic conditions so strongly that any microbes
dispersing from prairie strips are unable to colonize and persist. As a result, prairie strip and
cropland communities could be filtered into two distinct assemblages (Johnsen et al. 2001, Fierer
and Jackson 2006, Jangid et al. 2008, Jones et al. 2022). Indeed, Dutter and Rutkoski et al. (2024)
recently measured microbial communities within and adjacent to 12-year-old prairie strips in lowa
and showed that mature prairie strips and adjacent cropland had distinct bacterial and fungal
community composition, and that distance from prairie strip (0.3 m to 9 m from the prairie strip
edge) was not an important predictor of community composition in cropland soils. This suggests
that either dispersal is negligible, or more likely, that filtering due to cropland management

overrides establishment of any novel taxa and spillover signature.
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Here we leverage a 35 year old land use experiment where prairie strips have been planted
in two cropping systems to test the hypothesis that prairie strip soil microbial communities diverge
from surrounding cropland communities, exhibit increased abundance of prairie-associated
microbial taxa commonly found in prairie restorations (Dutter et al. 2024, Barber et al. 2017), and
show distinct community structure in each cropping system due to land use history (Jangid et al.
2011). We also hypothesize that prairie strips will change bacterial and fungal communities of
surrounding cropland soils and increase the abundance of prairie-associated microbial phyla via
dispersal, as has been observed for higher order taxa (Kemmerling et al. 2022).

METHODS
Site description

This study was conducted at the W.K. Kellogg Biological Station Long Term Ecological
Research (KBS LTER) site located in Hickory Corners, Michigan, United States (occupied
Anishinaabe land, 85° 24°W, 42° 24’ N). The KBS LTER site is comprised of two mixed mesic
Typic Hapludalf soil series — Kalamazoo (fine-loamy) and Oshtemo (coarse-loamy) — and site
topography is nearly level with some small rolling hills (Crum and Collins 1995, Robertson and
Hamilton 2015). The average annual temperature January-December is 9.74°C and the average
annual precipitation January-December is 1005 mm per year (Robertson and Hamilton 2015).

The KBS LTER Main Cropping System Experiment (MCSE) was established in 1987, and
includes a matrix of replicated experimental plots managed under a variety of annual, perennial
and unmanaged successional systems. Our study took place in two of the annual cropping system
treatments — Reduced Input and Biologically Based (Organic) — each situated in a randomized
complete block design with 1 ha (90 x 110 m) plots and each replicated in six blocks (Figure 1.1).

Both treatments are planted with a corn-soybean-winter wheat rotation that includes a red clover
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cover crop following wheat prior to corn, and a rye cover crop following corn prior to soybean.
Reduced Input plots are planted with pesticide-treated winter wheat and corn seed and untreated
soybean seed, receive banded herbicide and starter nitrogen fertilizer every year, and receive
preventative fungicide (Prosaro, Bayer CropScience, U.S.) during winter wheat years to prevent
wheat head scab. Fertilizer, herbicide, and fungicide in the Reduced Input treatment are each
applied in 33% of the row crop field area (Robertson and Hamilton 2015). Organic plots are
planted with untreated corn, soybean, and wheat seed and receive no chemical inputs, compost, or
manure. Both Reduced Input and Organic plots receive post-planting cultivation each year, and
Organic plots are rotary-hoed to control weeds (Figure 1.2). To summarize, the cropping systems
differ in agrochemical inputs and tillage frequency: Reduced Input plots receive agrochemical
inputs (N fertilizer, herbicides, and pesticides) and infrequent rotary hoeing, while Organic plots
receive no agrochemical inputs and increased rotary hoeing (Figure 1.2).

In April 2019, a prairie seed mix was sown down the center of each Reduced Input and
Organic plot, configured as a 15 m wide strip running parallel to crop rows and comprising five
percent of each plot area (Figure 1.1). The seed mix, purchased from Native Connections in
Kalamazoo, Michigan, United States, was comprised of four grass species and 18 forb species
(listed in Kemmerling et al. 2022). To reduce weeds and promote establishment of seeded species,
prairie strips were mowed in June 2019 (after soil sample collection) and July 2020, and underwent
prescribed burning in March 2021 and April 2022. Prairie strips in Reduced Input plots received
potash and phosphate fertilizer in May 2020 and May 2021 (Figure 1.2). Otherwise, prairie strips
received no agrochemical inputs and were managed identically across crop management
treatments. Our study took place from June 2019 to June 2022, capturing the better part of four

crop years: winter wheat in 2019, corn in 2020, soybean in 2021, and winter wheat in 2022.
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Experimental design and sample collection

We compared soil microbial communities among crop management treatments and among
distances from the prairie strip using a replicated transect design within each plot (Figure 1.1). Soil
samples were collected from three transects perpendicular to each prairie strip with sampling
locations at seven distances: -20, -5 ,-1, 0, 1, 5, and 20 m from the prairie strip edge in east and
west directions (the station at 0 m was located in the center of the prairie strip), such that 21
individual soil samples were collected from each plot (Figure 1.1). Soil samples were collected in
mid to late June in each sampling year. Samples were collected two months post-planting on June
25 2019, approximately one year post-planting on June 18 2020, approximately two years post-
planting on June 22 2021, and approximately three years post-planting on June 10 2022 (4 years *
2 treatments * 6 replicates * 7 distances * 3 transects, n=1008 samples total). Each sample was
sieved to <2mm within 24 hours of collection and a 5 g subsample was stored at -80°C prior to
DNA extraction. We also collected belowground plant biomass for two plant species at all center
transect sampling locations on June 10 2022 (Year 3) to assess mycorrhizal colonization:
Andropogon gerardi (big bluestem) was collected from prairie strip sampling locations and
Triticum aestivum (winter wheat) was collected from cropland sampling locations. We measured
mycorrhizal colonization of big bluestem in prairie strips because big bluestem and winter wheat
associate with mycorrhizae at comparable rates (Plenchette et al. 1983; Wilson and Harnett 1998).
Soil microbial community analysis

We characterized microbial communities in all prairie strip and cropland soil samples using
a high-throughput amplicon sequencing Illumina MiSeq platform (Illumina, CA, USA). For each
soil sample, we extracted genomic DNA using the Qiagen MagAttract KF PowerSoil DNA

extraction kit with a Thermo Fisher KingFisher Flex automated extraction instrument (Thermo
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Fisher, U.S.A.) following all manufacturer protocols. DNA concentration was determined for all
samples via fluorometry with the Invitrogen Qubit dsSDNA HS Assay Kit (Thermo Fisher, U.S.A.).

The extracted DNA template was submitted to the Michigan State University Core
Genomics Facility for Illumina bacterial 16S V4 and fungal ITS1 library construction using the
Illumina TruSeq Nano DNA library preparation kit and sequencing, and reads were quality filtered
and merged using the USEARCH pipeline (https://drive5.com/usearch). Libraries of the bacterial
16S V4 region were prepared using Illumina-compatible, dual-indexed 515Ff/806r primers
(Kozich et al. 2013). Libraries of the fungal ITS1 region were prepared using ITS1f/ITS2 primer
sequences (Martin and Rygiewicz 2005) in an initial PCR followed by the addition of dual indexed
Illumina library adapters in a subsequent PCR. Libraries were batch normalized using Norgen
Biotek NGS Normalization Kits, pooled, cleaned, and concentrated using AmpureXP magnetic
beads. Libraries were quality checked and quantified using a combination of Qubit dsSDNA HS,
Agilent 4200 TapeStation HS DNA1000 and Kapa Illumina Library Quantification qPCR assays.
16S and ITS1 amplicons were sequenced independently in a 2x250bp paired end format using
independent v2 500 cycle MiSeq reagent cartridges.

To test whether prairie strip microbial communities resemble those of older restored
prairies, we compared prairie strip bacterial communities to 10 year old restored prairie bacterial
communities using amplicon data collected by Benucci et al. 2022 (NCBI accession no.
PRINA751075). Restored prairies were established in the KBS Great Lakes Bioenergy Research
Center (GLBRC) Bioenergy Cropping System Experiment (BCSE) in 2008. For our analysis, we
included data from fifteen soil samples collected by Benucci et al. (2022) from the Restored Prairie
(G10) treatment at a depth of 0-10 cm in 2018. Bacterial amplicon data from KBS LTER prairie

strip soils and GLBRC restored prairie soils were pooled, quality filtered, and analyzed together.
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Reads were quality filtered and merged wusing the USEARCH pipeline
(https://drive5.com/usearch). Primers and adapter bases were removed using cutadapt. Bacterial
reads were filtered and truncated to 250 bp, clustered into actual sequence variants (ASVs) at 100%
sequence similarity then classified against SILVAv123 rRNA database (https://arb-silva.de). Non-
bacterial ASVs and samples with fewer than 5000 reads were removed, and remaining samples
were rarefied to 5,167 reads, resulting in 118,598 bacterial ASVs and 4,701,970 bacterial reads
(Thiéry et al. 2012). Seventy-six samples, of 1,008 total samples, were removed from the bacterial
dataset due to low read depth. Fungal sequences were filtered to 250 bp. Fungal reads were
clustered into ASVs at 100% sequence similarity and classified against the UNITE 8.3 reference
database (https://unite.ut.ee). Non-fungal ASVs and samples with fewer than 5000 reads were
removed, and remaining samples were rarefied to 5000 reads, resulting in 12,643 fungal ASVs and
4,415,000 fungal reads. Ninety-one samples, of 1,008 total samples, were removed from the fungal
dataset due to low read depth.

We used FUNGuild v1.0 (Nguyen et al. 2016) to assign trophic mode classifications to
fungal ASVs. Fungal amplicons were first filtered to include only the ASVs for which trophic
modes were assigned with “Probable” or “Highly Probable” classification, and amplicons were
further filtered to include only the twenty most abundant ASVs. The filtered dataset comprised
62.1% of total fungal reads. ASVs were grouped by trophic modes (pathotroph, symbiotroph, and
saprotroph). If an ASV was categorized into multiple trophic modes, ASV abundance was
normalized by dividing the total read number by the number of trophic mode classifications.

Arbuscular mycorrhizal fungi (AMF) colonization rates were quantified using root staining
and microscopy according to McGonigle et al. (1990). Briefly, fine roots were collected from each

big bluestem and winter wheat plant (1 year * 2 treatments * 6 replicates * 7 distances * 1 transects,
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n=84 samples total). Roots were cleared, stained, and examined using a compound microscope at
200X magnification for the presence of AMF structures (arbuscules, vescicles, and hyphae).
Statistical analysis

First, univariate datasets for alpha diversity, fungal trophic mode abundance, and AMF
colonization were checked for normality and heterogeneity of variances. If assumptions were not
met, data were log transformed to meet assumptions and/or outliers removed. We tested the effects
of prairie strips on bacterial and fungal Shannon diversity, richness, and evenness using
generalized linear models that included year, cropping system, vegetation (prairie vs. crop), and
their interactions as factors. We then measured the effect of prairie strips on fungal trophic mode
abundance and AMF colonization. For both trophic mode abundance and AMF colonization, we
constructed two separate generalized linear models — one including all soils (prairie strip and
cropland) and one including cropland soils only. Models of all soils included year (2 months, 1
year, 2 years, and 3 years post-planting), cropping system (Reduced Input and Organic), and
vegetation (prairie and crop) as predictors. Models of cropland soils only included distance from
prairie strip as the sole model predictor. Each fungal trophic mode was analyzed separately.

We selected several bacterial and fungal phyla previously shown to change in abundance
during prairie restoration. Acidobacteria, Actinobacteria, Planctomycetes, and Verrucomicrobia
bacteria, as well as Basidiomycota, Glomeromycota fungi, are generally enriched in soils during
restoration, while Ascomycota fungi typically decreases in abundance (Barber et al. 2017, Dutter
et al. 2024, Fierer et al. 2013). We analyzed pairwise comparisons in phylum abundance between
prairie strip (PS) samples and averaged cropland distance (1m, 5m, 20m) samples within each
cropping system. We chose to measure phyla abundances because nearly all literature describing

soil microbial communities in remnant and restored prairies report responses at the phylum level
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(Allison et al. 2005, Herzberger et al. 2014, Duncan et al. 2016, Barber et al. 2017, Mackelprang
etal. 2018, Docherty and Gutknecht 2019, Barber et al 2023). Therefore, while microbial functions
are not well conserved at the phylum level, phylum-level analyses are our best approach to
determine whether prairie strip community responses resemble those of whole-field prairie
restorations. For each phylum, we tested for differential abundance between prairie strip and
cropland soils using the ‘manyglm’ and ‘anova’ functions in the MVabund (version 4.2.1) R
package (Wang Y. et al. 2012). We used Tukey's honestly significant difference (HSD) test for
post-hoc analysis of significantly different abundance among treatment groups.

To compare prairie strip and cropland microbial community composition, we first
ordinated Bray-Curtis distance matrices for rarefied prairie strip and cropland bacterial and fungal
communities via Non-metric Multidimensional Scaling (NMDS) using the ordinate() function in
R phyloseq (R version version 4.2.3, R Core Team 2022, phyloseq version 1.42.0, McMurdie and
Holmes 2013). We then conducted a separate permutational analysis of variance (PERMANOVA)
on the distance matrix of each sampling year using the adonis() function in the vegan R package
(vegan version 2.6-4) and included cropping system (Reduced Input and Organic), vegetation
(prairie and crop), and their interaction as model predictors. We used the cropping system x
vegetation interaction in this model to determine whether cropland management legacy controls
prairie strip community composition.

We also compared prairie strip bacterial communities in each year with those of 10 year
restored prairies. First, we ordinated Bray-Curtis distance matrices for rarefied prairie strip and
restored prairie bacterial communities via NMDS. Using these distance matrices, we conducted a
PERMANOVA within each sampling year and included prairie type (prairie strips vs. restored

prairie) as the sole model predictor. We also calculated average Bray-Curtis dissimilarity between
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prairie strip and restored prairie bacterial communities in each year.

To determine if prairie strips change microbial communities of surrounding cropland soils,
we tested the impact of prairie strips on overall bacterial and fungal community composition, and
abundance of prairie-associated microbial phyla in surrounding cropland. We first ordinated Bray-
Curtis distance matrices for rarefied cropland bacterial and fungal communities via NMDS, then
performed a PERMANOVA for all cropland samples with year, cropping system, distance from
prairie strip, and their interactions included as model predictors. Where significant cropping
system X year interactions were observed, we performed secondary PERMANOVA analyses on
cropland soils from each cropping system and each year. Next, we constructed a generalized linear
model for cropland samples that included year, cropping system, and distance from the prairie strip
as model predictors and abundance of prairie-associated phyla as a response variable. We used
Tukey's honestly significant difference (HSD) test for post-hoc analysis of significantly different
abundance among treatment groups. Finally, to understand whether community similarity
decreases with distance from the prairie strip, we calculated average Bray-Curtis dissimilarity
between prairie strips (PS) and each cropland distance (1m, 5m, 20m) for each cropping system.

RESULTS
Prairie strip and cropland community divergence

Prairie strips showed higher bacterial Shannon diversity (p <0.001; R?=0.022; Table 1.1),
richness (p = 0.018; R?=0.005; Table 1.1), and evenness (p < 0.001; R?= 0.029; Table 1.1) than
cropland. One year post-planting, prairie strip soils contained 2.9% higher bacterial and 6.2%
higher fungal diversity than cropland soils. Prairie strip bacterial and fungal community
composition diverged from cropland community composition starting two months post-planting

for fungi (p = 0.032; R?=0.007; Table 1.2; Figure 1.3) and one year post-planting for bacteria (p
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< 0.001; R?=0.032; Table 1.2; Figure 1.3), and remained dissimilar from cropland communities
each year thereafter in both cropping systems (Figure 1.3; Table 1.2).
Abundance of prairie-associated microbial groups in prairie strips

Prairie-associated bacterial and fungal phyla increased in abundance in prairie strip soils
starting one year after planting in both cropping systems (Figure 1.4; Table 1.4). Each phylum
showed higher abundance in prairie strips in at least one year and cropping system (Figure 1.4;
Table 1.4). Ascomycota was more abundant in prairie strips after one year (p = 0.028), two years
(p = 0.009), and three years (p = 0.007; Figure 1.4; Table 1.4). Arbuscular mycorrhizal fungi
(AMF) colonization rates in prairie strip big bluestem plants were similar to those in surrounding
winter wheat plants (average 57.9% colonization in winter wheat and average 57.0% colonization
in big bluestem; p = 0.848; Figure 1.5). Fungal trophic modes were present at similar abundances
in prairie strips across cropping systems (p > 0.05 for each trophic mode in prairie strips; Figure
1.6). Prairie strips contained more saprotrophic fungi (p = 0.024) and symbiotrophic fungi (p =
0.018) than Organic cropland, and less symbiotrophic fungi than Reduced Input cropland (p =
0.02; Figure 1.6).
Prairie strip and restored prairie communities

Prairie strip bacterial community composition did not become more similar to the bacterial
composition of 10 year restored prairies (Figure 1.7). Prairie strip community composition was
distinct from restored prairie community composition in every year of the study (p < 0.001 each
year; Figure 1.7) and the magnitude of dissimilarity between prairie strip communities and restored
prairie communities also remained consistent across years. Bray-Curtis dissimilarity between
restored prairie communities and prairie strip communities (averaged across cropping systems)

was 0.899 at 2 months post-planting, 0.889 1 year post-planting, 0.886 2 years post-planting, and
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0.888 3 years post-planting.
Land use history effects on prairie strip communities

Prairie strips in Reduced Input plots showed distinct community composition from prairie
strips in Organic plots in the latter three sampling years (p < 0.005 after 1 year, 2 years, and 3
years; Table 1.2; Figure 1.3). Prairie strip communities in each cropping system were equally
dissimilar from 10 year restored prairie communities (Figure 1.7). The abundance of some prairie-
associated taxa in prairie strip soils varied among cropland management treatments (Table 1.4).
There was no difference in prairie strip big bluestem AMF colonization rates between cropland
management treatments (p = 0.493; Figure 1.5). Prairie strips in Organic plots showed higher
relative abundance of saprotrophic and symbiotrophic fungal groups relative to surrounding
cropland (p = 0.028; R? = 0.033 for saprotrophic; p = 0.018; R? = 0.012 for symbiotrophic; Figure
1.6), and prairie strips in Reduced Input plots showed lower relative abundance of symbiotrophic
fungi (p = 022; R?=0.007; Figure 1.6).
Prairie strip effects on cropland microbial communities

Our last hypothesis was not supported; prairie strips had little influence on overall
community structure and abundance of prairie-associated phyla in surrounding cropland soils.
Cropland soils showed distinct community composition across years (p < 0.001 for bacteria; p <
0.001 for fungi; Figure 1.3), cropping systems (p < 0.001 for bacteria; p <0.001 for fungi; Figure
1.3), and distances from the prairie strip edge (p = 0.008 for bacteria; p = 0.005 for fungi; Figure
1.3). When cropland communities from all four years were analyzed together, year x cropping
system interaction (p = <0.001 for bacteria and fungi) and cropping system x distance interaction
(p =0.016 for bacteria; p = 0.013 for fungi) explained cropland community composition, and thus

we performed separate PERMANOVA analyses for each cropland management treatment in each
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year (Table 1.3).

Cropland proximity to prairie strips did not consistently explain community composition
(Table 1.3). Even when distance was a significant predictor of community composition (Table
1.3), pairwise Bray-Curtis dissimilarity between prairie strip and cropland communities did not
linearly increase with distance from the prairie strip (Figure 1.8). In the cases where distance from
prairie strip was significant (Table 1.3), the greatest community dissimilarity from prairie strips
was at an intermediate distance of 5m from the prairie strip (Figure 1.8). Generally, distance
influenced fungal communities more often than bacterial communities (Table 1.3). Overall, prairie
strips did not change the abundance of prairie-associated phyla in surrounding cropland soils (p =
0.774 for bacteria; p = 0.957; Table 1.5). AMF colonization rates in winter wheat were higher in
Organic plots than in Reduced Input plots (p = 0.003, Figure 1.5), and colonization did not vary
with distance from prairie strip (p = 0.47, Figure 1.5). Relative abundance of saprotrophic fungi,
but not symbiotrophic or pathotrophic fungi, was explained by distance from the prairie strip (p =
0.051; Figure 1.6), but saprotrophs were not consistently enriched at a particular distance.

DISCUSSION

Integrating prairie strips within annual cropland restores soil physical and chemical
measures of soil function, but it has remained unclear how quickly these benefits accrue
following prairie strip establishment, and also whether these benefits extend to cropping systems
outside of lowa. Here we find that prairie strip communities diverged from cropland
communities one year after establishment in multiple cropping systems and prairie strips showed
increased abundance of several microbial taxa commonly found in remnant and older restored
prairies. Land use history shaped prairie strip community composition, where prairie strips

planted in cropping systems with a history of agrochemical use had distinct communities from
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those planted in cropping systems with no history of agrochemical use. Prairie strips did not alter
microbial communities in adjacent cropland soils, and cropland fungal communities were more
strongly affected by proximity to prairie strips than cropland bacterial communities. Enrichment
of prairie-associated microbial phyla in prairie strips suggests that establishing prairie strips may
enhance soil functionality in restored areas of multiple cropping systems.
Prairie strip communities diverge rapidly from cropland communities

Early differentiation of prairie strip and cropland communities were generally consistent
with microbial responses observed in larger prairie restorations (Griffiths et al. 2011, Nacke et al.
2011, Van Trump et al. 2011, Fierer et al. 2013, Barber et al. 2017, Dutter et al. 2024). For
example, fungal phyla Glomeromycota (arbuscular mycorrhizal fungi) and Basidiomycota were
enriched in prairie strip soils (Table 1.4; Figure 1.4), likely due to greater abundance and
diversity of mycorrhizae-associated plants (Burrows and Pfleger 2002), lower inorganic nitrogen
application (Jach-Smith and Jackson 2018), and lower soil disturbance (Allison et al. 2005, Kohl
et al. 2014, Séle et al. 2015). Reduced land use intensity typically shifts fungal communities
from Ascomycota-dominated to Basidiomycetes-dominated structure (Upton et al. 2018, Dutter
et al. 2024), but here we find that Ascomycota fungi are enriched in prairie strip soils.
Management activities that take place early in prairie strip establishment — including tillage,
mowing, and burning - may select for spore-forming, disturbance-tolerant Ascomycota groups
(Holden et al. 2016, Whitman et al. 2019, Figure 1.2).

Prairie strip effects on fungal trophic modes were strongly dependent on the cropping
system in which they were established. Prairie strips increased fungal saprotrophs and
symbiotrophs when planted in the unfertilized Organic cropping systems, but decreased fungal

symbiotrophs when planted in the fertilized Reduced Input cropping systems (Figure 1.6). In

27



cropping systems with no history of fertilization, fungal decomposers and symbionts were
quickly enriched in prairie strips, likely due to an influx of diverse organic matter inputs from
perennial plants (Sprunger et al. 2017, Cérdova et al. 2018). On the other hand, in systems with a
long history of fertilization, the already high nutrient conditions likely curbed the selection for
fungal symbionts as prairie strips established.

Prairie strip bacterial communities did not converge on the composition of the mature
restored prairie we measured (Figure 1.7). Time discrepancies in sampling may explain some
community dissimilarity, as we compared prairie strip soils collected in 2019 through 2022 to
restored prairie soils collected in 2018. However, our results also highlight that restored prairie
soil microbial communities can vary widely depending on management, even when established
on the same soil type and in close proximity. The prairie strips and restored prairies we measured
were planted with different seed mixes (Sanford et al. 2016, Kemmerling et al. 2022), and this
may have resulted in different assemblages of plant-associated microbes across sites. Also,
prairie strips underwent biennial burning, which is known to change the size and composition of
soil microbial communities, while restored prairies did not (Kitchen et al. 2009, Dooley and
Treseder 2012, Carson and Zeglin 2018, Whitman et al. 2019). It is unclear when prairie strip
communities will converge on the composition of nearby restored prairies or remnant prairies, if
ever. Restored prairie soils commonly form an “intermediate” microbial community structure
distinct from both pre-restoration soils and remnant prairie soils (Jangid et al. 2011, Herzberger
et al. 2014, Barber et al. 2017), and over time, we may see the same process occur in prairie
strips.

Land use history effects on prairie strip community composition could be due to

surrounding cropland management that continued to exert pressure on microbial communities in
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strips, but is more likely due to the cropland management that took place prior to prairie strip
establishment, which has been shown to control community composition for decades following
land use change (Jangid et al. 2011). Prairie strip fungal composition is most strongly affected by
cropland management history, consistent with other studies evaluating microbial response to land
use history (Turley et al. 2020), potentially due to fungi’s slower growth and thus slower
recovery following land use change (Rousk and Baath 2007).

Prairie strips have little effect on microbes in surrounding cropland

Prairie strips generally had minimal effects on bacterial and fungal communities in
adjacent annual cropland, and prairie strips are not likely to enrich prairie-associated microbial
phyla in surrounding cropland soils. We find limited evidence for successful microbial dispersal
from strips, corroborating patterns we observed in older prairie strips in a previous study in lowa
(Dutter and Rutkoski et al.2024). Prairie-associated microbes are likely still dispersing from
prairie strips to cropland (Bell and Tylianakis 2016; Yang and Elsas 2018; Chaudhary et al.
2020; Choudoir and DeAngelis 2022), but are inhibited from persisting in adjacent cropland
areas due to cropland management activities (Coleman and Wall 2015; Séle et al. 2015). While
this does not preclude rare, low-abundance microbes from conferring benefits to croplands
through spillover, it does suggest that on the whole, the positive effect of prairie strips on
microbes appears limited to areas within the strip.

We also find that proximity to prairie strips did not shape cropland communities in all
years and cropping systems, but when it did, it more strongly affected fungi than bacteria (Table
1.3). This may be due to fungi’s dispersal limitation and overall higher sensitivity to cropland
soil disturbance including rotary hoeing and cultivation (Langenheder and Lindstrom 2019, Peay

et al. 2010). We also found that Bray-Curtis dissimilarity between prairie strip and cropland
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communities did not increase linearly with distance from the prairie strip (Figure 1.8), and
prairie-cropland community dissimilarity was often greatest at the intermediate distance from the
prairie strip (5m; Figure 1.1, Figure 1.8).

Our results are consistent with findings from another prairie strip experiment in lowa; in
an earlier study (Dutter and Rutkoski et al. 2024), we found that environmental filtering by
cropland management activities shaped microbial communities in cropland adjacent to prairie
strips, resulting in distinct prairie strip and cropland communities. Here, we find a similar result,
suggesting that dispersal of prairie microbes from prairie strips to adjacent cropland may be
stifled by cropland management activities, regardless of cropping system. While some low
abundance microbial taxa in prairie strips may be less dispersal limited, our findings suggest that
most microbes in prairie strips are unable to successfully disperse to and colonize adjacent
cropland soils. Future studies might focus on particular groups, particularly of fungi, that are
known to be harbored by prairies and dispersal limited, but also able to survive cropland
management.

CONCLUSION

Our study shows that prairie strip soil microbial communities rapidly differentiated from
cropland communities during establishment. Prairie strip fungal communities responded
especially quickly, becoming distinct from cropland fungal communities just two months after
planting. In two cropping systems, prairie strip soils exhibited higher microbial diversity, and
contained increased abundance of microbial groups characteristic of tallgrass prairie soils. Prairie
strips also formed unique assemblages of microbial taxonomic and functional groups depending
on agricultural land use history, where prairie strips increased abundance of fungal decomposers

and symbionts in cropping systems with no chemical inputs, and decreased fungal symbionts in
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cropping systems managed with reduced chemical inputs. Overall, prairie strips had little impact
on cropland microbial community composition nor the abundance of prairie-associated phyla in
adjacent cropland soils, but effects varied among crop rotation phases and cropping systems. Our
findings show that prairie strip effects on surrounding cropland microbial communities are
limited, but under the strips, prairie strips rapidly restore belowground tallgrass prairie
biodiversity.
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APPENDIX A: CHAPTER 1

Tables
Bacteria Fungi
Factor Shannon Richness Evenness Shannon Richness Evenness
<0.001 <0.001 0.569 0.031 <0.001 0.056

Year (0.023) (0.126) | (<0.001) | (0.005) (0.131) (0.004)

<0.001 <0.001 <0.001 0.882 0.048 0.586

Cropping system | 143) (0.027) (0.041) | (<0.001) | (0.006) | (<0.001)

. <0.001 0.018 <0.001 <0.001 0.102 <0.001
Vegetation (0.022) 0.005 (0.029) (0.02) (0.003) | (0.023)
§ C\r(oes;;ing 0.235 0.048 0.494 0.003 <0.001 0.045
cystom (0.043) 0.027 (0.041) | (<0.001) | (0.006) | (<0.001)
Year 0.995 0.347 0.544 0.044 0.570 0.041
X Vegetation (0.022) 0.005 (0.029) (0.02) (0.003) | (0.023)
Cropping system | 0,069 0.249 0.057 0.824 0.224 0.367
x Vegetation (0.054) 0.025 0.059) | (0.009) | (0.007) | (0.008)

Table 1.1. Bacterial and fungal alpha diversity in prairie strip and cropland soils. P-values®and

R? values (in parentheses)* from linear models® .

tBold values indicate significant difference in diversity metric between treatment groups.at p < 0.05. Underlined
values indicate significance at p < 0.1.

1R2 value indicates the percentage of variation in microbial alpha diversity explained by the prairie strip treatment
8Linear models with factors Year (2 months, 1 year, 2 years, and 3 years after prairie strip planting), Cropping

system (Reduced Input and Organic), Vegetation (prairie and cropland), and their interactions.
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Bacteria Fungi

2 months 1 year 2 years 3 years 2 months 1 year 2 years 3 years

Cropping <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
system (0.037) (0.044) (0.034) (0.034) (<0.001) (0.038) (0.073) (0.082)
Vegetation 0.258 <0.001 <0.001 <0.001 0.032 <0.001 <0.001 <0.001
g (0.005) (0.032) (0.025) (0.021) (0.007) (0.102) (0.042) (0.046)
Srgt"e%”)? 0.417 <0.001 0.001 0.001 0.525 <0.001 <0.001 0.005
Vggetation (0.005) (0.008) (0.006) (0.006) (0.528) (0.015) (0.011) (0.008)

Table 1.2. Bacterial and fungal community composition in prairie strip and cropland soils. P-values™ and R? values (in parentheses)*

from permutational analysis of variance (PERMANOVAS).

tBold values indicate significant difference in cropland microbial community composition between groups in each year at p < 0.05.
$R2 value indicates the percentage of variation in microbial beta diversity explained by distance from the prairie strip.

8PERMANOVAs include factor Cropping system (Reduced Input and Organic), Vegetation (prairie strip and cropland), and their interaction.
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Bacteria

Reduced Organic Reduced Oraanic
Input g Input g

2=
£§ 0.295 0.062 0.297 0.389
€S (0.014) (0.011) (0.014) (0.009)
N N
§E 0.429 0.700 0.222 0.034
28 (0.009) (0.013) (0.011) (0.022)
oS
s D 0.421 0.686 0.021 0.768
=y (0.009) (0.011) (0.019) (0.008)
&5 0.112 0.038 0.026 0578
oF (0.011) (0.011) (0.015) (0.010)

Table 1.3. Bacterial and fungal community composition in cropland soils. P-values™ and R**

values (in parentheses) from permutational analysis of variance (PERMANOVAS).

tBold values indicate significant difference in cropland microbial community composition among distances from
the prairie strip (Im, 5m, 20m) in each year at p < 0.05. Underlined values indicate significance at p < 0.1.

1R? value indicates the percentage of variation in microbial beta diversity explained by distance from the prairie
strip.

8PERMANOVAES include factor Distance (1m, 5, and 20m from prairie strip).
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Reduced Input

Phylum 2 months 1 year 2 years 3 years
Acidobacteria 0.923 0.041 0.001 0.495
Actinobacteria 0.722 0.052 0.029 0.495
Planctomycetes 0.031 0.001 0.002 0.088

Verrucomicrobia 0.963 0.001 0.001 0.001

Ascomycota _ 0.006 0.609 0.322

Basidiomycota 0.198 0.526 0.609 0.322

Glomeromycota 0.99 0.001 0.002 0.615
Organic

Phylum 2 months 1 year 2 years 3 years
Acidobacteria 0.966 0.358 0.001 0.813
Actinobacteria 0.966 0.001 0.82 0.136
Planctomycetes 0.876 0.001 0.08 0.294

Verrucomicrobia 0.961 0.001 0.001 0.002
Ascomycota 0.733 0.591 0.001 0.002
Basidiomycota 0.063 0.004 0.07 0.002
Glomeromycota 0.225 0.001 0.001 0.002

Table 1.4. Differences in relative abundance of tallgrass prairie microbial taxa in prairie strip and
cropland soils. P-values™ from two-way ANOVA®. Cell shading represents the vegetation that
contains significantly higher phylum abundance: light grey represents higher abundance in

prairie strip soils, and dark grey represents higher abundance in cropland soils.

1Bold values indicate significant difference in abundance between prairie strip and cropland soils at p < 0.05.
Underlined values indicate significance at p < 0.1.

1Two-way ANOVA includes factor Vegetation (prairie strip and cropland).
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Prairie-associated Prairie-associated
Bacteria Fungi
Factor P value P value
(R?) (R?)
Year 0.004 <0.001
(0.003) (0.007)
. 0.422 <0.001
Cropping system (<0.001) (0.01)
Distance 0.774 0.957
(<0.001) (<0.001)
Year x Cropping 0.935 0.754
system (<0.001) (0.002)
. 0.837 0.539
Year x Distance (<0.001) (<0.001)
Cropping system 0.629 0.978
x Distance (<0.001) (<0.001)

Table 1.5. Differences in relative abundance of tallgrass prairie microbial taxa in cropland soils.
P-values™ and R? values (in parentheses)* from linear model® of relative abundance of prairie-
associated bacterial phyla (Acidobacteria, Actinobacteria, Planctomycetes and VVerrucomicrobia)

and prairie-associated fungal phyla (Ascomycota, Basidiomycota, and Glomeromycota).

1Bold values indicate significant difference in phyla relative abundance between groups at p < 0.05. Underlined
values indicate significance at p < 0.1.

1R? value indicates the percentage of variation in relative abundance explained by each factor.

8Linear models include factors Year (2 months, 1 year, 2 years, and 3 years after prairie strip planting), Cropping

system (Reduced Input and Organic), Distance (1m, 5m, and 20m from the prairie strip), and their interactions.
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Figure 1.1. a. Schematic of the KBS LTER Main Cropping System Experiment including six
replicated 1-ha plots of each crop management treatment with prairie strips. b. Sampling design
within each 1-ha plot. Each point represents the sampling location of a 0-10cm soil sample

during each annual sampling event.
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Figure 1.2. Crop management timeline for Reduced Input cropland, Organic cropland, and prairie strips. Note: agrochemical

application only occurred in prairie strips within Reduced Input plots.
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Figure 1.3. Non-metric multidimensional scaling (NMDS) ordination of Bray-Curtis dissimilarity matrices for prairie strip and

cropland bacterial and fungal communities in each year of prairie strip establishment: 2 months post-planting (wheat), 1 year post-

planting (corn), 2 years post-planting (soybean), and 3 years post-planting (wheat).
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Figure 1.4. Average relative abundance of prairie-associated bacterial and fungal phyla each year, averaged across cropping systems.
Asterisks indicate significant (p < 0.05) difference in relative abundance between prairie strip and cropland soils in that year of the

study.
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Figure 1.5. Percent root length colonized by arbuscular mycorrhizal fungal (AMF) structures in Reduced Input plots (circles and solid
line) and Organic plots (triangles and dashed line) four years after prairie strip planting. In prairie strips (Om distance), AMF structures

were quantified in big bluestem roots. In cropland (1m, 5m, 20m distances), AMF structures were quantified in winter wheat roots.

Asterisks indicate difference in abundance between cropping systems at p < 0.05.
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Figure 1.6. Relative abundance of fungal trophic modes in prairie strips (Om) and each cropland distance (1m, 5m, 20m) averaged over

each year and cropping system. Asterisks indicate significant difference in abundance between cropping systems at p < 0.05.
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Figure 1.7. Non-metric multidimensional scaling (NMDS) ordination of Bray-Curtis dissimilarity matrices for bacterial communities
in a 10 year old restored prairie (squares), prairie strips in Reduced Input cropping systems (circles) and prairie strips in Organic

cropping systems (triangles).
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Figure 1.8. Average Bray-Curtis dissimilarity between bacterial (a) and fungal (b) communities

in prairie strip (PS) and cropland soil bacterial communities at each distance (1m, 5m, and 20m).
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Figure 1.9. Relative abundance of prairie-associated bacterial and fungal phyla in cropland soils
at each distance from the prairie strip. Asterisk indicates significant difference in abundance

between cropping systems at p < 0.05.
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CHAPTER 2: CONTOUR PRAIRIE STRIPS ALTER MICROBIAL COMMUNITIES
AND FUNCTIONING BOTH BELOW AND IN ADJACENT CROPLAND SOILS!

ABSTRACT

Prairie strips are narrow strips of native, perennial vegetation (10-40 m width) integrated
within cropped fields to provide benefits for water quality and biodiversity. However, the impact
of prairie strips on soil microbial communities and function, both underneath the prairie strips
and in the adjacent cropland, is not known. We assessed the effect of restoring native perennial
vegetation on soil C and N, potential enzyme activities (PEA), and microbial community
composition in the soil directly underneath and cropland adjacent (0.1 to 9 m) to 12-year-old
prairie strips integrated within row crop fields. We found that prairie strips consistently increased
soil microbial biomass carbon (>56%) and altered PEA in complex ways. Generally, prairie
strips increased hydrolase and decreased oxidoreductase PEA. Prairie strips also changed the soil
microbial community directly under prairie vegetation, and, contrary to the expectation that
greater plant diversity leads to greater soil microbial diversity, prairie strips reduced bacterial and
fungal diversity. The prairie strip’s effect on adjacent cropland soils depended on year, but it was
strong when it occurred and was typically independent of distance from the prairie strip. Prairie
strips increased PEA in adjacent soils (<9 m) by as much as 38% and shifted bacterial and fungal
beta diversity, but neither showed patterns with distance from the prairie strip, indicating that
prairie strips cause field-scale shifts in soil biota and functioning, and these effects are not
mediated by proximity to the prairie strip. Understanding the mechanisms underlying prairie
strips’ impact on soil biota, both underneath and adjacent to the prairie, is key to optimize their

agroecosystem benefits.

! Originally published as: Dutter, C., C.E. Rutkoski, S.E. Evans & M.D. McDaniel. 2024. Contour prairie strips alter
microbial communities and functioning both below and in adjacent cropland soils. Applied Soil Ecology.
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INTRODUCTION

While intensive agriculture has steadily increased the per-hectare productivity of most
grain crops (Cassman and Grassini 2020), it has come with consequences, including the
degradation of soil ecosystem services (SESs) regulated by soil biota (Baldwin-Kordick et al.
2022; Gerla 2007). To restore biota-driven SESs and maintain economic viability of
agroecosystems, we must find ways to regenerate soil health while maintaining or increasing
crop productivity. In the Midwest US, restoring native, perennial vegetation is one effective
approach to regenerate SESs (Bach and Hofmockel 2015; Baer et al. 2002; De et al. 2020;
McLauchlan et al. 2006). Despite the known improvement in SESs, converting entire fields from
annual cropland to perennial grassland is often not economically feasible for individual growers,
nor can it meet the global demand for agricultural products.

Integrating prairie strips into cropland is a new conservation practice that offers both the
environmental benefits of grassland restoration and the economic benefits of crop production.
Instead of taking an entire field out of production, prairie strips are narrow strips of diverse
perennial grasses and forbs (10-40 m width and <25% of the field) integrated into agricultural
fields to slow overland water flow and minimize sediment and nutrient losses from fields (Figure
2.1). Prairie strips disproportionately benefit ecological function at the catchment scale (Schulte
et al. 2017). For example, prairie strips occupying as little as 10% of a given catchment can:
reduce sediment export by up to 95% (Helmers et al. 2012; Schulte et al. 2017), reduce total
water runoff by up to 29-44% (Gutierrez-Lopez et al. 2014; Hernandez-Santana et al. 2013),
increase plant diversity up to 380% and increase wildlife abundance and activity by up to 150-
288% (Hirsh et al. 2013; Schulte et al. 2016).

In addition to these catchment-scale benefits, prairie strips should also enhance SESs in
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the soil directly underneath, similar to large swaths of native, perennial vegetation. Specifically,
restoring perennial grasslands increases microbial biomass (Bach and Hofmockel 2015; Li et al.
2018), increases microbial activity measured as respiration or potential enzyme activities (PEA,
Bach and Hofmockel 2015; Raiesi and Salek-Gilani 2018), reduces mobile nitrate-nitrogen (N;
Baer et al. 2002; Karlen et al. 1999), increases labile C (De et al. 2020; Hurisso et al. 2014), and
increases soil organic C (Li et al. 2017; Munson et al. 2012; Pérez-Suérez et al. 2014). These
biochemical measurements often coincide with measures of larger and more stable aggregates
(Jastrow 1996), reduced nutrient leaching (Daigh et al. 2015), and lower greenhouse gas
emissions (Oates et al. 2016).

Like larger prairie or grassland restoration studies, prairie strips will also alter the soil
microbial community composition under the perennial, native vegetation. Over time, the soil
microbial communities in restored prairies increasingly resemble those of remnant prairie during
the first several years of establishment, and prairie strip communities may follow a similar
trajectory (Barber et al. 2017). Restoring prairie vegetation has been shown to increase bacterial
diversity in some cases (Bach et al. 2018, Upton et al. 2018), but in other cases, soil bacterial
diversity declines as perennial restorations become older and more established (Barber et al.
2017).

While the effects of restored perennial vegetation might be strongest on the underlying
soil, the benefits of prairie strips may also extend beyond, causing a “spillover effect” into the
adjacent cropland. Indeed, more motile organisms like insects can move between habitats when
prairie is integrated into cropland (Kemmerling et al. 2022), but the extent to which this may
apply to other, less-motile soil biota is unclear. One line of reasoning is that a landscape

comprised of varied habitat types can serve as an important source for microbial colonizers that
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would otherwise be absent from a disturbed, simplified landscape of annual crops (Mony et al.
2022; Bell and Tylianakis 2016). Prairie strips could provide a habitat source or refuge by
providing a reservoir of novel prairie taxa, especially closer to the strip. In addition, prairie strips
have already been shown to alter the adjacent cropland soil environment (Dutter et al. 2023;
Figure 2.10). More specifically, prairie strips have been shown to decrease soil water content,
decrease nitrate, and accumulate plant-availble phosphorus and potassium in cropland soils up to
9 m distance from the native, perennial vegetation (Dutter et al. 2023). And this, in turn, would
likely impact soil biota in the adjacent cropland (Senaviratne et al., 2012); especially cropland
soil closer to the prairie strip (Hargreaves et al. 2015).

Alternatively, prairie strips may not affect adjacent cropland soil biota because the
intensity of cropland management as an “environmental filter,” and may preclude any influence
of the prairie strip on cropland soil biota. Many soil microbes are limited in movement, or rely
on the movement of air, water, fungal hyphae, and microbivores to migrate (Choudoir et al.
2018, Chaudhary et al. 2020, van Elsas et al. 1991, Warmink et al. 2011, Coleman and Wall
2015). Cropland management is also likely to prevent soil biota from growing and surviving,
even if dispersed from the prairie strip. Tillage, agrochemical applications, harvest, and other
management practices are known to have strong effects on soil microbial community
composition, alter SESs (Manzoni et al. 2012, West and Whitman 2022, Fierer and Jackson
2006, Schmidt et al. 2018), and be stronger drivers than dispersal limitation (Jones et al. 2022).
This management-induced environmental filter may generate two distinct soil habitats - prairie
and cropland - rather than a gradual integration of prairie and cropland soil biota at the habitat
edges.

Our primary research objectives were to quantify prairie strips' effect on soil microbial
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biomass, PEA, and microbial community composition and diversity under the prairie strips and
in the adjacent cropland (< 9 m). We hypothesize that prairie strips will 1) increase microbial
biomass, PEA, and bacterial and fungal diversity under the prairie strip as has been observed in
larger grassland and prairie restorations (Bach and Hofmockel 2015, Bach et al. 2018, Upton et
al. 2018); and 2) have little-to-no effect on adjacent cropland soil microbial biomass, PEA, and
bacterial and fungal diversity because cropland management will be a strong environmental filter
of the microbial community (Manzoni et al. 2012, West and Whitman 2022, Fierer and Jackson
2006, Schmidt et al. 2018, Jones et al. 2022), and because of previous inconsistent effects of
prairie strips on cropland soil moisture and plant-available nutrients (Dutter et al. 2023).
Measuring the direct and indirect effects of prairie strips on soil biota and SESs is critical for
understanding how the practice impacts long-term agroecosystem sustainability.
METHODS

Site description and experimental design

The study was located on the Neal Smith National Wildlife Refuge (NSNWR; 41° 33'
N;93°16' W), a 3000-ha mosaic of forest, remnant prairie, restored prairie, and cropland
managed by the U.S. National Fish and Wildlife Service. NSNWR is in the Walnut Creek
watershed in Jasper County, lowa, which lies on the lowa southern drift plain (Major Land
Resource Area 108C; USDA Natural Resources Conservation Service, 2006). This area consists
of steep rolling hills of Wisconsinan loess on pre-Illinoian till (Prior 1991). The soils within the
catchments which we are studying prairie strips are classified as Ladoga (Mollic Hapludalf) or
Otley (Oxyaquic Argiudolls) soil series with 5 to 14% slopes and are highly erodible (Nestrud
and Worster 1979; Soil Survey Staff 2003). The 50-year mean (x standard deviation) annual

precipitation is 876 + 205 mm, and the mean annual temperature is 9.6 £ 0.9 °C.
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In 2007, a catchment-scale prairie strip experiment was established within NSNWR.
Prairie strip and control catchments were arranged in a randomized, balanced, incomplete block
design on 12 catchments ranging in size from 0.47 to 3.2 ha. Prairie strips were planted such that
the prairie covered 0% (control), 10%, and 20% of the catchment area, and the prairie was
established within the cropland (usually shoulder or backslope contour position) and at the foot
slope of the catchments (Zhou et al. 2010). Before 2007, these fields were in smooth brome
(Bromus inermis L) cover for at least ten years. Prairie strips were seeded with a tallgrass prairie
seed mix containing 32 species in 2007. The seed mix consisted of 27% grasses, 24% forbs, 5%
weedy forbs and weedy grasses, and 44% inert material by weight. Since 2007, after the prairie
strip establishment, the adjacent cropland was planted in a soybean (Glycine max (L.) Merr.) and
maize (Zea mays L.) rotation with no-till management. During the initial two years, the prairie
strips were mowed periodically. In 2019, no fertilizer was added to the cropland before planting
soybeans. In 2020, cropland was fertilized with 211 kg N hat, 136 kg P ha?, and 185 kg K ha*
before planting maize. This N rate is typical for maize years, but these P and K rates are applied
on a 3-4 year basis depending on soil fertility tests.

For this study, we compared only the paired 10% prairie strip catchments (n=3) to those
with 0% prairie (n=3), hereafter referred to as 'control’ (Figure 2.2). We chose to sample the 10%
prairie strip catchments because previous research showed that converting 10% of a catchment to
prairie was sufficient for environmental benefits (Schulte et al. 2017). Three transects
perpendicularly bisecting prairie strips and paired positions in control catchments were chosen
based on a digital elevation model, plan curvature and flow accumulation (see Dutter et al. 2023
for more details). Soil samples were collected along transects at ten distances with respect to the

prairie strip and paired location in the control catchments: 3, 1, 0.3, 0.1 m upslope; and 0,0.1,
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0.3, 1, 3, and 9 m downslope. The 0 m distance is in the center of the prairie strips or the
equivalent, paired position in the control catchments (Figure 2.2). Transects and sampling
locations were marked using the Arrow 100 GNSS® receiver. For more experimental details, see
Dutter et al. (2023).
Soil sampling and analysis

Ten soil cores (0-15 cm depth) were taken with a 2-cm-diameter probe from each of the
ten transect sampling points and composited (10 distances from strips x 3 transects x 3
catchments x 2 treatments). Soil cores were taken on July 1% in both 2019 and 2020. Samples
were sieved to <2 mm for analysis. A 15 g subsample of soil was weighed and dried at 105 °C
for 24 h for gravimetric water content (GWC) measurement. To measure microbial biomass C
and N, twin replicates from each soil were weighed to ~ 5 g. One replicate was fumigated for 24
h with ethanol-free chloroform and both replicates were extracted with 25 ml of 0.5 M K2SOa.
Non-purgeable organic carbon and total salt-extractable nitrogen were measured in all samples
with a Shimadzu TOC-L analyzer with TN capabilities (Shimadzu Corporation, Kyoto, Japan).
Readings were corrected with extraction coefficients (0.45 for C; 0.54 for N) and compared
between each replicate (Brookes et al. 1985; Vance et al. 1987; Jenkinson 1988; Joergensen and
Mueller 1996). Total salt-extractable N values were corrected for inorganic N. The C and N in
salt-extracted but unfumigated samples are hereafter referred to as salt-extractable organic C
(SEOC) and organic N (SEON). The non-fumigated extracts were also measured for ammonium-
N and nitrate-N, hereafter referred to as salt-extractable inorganic N (SEIN), using a SynergyTM
HTX Multi-Mode Microplate Reader (BioTek Instruments, Winooski, VT, USA) with Gen5TM
software (Doane and Horwéath 2003, Sinsabaugh et al. 2000). Ammonium-N was measured using

absorbance at 595 nm wavelength and nitrate-N was measured using absorbance at 540 nm
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wavelength. The remainder of the soil was air dried at 24 °C until stable weight (~1 month). Soil
organic matter (SOM) was measured using loss on ignition for 2 h at 360 °C using a Blue M oven
and TSI weighing system. Soil pH was measured using a 1:1 (w:w) soil water slurry and
measured with a meter (Lignin Probes, Albuguerque, NM, USA). Cation exchange capacity was
estimated from ammonium acetate equivalent values of the Mehlich 3 extracted cations.
Potential enzyme activity assays

Five g soil was immediately frozen after sieving and lyophilized within 2-3 months and
stored at -20 °C before measuring PEA. Freezing soils has been shown to affect potential enzyme
activity (Abellan et al. 2011; Peoples and Koide, 2012), but logistical constraints precluded
analysis on fresh soils, and any storage effects are consistent for all samples. The potential
activities of both hydrolytic and oxidative enzymes were measured according to standard
protocols (Deforest 2009; Deng et al. 2011; German et al. 2011a). Hydrolytic enzymes —
arylsulfatase (ARSase), B-glucosidase (BGase), cellobiohydrolase (CBHase), B-N-
acetylglucosaminidase (NAGase), leucine aminopeptidase (LAPase), phosphatase (PHOSase)
(Table 2.1) — were assayed following Deng et al.'s (2011) protocol for fluorescence measured via
methylumbelliferyl - or methyl-coumarin-linked substrates in 96-well microplates with some
modifications. One gram of freeze-dried soil was weighed and placed in a 200 ml beaker, with
150 ml of distilled (DI) water and stirred for 30 min. Afterward, 200 ul aliquots of soil
suspension were incubated for 1 h at 37 °C with 50 ul of the substrate. After the incubation, 50 pl
of the substrate was added to the control columns, and 50 pl of THAM was added to all columns
to terminate enzyme activities. Then pre-incubation and post-incubation suspensions were
compared. Autohydrolysis controls were also used for each enzyme, and standard curves for

each catchment were prepared. Enzyme activity was calculated from fluorescence with
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excitement at 360 nm and emission at 460 nm.

Oxidative enzyme activities — polyphenol oxidase (PPOase) and peroxidase (PERase) —
were quantified using the colorimetric assay method in clear 96-well plates (Saiya-Cork et al.
2002). One gram of freeze-dried soil was weighed, put into suspension with 125 ml of Acetate
buffer, and incubated with L-DOPA for 18 h at 25 °C. Activities were calculated from an
absorbance of 450 nm, and the standard extinction coefficient of 7.9 was used for these equations
(DeForest 2009). All enzyme activities, both fluorometric and colorimetric, were measured using
a SynergyTM HTX Multi-Mode Microplate Reader (BioTek Instruments, Winooski, VT, USA)
with Gen5TM software. Potential enzyme activity was calculated as measured substrate activity
in nmol divided by g SOM and time in hours. We normalized for SOM due to known influence
of SOM on PEA and increased SOM under the prairie strip (German 2011b; Zhang et al. 2015).
Microbial community analysis

A 5 g subsample from each original composite sample was sieved to <2mm and frozen at
-80 °C for 4 months before DNA extraction. We characterized microbial communities in all
prairie strip and cropland soil samples using a high-throughput amplicon sequencing Illumina
MiSeq platform (Illumina, CA, USA). For each soil sample (360 samples total), we extracted
genomic DNA using the Qiagen MagAttract KF PowerSoil DNA extraction kit with a Thermo
Fisher KingFisher Flex automated extraction instrument (Thermo Fisher, U.S.A.) following all
manufacturer protocols. DNA concentration was determined for all samples via fluorometry with
the Invitrogen Qubit dSDNA HS Assay Kit (Thermo Fisher, U.S.A.).

Extracted DNA template was submitted to the Michigan State University Core Genomics
Facility for Illumina bacterial 16S V4 and fungal 1TS1 library construction using the Illumina

TruSeq Nano DNA library preparation kit and sequencing, and reads were quality filtered and
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merged using the USEARCH pipeline (https://drive5.com/usearch). Libraries of the bacterial 16S
V4 region were prepared using Illumina-compatible, dual-indexed 515Ff/806r primers (Kozich
et al. 2013). Libraries of the fungal ITS1 region were prepared using ITS1f/ITS2 primer
sequences (Martin et al. 2005) in an initial PCR followed by the addition of dual indexed
Illumina library adapters in a subsequent PCR. Libraries were batch normalized using Norgen
Biotek NGS Normalization Kits, pooled, cleaned up, and concentrated using AmpureXP
magnetic beads. The pool was quality checked and quantified using a combination of Qubit
dsDNA HS, Agilent 4200 TapeStation HS DNA1000 and Kapa Illumina Library Quantification
gPCR assays. 16S and ITS1 amplicons were sequenced independently in a 2x250bp paired end
format using independent v2 500 cycle MiSeq reagent cartridges.

Reads were quality filtered and merged using the USEARCH pipeline
(https://drive5.com/usearch). Primers and adapter bases were removed using cutadapt. Bacterial
reads were filtered and truncated to 250 bp, clustered into actual sequence variants (ASVs,
hereafter referred to as ZOTUs) at 100% sequence similarity then classified against SILVAv138
rRNA database (https://arb-silva.de). ZOTUs classified to Chloroplast, Mitochondria, or with
less than two reads across all samples were removed (Thiéry et al. 2012) and samples were
rarefied to 6,984 reads (all samples included), resulting in 68,703 bacterial ZOTUs and
2,507,256 bacterial reads. Fungal sequences were filtered to 250 bp. Fungal reads were clustered
into ZOTUs at 100% sequence similarity and classified against the UNITE 8.3 reference
database (https://unite.ut.ee). Non-fungal ZOTUs and ZOTUs with fewer than two reads were
removed and samples were rarefied to 5,803 reads, resulting in 12,716 fungal ZOTUs and

2,060,065 fungal reads.
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Statistical analysis

First, we divided the data into two groups to be analyzed separately: i) under the prairie
strip and paired control catchment locations (0 m), and ii) adjacent cropland locations (-3, -1, -
0.3,-0.1,0.1, 0.3, 0.1, 3, 9). The data were checked for normality and heterogeneity of variances,
and if not found, data were log transformed to meet assumptions and/or outliers removed. The
two groups of data were then analyzed via separate mixed-effect linear models. Both linear
models used the following response variables on the log scale: microbial biomass C and N, salt-
extractable inorganic N, salt-extractable organic C and N, ARSase, BGase, CBHase, LAPase,
NAGase, PHOSase, PPOase, and PERase. Data were analyzed for normalcy and
homoscedasticity using ggResidpanel (version 0.3.0) (Goode and Rey, 2019). The fixed effect
for the prairie strip samples was treatment and the random effects were catchment (six levels)
and transect within the catchment (3 per catchment). The model equation is given by:

log(response) ~ treatment + (transect | catchment).

The fixed effects for adjacent cropland samples were treatment (control vs. prairie strip),
distance (9-level categorical variable) from the prairie strip, and treatment-distance interaction.
The random effects were catchment (six levels) and transect within the catchment (3 per
catchment). The model equation is given by:

log(response) ~ treatment + distance + treatment x distance + (transect | catchment).

All variables were analyzed separately within years, i.e., the model was fit independently
for a given response and year. We chose to separate years because the year variable was
confounded with crop type (soybean vs. maize), land management decisions (fertilizer vs. none),
and weather conditions in 2019 and 2020. The unknowns were estimated via residual maximum

likelihood (REML) using the software defaults in Ime4 (version 1.1.31) (Bates et al., 2015) and
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emmeans (version 1.8.3) (Lenth, 2021) packages in the statistical software R (version 4.2.2) (R
Core Team, 2022).

Univariate microbial diversity measurements - observed richness, Shannon diversity and
evenness - were analyzed using two-factor ANOVA. Prairie strip treatment was the sole
predictor variable for modeling soil communities under the prairie strip. Treatment, distance, and
their interaction were predictors for modeling soil communities in surrounding cropland.
Microbial community structure was analyzed using PERMANOVA on Bray—Curtis distance
matrices for rarefied bacterial and fungal communities using phyloseq (version 1.42.0)
(McMurdie and Holmes 2013) and vegan (version 2.6.4) (Oksanen et al. 2022) in R (version
4.2.2) (R Core Team 2022). Two extreme outliers were removed from Bray-Curtis distance
matrices - one prairie strips treatment 9 m downslope sample from the 2019 surrounding
cropland dataset and one Control treatment 3 m downslope sample from the 2020 surrounding
cropland dataset. We used distance-based redundancy analysis (dbRDA function in vegan,
Legendre and Anderson 1999) to determine the correlation of PEA and soil physiochemical
properties to bacterial and fungal community structure under the prairie strip and in surrounding
cropland (Oksanen et al. 2022). Our dbRDA model included watershed as a conditional factor.
We identified phyla with differential abundance among prairie strip treatments and distances
from prairie strips using the 'manyglm' and 'anova’ functions in the MVabund (version 4.2.1) R
package (Wang Y. et al. 2012).

RESULTS
Microbial biomass, functioning, and community composition directly under the prairie strip
Overall, prairie strips did influence soil physiochemical properties under the prairie strip

(Figure 2.11). Prairie strips increased SOM by 12%, pH by 7%, and also 17% in soil moisture
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content but in just 2020 (p < 0.05; Figure 2.11). Prairie strips strongly affected C and N pools
under the prairie strip in both years (Figure 2.3, Table 2.2). Prairie strips, on average, increased
microbial biomass C (MBC) and microbial biomass N (MBN) by 56% and 133% across 2019
and 2020. Prairie strips did not affect SEOC or SEON. Prairie strips lowered SEIN by 66%
across 2019 and 2020 (Figure 2.3) — and, on average, SEIN was composed of about 50% nitrate-
N and 50% ammonium-N.

Prairie strips had inconsistent effects on the soil PEA underneath the prairie strips when
expressed per gram of SOM (Figure 2.4, Table 2.2). Generally, prairie strips tended to increase
hydrolase and decrease oxidoreductase enzymes. Prairie strips had the most consistent positive
effects on PEA in 2019, when the early growing season was relatively wet, with 233 more mm in
the 2019 growing season than 2020 (Figure 2.12; Dutter et al. 2023). Prairie strips significantly
increased hydrolytic PEA of CBHase by 77%, NAGase by 108%, and PHOSase by 46%
compared to the control when expressed per gram of SOM. Unlike hydrolytic PEA, however,
prairie strips had a negative effect on oxidative PEA. For instance, prairie strips decreased
PERase by 28% in 2019 and PPOase by 33% in 2020 (Figure 2.4; Table 2.2).

Prairie strips shifted bacterial and fungal beta diversity compared to cropland control
soils in both 2019 and 2020 (Table 2.2). The extent to which prairie strips affected bacterial and
fungal alpha diversity measures varied by year, but in general, prairie strips either reduced or had
no effect on fungal and bacterial alpha diversity (Table 2.2, Figure 2.5). Prairie strips reduced
bacterial and fungal alpha diversity up to 12% compared to the cropland control (p <0.085; Table
2.2, Figure 2.5). Prairie strips also changed the relative abundance of specific microbial phyla
(Figure 2.11, Table 2.5). Gemmatimonadetes bacteria (p=0.018 in 2019; p=0.012 in 2020; Table

2.5), Elusimicrobia bacteria (p=0.01 in 2019), Armatimonadetes bacteria (p=0.026 in 2019), and
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Basidiomycota fungi (p=0.003 in 2019 and p=0.003 in 2020) were more abundant in prairie strip
soils. On the other hand, Chytridiomycota fungi (p=0.028 in 2019 and p=0.029 in 2020),
Mortierellomycota fungi (p=0.04 in 2019), and Ascomycota fungi (p=0.037 in 2020) were more
abundant in cropland soils (Figure 2.11, Table 2.5).

Microbial biomass, functioning, and microbial communities in adjacent cropland soil

In general, prairie strips did not affect soil physiochemical properties in adjacent cropland
soils (Figure 2.10). Across both study years, cropland soils in prairie strip and control catchments
showed similar SOM, pH, and CEC. Cropland soils in prairie strip catchments showed
marginally lower GWC in 2019 but not 2020 (Figure 2.10; Dutter et al. 2023). Prairie strips also
had negligible effects on adjacent soils' C and N pools. There were no significant prairie strip
effects on the C and N pools besides SEIN. Salt-extractable inorganic N, comprised mostly of
nitrate-N (85%), was 33% lower in the soil <1 m from the prairie strip but only in 2019 under
soybean (Figure 2.6; Dutter et al. 2023).

Prairie strips more clearly affected PEA in the adjacent cropland, but these effects were
highly inconsistent among enzymes and dependent on the year (Figure 2.7, Table 2.3). The
effects of prairie strips on adjacent cropland PEA, when they occurred, were largely independent
of distance from the prairie strips. In other words, prairie strips affected adjacent soil PEA
equally at all distances up to 9 m away from the prairie strip.

Prairie strips had more positive effects in 2019 when cropland was under soybean,
mirroring the predominantly positive effects seen directly under the prairie strip (Figure 2.7).
Prairie strips significantly increased three hydrolytic PEA in adjacent crop — BGase by 27%,
NAGase by 31%, and PHOSase by 38% — in 2019 soybeans, across all distances when expressed

per gram of SOM. In 2020 under maize, however, there was a prairie strips Treatment x Distance
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interaction on LAPase, whereby the prairie strips increased LAPase PEA by 164% but only 0.3
m downslope from the prairie strips (Figure 2.7). In 2020 maize, there was also a significant
positive main effect of prairie strips on PERase, where prairie strips increased adjacent cropland
PERase by 29% compared to the control across all distances.

Prairie strips affected bacterial and fungal community composition in surrounding
cropland soils in both 2019 soybean and 2020 maize (Figure 2.13, Table 2.3), but neither
distance from the prairie strips nor the interaction between distance and prairie strip treatment
were significant drivers of bacterial and fungal community composition in either crop year
(Table 2.3). Prairie strips only affected microbial alpha diversity measurements in surrounding
cropland soils in 2019 soybean (Shannon diversity p=0.023, observed richness p=0.032,
evenness p=0.033) and showed no effect on bacterial and fungal alpha diversity measurements in
2020 maize (Figure 2.14, Table 2.3). In 2019 soybean, bacterial and fungal observed richness
was 2.85% and 4.87% lower, respectively, in the adjacent cropland soils of prairie strip
catchments (Figure 2.14). Distance from the prairie strip correlated with changes in microbial
community richness, Shannon diversity, and evenness, but the direction and magnitude of this
effect varied among upslope and downslope distances (Figure 2.14). Prairie strips also shifted the
relative abundance of several bacterial and fungal phyla in adjacent cropland soils (Figure 2.13,
Table 2.4).

Prairie strips explained some, but not all, correlations between soil properties, PEA, and
microbial community composition in surrounding cropland soils. Soil microbial biomass C
correlated with fungal community composition in both years, likely driven by high microbial
biomass C in soils under the prairie strip (p < 0.002; Figure 2.8, Table 2.6). Marginally higher

soil nitrate in cropland control soils was a significant predictor of bacterial (Table 2.6, p=0.029 in
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2019 soybean, p=0.003 in 2020 maize) and fungal (Table 2.6, p=0.001 in 2019 soybean, p=0.001
in 2020 maize) community composition across both years. Several other soil properties and one
PEA were consistent correlates of bacterial and fungal community composition across both
years: GWC, soil pH, clay, SEOC, nitrate, and PERase (Figure 2.8, Table 2.6); however, in this
study, only half of these variables in surrounding cropland soils were affected by prairie strips
(GWC in 2019, SEIN in 2019 as Treatment x Distance interaction and PERase in 2020, Tables
S2 & S4; Figures 5 & S5). In other words, because prairie strips did not significantly affect all of
these soil properties and PEASs in surrounding cropland, we can attribute some - but not all -
correlations to the presence of prairie strips.
DISCUSSION

Prairie strips had strong effects on soil microbial community composition and function,
both underneath the prairie strips and in adjacent cropland, though effects can be highly
dependent on the cropping year. These inconsistent effects could be driven by crop and/or
weather (Figure 2.12, Smith et al. 2015). This discussion is separated into the effects of prairie
strips on soils underneath the prairie strip — which are more analogous to traditional land-use
change studies converting cropland to restored grasslands — and the effects of prairie strips on
adjacent cropland soil — which draw from studies on ecotone and edge effects at the interface of
habitat types.
Prairie strips increased soil microbial biomass and hydrolytic enzyme activity but decreased
oxidoreductase enzymes under the prairie strip

In partial support of our 1% hypothesis, prairie strips had positive effects on soil microbial
biomass and hydrolytic enzyme activities. More specifically, 12 years of prairie strips increased

soil microbial biomass but not salt-extractable organic C and N, and decreased plant-available
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inorganic N, suggesting that prairie strips tighten C and N cycling. This supports findings from
larger prairie and grassland restoration studies, which show a 100% to 500% increase in
microbial biomass following restoration (Bach and Hofmockel 2015; Purakayastha et al. 2009;
Rosenzweig et al. 2016). Greater microbial biomass and less leachable, bioavailable N (i.e.,
SEIN) under the prairie strip is likely due to greater density and duration of living plant roots and
greater rhizodeposition rate (Dietzel et al. 2017; Leptin et al. 2021). Prairie strips even increased
more static soil properties like soil organic matter (+12%) and pH (+7%) (Figure 2.11). These
findings, in support of our first hypothesis, show that narrow strips of prairie have similar
impacts on underlying soil inorganic C and N as have been observed in larger prairie restoration
studies. Potential enzyme activities, however, were not as consistent.

Generally, prairie strips had positive effects on hydrolytic PEA and negative effects on
oxidoreductase PEA but depended on the crop year (Figure 2.4). This incongruence between the
consistent increase in microbial biomass and yet inconsistent effect of prairie strips on PEA
implies that PEA are not merely increasing or decreasing due to changes in the microbial
biomass, but because of year-to-year shifts in bioavailable soil resources. PEA can also be
temporally variable within a year, so it is possible that our sampling captured only a snapshot of
potential activity amid fluctuations throughout the growing season (Bach and Hofmockel 2015).

Perennial, diverse plant communities often increase hydrolase PEA compared to
monoculture cropland (Li et al. 2023; Wallenius et al. 2011; Yu et al. 2017). CBHase degrades
cellulose and may increase in the presence of increased substrate availability (i.e., plant residue;
Ljungdahl and Eriksson 1985). NAGase degrades chitin and our finding is consistent with other
studies that found grasslands increase NAGase activities compared to cropland (Shahariar et al.

2021; Xu et al. 2019). The elevated NAGase activity may be due to the decrease in bioavailable
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N (i.e., SEIN, Figure 2.3). In combination with increased microbial biomass C, this may reflect a
shift toward mining fungal necromass for C and N acquisition from under prairie strips
(Guggenberger et al. 1999; Kallenbach et al. 2015; Manzoni et al. 2008). Prairie strips also
increased phosphatase activity in 2019 (Figure 2.4). Phosphatase cleaves phosphate from organic
sources and can be secreted by plants and microbes (Utobo and Tewari 2015). Elevated
PHOSase activity could be due to increased plant root competition for organic P in the prairie
strips as P fertilizer is not added to the prairie strips since planting (Curtright and Tiemann 2021;
Margalef et al. 2017).

Prairie strips generally reduced oxidoreductase PEA (PPOase and PERase; Figure 2.4).
PPOase can degrade lignin, detoxify phenolic compounds, and metal ions, and be used as an
antimicrobial defense (Sinsabaugh 2010). PERase activity can also indicate lignin degradation,
detoxification, and oxidative stress (Sinsabaugh 2010). Both oxidoreductase enzymes are thought
to be used by fungi for mining N from SOM (Jian et al. 2016; Sinsabaugh 2010). Our study
confirms many previous studies that show agricultural management practices that reduce residual
inorganic N, increase labile SOM and general microbial activity also decrease oxidoreductase
PEA (Bowles et al. 2022; McDaniel & Grandy 2016; Wickings et al 2011). More specifically,
our findings align with cropland restoration studies that report decreased oxidoreductase PEA
(Sciubba et al. 2021; Wang et al. 2011; Wang B. et al 2012).

Prairie strips decreased microbial community richness and shifted community composition
underneath the prairie strip

Contrary to our 1% hypothesis, prairie strips did not increase but instead decreased soil
bacterial and fungal diversity (Figure 2.5, Table 2.2). This decrease was more or less consistent

across years and multiple diversity metrics. Previous studies have shown inconsistent findings,
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where converting agricultural land to prairie has been shown to both increase (Bach et al. 2018,
Upton et al. 2018) and decrease (Barber et al. 2017) soil microbial diversity. Our findings
challenge the more generally accepted paradigm that restoring physical habitat and restoring
diverse plant community will increase microbial diversity (Hilderbrand et al. 2005; Lange et al.
2015). Our contrary finding could be due to increased microbial niche space from introducing
additional resources (e.g., fertilizer and pesticide inputs) and creating unique soil microhabitat
conditions due to soil disturbance (e.g. machinery compaction and minor disturbance from
planting equipment; Schmidt et al. 2018). Alternatively, the 12 years of prairie strip
establishment may have increased diversity or connectivity among higher-trophic-level primary
consumers, like nematodes and invertebrates that feed on fungi and bacteria (not measured here),
which then in turn may have suppressed bacterial and fungal diversity (Wang et al 2022).
Because greater soil microbial diversity does not always translate to greater microbial function or
resilience, soil microbial diversity in-and-of-itself should not be the ultimate management goal
(Shade 2017). Therefore, it is critical to assess the response of taxa and functions in order to
better inform our basic understanding but also for evaluation of different management practices.
Changes in bacterial and fungal community composition underneath the prairie strips
corresponded with soil physicochemical properties (Figure 2.8). For example,
Gemmatimonadetes bacteria were significantly less abundant under prairie strips (Table 2.5,
Figure 2.9), and this may be due to the phyla’s preference for more acidic conditions under
cropland (< 6; Mackelprang et al. 2018). Prairie strips also decreased sporulating fungi and
increased filamentous fungi, as is typical under restored prairies (Upton et al. 2018). The reduced
soil disturbance and greater plant inputs under perennial prairie likely increased abundance of

decomposers like Basidiomycota (Table 2.5, Figure 2.9), while frequent soil disturbance and
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agrochemicals in cropland increased spore-forming Ascomycota (Figure 2.9). While prairie
restoration often leads to greater abundance of Glomeromycota (arbuscular mycorrhizal fungi;
Allison et al. 2005; Cook et al. 1988; Herzberger et al. 2014), we did not observe this in prairie
strip soils (Table 2.5, Figure 2.9). Low Glomeromycota abundance may be due to the dispersal
limitation of some mycorrhizal groups (Chaudhary et al. 2020), to N fertilizer drift from
surrounding cropland (Jach-Smith and Jackson 2018), or to biases in our ITS fungal sequencing
method (Lindahl et al. 2013).

Prairie strips affected adjacent cropland soil microbial biomass and potential enzyme activities

Contrary to our 2" hypothesis, we found prairie strips did affect adjacent cropland soil,
but these effects were weaker than on soils directly underneath prairies (Figure 2.6). Prairie
strips had decreased bioavailable N by 33% in the adjacent soils, but only in 2019 when cropland
was under soybeans (Figure 2.6). Prior work showed that prairie strips altered other plant-
available nutrients in adjacent cropland; nitrate was reduced by 23% in soil within 1 m of the
prairie strips (Dutter et al. 2023). The change in plant-available nutrients, especially mobile
nutrients, might be due to greater uptake of N under prairie strips or prairie strips changing
belowground water balance either by increasing evapotranspiration or limiting subsurface flow
and transport of nutrients (Zhou et al. 2010; Zhou et al. 2014).

Prairie strips had strong effects on some PEA in adjacent croplands depending on the
year, and only in one case this effect was dependent on distance from the prairie strip (Figure
2.7). Three enzymes — BGase, NAGase, and PHOSase — were all greater in cropland adjacent to
the prairie strips than in control catchments, regardless of distance from the prairie strip. The
latter two hydrolytic enzymes also had greater activities under the prairie strip, but BGase did

not. BGase is a C-acquiring enzyme that tends to be elevated in soils with easily decomposable
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organic matter (de Almeida et al. 2015). While the specifics of why hydrolytic PEA increases are
unclear, it does suggest that prairie strips alter the supply and demand of carbon and nutrients in
adjacent soil.

Increased NAGase activity may be due to N scarcity in cropland soils adjacent to prairie
strips, or changes in other resources that were not measured in this study (Wang et al. 2013).
PHOSase was elevated at all distances in cropland adjacent to prairie strips (Figure 2.7). While
PHOSase has been shown to negatively correlate to P availability (Allison et al. 2005;
Hernandez and Hobbie 2010), our previous study found that prairie strips increased Mehlich-I11
extractable P <1 m upslope from the prairie strips (Dutter et al. 2023), but phosphatase activity
remained elevated across all distances.

Leucine aminopeptidase, an exclusively N-acquiring enzyme that hydrolyzes leucine
amino acid from proteins and peptides, increased by 164% 30 cm downslope of the prairie strip
during 2020 maize. Leucine aminopeptidase was elevated downslope of the prairie strip, at the
same locations where maize plants were N-stressed and bioavailable N was depleted in the
previous year (Dutter et al. 2023). This provides some evidence that greater plant and microbial
demand for bioavailable N downslope of the prairie strip is driving increased LAPase. PERase
activity in 2020 was also elevated across the entire prairie strip treatment (Figure 2.7). Elevated
PERase activity in the cropland adjacent to prairie strips could indicate a labile C or N limitation
due to N, P, and K fertilizer addition in 2020.

Prairie strips decreased microbial richness and enriched C-degrading taxa in adjacent soybean
soils, but not maize soils

Another reason we must reject our second hypothesis that prairie strips would have no

effect on surround soil microbiota is that prairie strips reduced bacterial and fungal richness
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under surrounding soils in one out of two years (Figure 2.14, Table 2.3). The difference between
years could be because maize and soybean may have different filtering effects on microbial
communities, or because cropland fertilization varied across years. N additions in 2020, but not
2019, may have quenched N demand across all distances from the prairie strip, thus
homogenizing microbial communities across cropland soils to a greater extent than in 2019. This
is also evidenced by the lower NAGase activity in surrounding cropland and was a stronger
predictor of fungal community composition in 2019 than in 2020 (Figure 2.7, Table 2.4).

The prairie strip effect seems to have linked structure and function because changes in
particular organisms aligned with changes in soil PEA. For example, in 2019 under soybean,
prairie strips increased microbial phyla capable of degrading complex C substrates (Figure 2.13,
Table 2.5), such as Firmicutes and Planctomycetes (Reguera and Leschine 2001; Wiegland et al.
2018); and this also corresponded to increases in BGase and NAGase that year. Second, in 2020
under maize, prairie strips enriched decomposer fungi (Basidiomycota; Figure 2.13, Table 2.3)
and increased PERase in adjacent cropland soils (Table 2.3 & Table 2.6). Taken together, these
two independent lines of evidence suggests that prairie strips are affecting microbial structure
and functioning in subtle, consistent ways but depends on the crop year.

Our findings suggest that environmental filtering is the dominant mechanism shaping soil
microbial communities adjacent to prairie strips. Across both years, neither alpha diversity nor
beta diversity showed a significant Treatment x Distance interaction, suggesting that bacterial
and fungal communities were controlled by the slope position of the soil within the cropland
rather than the soil's proximity to the prairie strips (Table 2.3). The lack of a distance-based
spillover effect suggests that either prairie strip microbes are not dispersing outward from the

prairie strips, or more likely, dispersal is present, but cropland environmental filtering is shaping
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community composition at each catchment slope position. Cropland disturbance and fertilization
(Fierer and Jackson 2006; Manzoni et al. 2012; Schmidt et al. 2018; West and Whitman 2022),
in combination with soil physiochemical heterogeneity across the field (Figure 2.10; Table 2.6),
appear to be a stronger control on microbial communities than proximity to the prairie strip.
These results also indicate that prairie strips do not introduce beneficial microbial taxa to
adjacent cropland soils; however, rare taxa that we may not have detected can have a
disproportionate effect on function (Shade et al. 2014), so this possibility should not be ruled out.

Microbial community composition was associated with several soil properties and PEA,
some as a result of prairie strip establishment, and others as a function of abiotic heterogeneity
across the landscape. Inorganic N was a primary driver of differences in bacterial and fungal
community composition across treatments, as evidenced by the strong influence of soil nitrate on
community composition across years (Table 2.6, Figure 2.8); and specifically evidenced by the
enrichment of particular microbial phyla like Planctomycetes which are capable of oxidizing
ammonium (Figure 2.13, Table 2.5, Shively et al. 2014). The emergence of microbial biomass C
as a significant correlate of fungal, but not bacterial, community composition in surrounding
cropland soils may have resulted from the enrichment of Basidiomycota, a filamentous, high C:N
fungal group, in cropland soils surrounding prairie strips (Figure 2.13, Table 2.6 & S3, Zhang
and Elser 2017).

Several soil measurements (nitrate, GWC, soil pH, clay, SEOC, and potassium) and
microbial biomass C were consistent correlates with bacterial and fungal community
composition (Figure 2.8, Table 2.4). The majority of these variables were not affected by prairie
strips (Table 2.3 & S5), varied widely across slope positions (Figures 5 & 6), and did not affect

community composition in consistent directions (Figure 2.8). The exceptions to this were
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microbial biomass C and nitrate, variables whose correlations with microbial communities were
clearly mediated by the presence of a prairie strip (Figure 2.8, Table 2.4). Our study showed that
prairie strips do have some effects (albeit some more consistent than others) on soil biota and
SESs in both prairie strip and adjacent cropland soils that may be important for implementation
and management.

CONCLUSION

Prairie strips are a conservation practice aimed at increasing biodiversity on the
landscape, reducing agricultural runoff, and regenerating soil health. We found that the oldest
prairie strips in lowa (12 years old) had many effects on soil microbial community structure and
functioning underneath the prairie strips and even in the adjacent cropland, though effects were
more inconsistent and complex in the latter. These prairie strips — like large swaths of restored
perennial vegetation — increased soil microbial biomass, hydrolytic PEA, and C-degrading
microbial taxa, and decreased salt-extractable inorganic N, oxidative PEA, and bacterial and
fungal richness in soils directly underneath the prairie vegetation. In adjacent cropland soils,
prairie strips had little effect on C and N pools but did have strong positive effects on several
hydrolytic and oxidative PEA (BGase, NAGase, PHOSase, and PERase) and microbial
community structure, depending on the crop year. Overall, we find strong evidence for prairie
strips' affecting soil biota and SESs both underneath and adjacent to them, but effects are
strongly dependent on localized abiotic conditions, crop species, and crop-specific management
activities.

Future studies might improve the predictability of prairie strips' effects on adjacent soil
biota by monitoring more frequently within one year, exploring the role of prairie plant species

composition, and testing the interaction with other cropping systems other than maize-soybean
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rotation. Doing so will help to understand the complex interactive effects of prairie strips have on
shaping soil biota and SESs in adjacent cropland. A greater understanding of these complex
interactions between cropland and prairie strips will help improve agriculture management for
maximizing ecosystem services.
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APPENDIX B: CHAPTER 2

Tables
Enzyme
Enzyme Commission Abbreviation Substrate
Number
Arylsufatase EC3.16.1 ARSase 4-MUF-sulfate
f-1,4-glucosidase EC3.2.1.21 BGase 4-MUF-B-D-glucoside
Cellobiohydrolase EC 3.2.1.91 CBHase 4-MUF-B-D-cellobioside
B-N-acetylglucosaminidase EC3.2.1.14 NAGase 4-MUF-N-acetyl-B-D-glucosaminise
Leucyl aminopeptidase EC3.4.11.1 LAPase L-Leucine-7-amido-4-methylcoumarin
Acid (alkaline) Phosphatase EC3.1.3.1 PHOSase 4-MUF-phosphate
Polyphenol oxidase EC 1.10.3.2 PPOase L-3,4-dihydroxyphenylalanine
Peroxidase EC1.11.1.7 PERase L-3,4-dihydroxyphenylalanine and H,O,

Abbreviation: MUF = methylumbelliferyl

Table 2.1. Extracellular enzymes assayed in this study and the corresponding substrates for

potential enzyme activity (PEA) measurements.
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| 2019 | 2020
Soil Biochemical Properties (Figure 2.2)
Microbial Biomass C 0.03 0.021
Microbial Biomass N 0.014 0.02
Salt-extractable Organic C 0.98 0.259
Salt-extractable Inorganic N 0.029 0.018
Salt-extractable Organic N 0.131 0.135
Potential Enzyme Activities (Figure 2.3)
Arylsulfatase 0.348 0.257
B-glucosidase 0.135 0.477
Cellobiohydrolase 0.01 0.925
Leucine Aminopeptidase 0.345 0.646
N-acetyl-B-glucosaminidase 0.023 0.534
Phosphatase 0.026 0.291
Polyphenol Oxidase 0.137 0.029
Peroxidase 0.025 0.667
Microbial beta diversity*
Bacterial community composition <0.001 (R=0.14) | <0.001 (R=0.13)
Fungal community composition <0.001 (R=0.17) | <0.001 (R=0.2)
Microbial alpha diversity (Figure 2.4)

Bacteria Shannon diversity 0.484 0.045
Bacteria observed richness 0.107 0.012
Bacteria evenness 0.798 0.085
Fungi Shannon diversity 0.011 0.012
Fungi observed richness 0.129 0.149
Fungi evenness 0.008 0.010

Table 2.2. P-values from One-way ANOV A+ comparing soil biological and chemical parameters

underneath the 12-year prairie strips and the control.

+Bold values indicate significance at p < 0.05. Underlined values indicate significance at p < 0.1.

1 R value indicates the percentage of variation in microbial beta diversity explained by the prairie strip treatment.
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2019 Soybean 2020 Maize

Treatment Distance Treatment: Treatment Distance Treatment:
Distance Distance
Soil Biochemical Properties (Figure 2.6)
Microbial Biomass C 0.477 0.002 0.154 0.605 0.401 0.888
Microbial Biomass N 0.453 0.205 0.446 0.976 0.064 0.979
Salt-extractable Organic C 0.554 0.691 0.167 0.528 0.177 0.637
Salt-extractable Inorganic N 0.065 0.231 0.05 0.346 0.078 0.861
Salt-extractable Organic N 0.434 0.095 0.584 0.463 0.117 0.881
Potential Enzyme Activities (Figure 2.7)

Arylsulfatase 0.186 0.782 0.789 0.316 0.907 0.305
B-glucosidase 0.071 0.985 0.683 0.642 0.969 0.425
Cellobiohydrolase 0.196 0.902 0.915 0.663 0.934 0.736
Leucine Aminopeptidase 0.253 0.349 0.158 0.710 0.847 0.067
N-acetyl-p-glucosaminidase 0.047 0.935 0.416 0.573 0.566 0.315
Phosphatase 0.033 0.910 0.769 0.509 0.756 0.188
Polyphenol Oxidase 0.942 0.524 0.715 0.379 0.615 0.524
Peroxidase 0.753 0.978 0.433 <0.001 0.470 0.334

Microbial beta diversity*
Bacterial community <0.001 0.765 0.973 <0.001 1.000 1.000
composition (R=0.03) (R=0.03)
Fungal community composition <0.001 0.2213 0.9901 <0.001 0.726 0.593

(R=0.04) (R=0.04)

Microbial alpha diversity
Bacteria Shannon diversity 0.1001 0.023 0.899 0.29 0.393 0.801
Bacteria observed richness 0.01 0.032 0.948 0.454 0.501 0.628
Bacteria evenness 0.364 0.033 0.844 0.286 0.305 0.818
Fungi Shannon diversity 0.396 0.064 0.664 0.423 0.611 0.554
Fungi observed richness 0.032 0.071 0.455 0.148 0.665 0.175
Fungi evenness 0.987 0.078 0.763 0.699 0.597 0.676

Table 2.3. P-values from Two-way ANOV Ast comparing soil biological and chemical
parameters in adjacent cropland soils to the 12-year prairie strips (Treatment) and the control.

+Two-Way ANOVA with factors of Treatment (Prairie Strip = Yes, No) and Distance from prairie strip (Distances =
-3,-1,-0.3,-0.1, 0.1, 0.3, 1, 3, and 9) and interaction. Bold values indicate significance at p < 0.05. Underlined
values indicate significance at p < 0.1.

1 1 R value indicates the percentage of variation in microbial beta diversity explained by the prairie strip treatment.
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2019 2020
Phylum Control | Prairie Strip | p-value | Control | Prairie Strip p-value

Mean relative Mean relative

abundance (%) abundance (%)
Planctomycetes 4.784 5.542 0.024 3.691 4.252 NS
Bacteria Firmicutes 0.999 1.377 0.038 1.155 1.274 NS
Alphaproteobacteria 11.814 10.664 0.03 14.072 12.627 NS
Monaoblepharomycota 0.036 0.002 0.006 0.011 0.004 NS

Fungi Kickxellomycota 0.589 1.521 0.001 0.693 1.312 0.048

Basidiomycota 11.179 14.758 0.073 10.065 12.111 NS

Table 2.4. Mean relative abundance, and ANOVA p-values (n =18)7, for select soil microbial
taxa that differed between surrounding cropland soil of Control and Prairie Strip watersheds.

+ Bold values indicate significance at p < 0.05. Underlined values indicate significance at p < 0.1.
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2019 2020
Phylum Control Prairie Strip p-value | Control Prairie Strip p-value
Mean Relative Abundance (%) Mean Relative Abundance (%)

Gemmatimonadetes 3.124 1.942 0.018 3.844 2.288 0.012

Bacteria Elusimicrobia 0.498 0.175 0.010 0.251 0.121 NS

Armatimonadetes 0.669 0.278 0.026 0.487 0.274 NS
Basidiomycota 13.047 52.218 0.003 14.408 51.755 0.003
Chytridiomycota 2.928 0.871 0.028 4.084 1.076 0.029

Fungi

Mortierellomycota 13.097 4.582 0.04 11.038 5.796 NS

Ascomycota 25.213 18.025 NS 27.07 15.58 0.037

Table 2.5. Mean relative abundance, and ANOVA p-values (n = 9)+, for select soil microbial

taxa that differed between Control and soil under the Prairie Strip vegetation.

+ Bold values indicate significance at p < 0.05. Underlined values indicate significance at p < 0.1.
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2019 Soybean 2020 Maize
Community Proszlrlties Mgglgitfurde R? vaa_ue Pro?)?alrlties le/gr?itgde R? v;lhe
Soil pH 0.397247 0.62 | 0.007 SEOC 0.3706784 0.019 | 0.001
GWC 0.3145357 0.69 | 0.001 Zinc 0.307493 0.013 | 0.002
Clay 0.2807785 0.68 | 0.001 Soil pH 0.2595039 0.014 | 0.002
SEOC 0.2747628 0.73 | 0.001 | Potassium 0.2099002 0.009 | 0.051
Nitrate 0.258258 0.59 | 0.025 Clay 0.1741649 0.016 | 0.001
PERase 0.2005677 0.67 | 0.001 Nitrate 0.1687116 0.013 | 0.003
Potassium 0.1319459 0.63 | 0.008 ARSase 0.1650093 0.013 | 0.002
. PPOase 0.1233884 0.61 | 0.015 MBN 0.132576 0.01 | 0.025
Bacteria Phosphorus 0.1009331 0.57 | 0.053 | Phosphorus 0.1295336 0.012 | 0.007
Calcium 0.0709824 0.69 | 0.001 BGase 0.1122515 0.012 | 0.007
BGase 0.0689229 0.6 | 0.016 PERase 0.063423 0.013 | 0.004
PHOSase 0.0239232 0.62 | 0.007 SWHC 0.0614732 0.013 | 0.002
MBC 0.048536 0.013 | 0.004
Ammonium 0.0391297 0.01 0.04
Calcium 0.0187584 0.012 | 0.01
GwWC 0.0060799 0.01 | 0.03
GWC 0.4610992 0.02 | 0.001 MBC 0.4889082 0.013 | 0.001
Clay 0.3923759 0.02 | 0.001 | Potassium 0.3405654 0.01 | 0.001
Nitrate 0.3751424 0.02 | 0.002 ARSase 0.3128338 0.007 | 0.001
MBC 0.32235 0.01 | 0.002 SEOC 0.2944516 0.019 | 0.002
SEOC 0.2911179 0.02 | 0.001 Nitrate 0.231135 0.016 | 0.002
Ammonium 0.2471166 0.01 | 0.003 GWC 0.2174641 0.021 | 0.002
Soil pH 0.2000376 0.01 | 0.054 | Phosphorus 0.2169568 0.009 | 0.002
Fungi Potassium 0.1700604 0.01 | 0.046 BGase 0.2018854 0.009 | 0.009
PPOase 0.1568697 0.01 | 0.005 Soil pH 0.1829476 0.01 | 0.011
PERase 0.128591 0.01 | 0.003 SWHC 0.1447008 0.008 | 0.006
Calcium 0.0683806 0.02 | 0.001 NAGase 0.1262598 0.012 | 0.015
NAGase 0.0386576 0.01 | 0.006 Clay 0.1001841 0.021 | 0.001
PHOSase 0.0211009 0.01 | 0.019 Calcium 0.0253847 0.017 | 0.005
Zinc 0.0232526 0.009 | 0.004
PERase 0.0153274 0.014 | 0.002

Table 2.6. Vector magnitude, R2, and p-values for top drivers of microbial communities across

both 2019 and 2020.
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2019 Soybean 2020 Maize
Treatment: Treatment:

Soil Properties Treatment Distance Di Treatment Distance :
istance Distance
Soil Organic Matter 0.167 0.331 0.744 0.270 0.048 0.868
Gravimetric Water Content 0.811 0.020 0.074 0.581 0.088 0.888
Soil pH 0.726 0.408 0.769 0.668 0.382 0.587
Cation Exchange Capacity 0.136 0.514 0.378 0.831 0.628 0.803

Table 2.7. P-values from Two-way ANOVAs' comparing soil biological and chemical

parameters in adjacent cropland soils to the 12-year prairie strips (Treatment) and the control.

T Two-Way ANOVA with factors of Treatment (Prairie Strip = Yes, No) and Distance from prairie strip (Distances
=-3,-1,-0.3,-0.1,0.1, 0.3, 1, 3, and 9 m) and interaction. Bold values indicate significance at p < 0.05. Underlined

values indicate significance at p < 0.1.
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Figures

Figure 2.1. Overhead photograph of prairie strip planted in a soybean field in Eastern lowa,

USA. Photo Credit: lowa State University.
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Figure 2.2. Map of prairie strip (n=3) and control catchments (n=3) and transects (n=3) with
measurements at -3, -1, -0.3, -0.1, 0.1, 0.3, 1, 3, and 9 m (yellow dots). Inset: close-up of prairie
strip and control catchment showing transects used for soil sampling. Paired sampling locations
for prairie strips (blue) and control (red) Om locations are indicated by triangles. Map Credit: Dr.

Haliegh Summers.
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Figure 2.3. Soil carbon (C) and nitrogen (N) pools under prairie strips and paired control

locations in 2019 and 2020. Boxplots of prairie strip and paired control catchment samples (n=9)

sampled across three treatment catchments. Letters indicate significance of p-value <0.05.

Abbreviations: MBC = microbial biomass C, MBN = microbial biomass N, SEOC = salt-

extractable organic C, SEIN = salt-extractable inorganic N, SEON = salt-extractable organic N.
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Figure 2.4. Potential enzyme activities, expressed per g of soil organic matter (SOM), under the
prairie strips and paired control locations in 2019 and 2020. Boxplots of prairie strip and paired
control catchment samples (n=9) sampled across three treatment catchments. Letters indicate
significance at p-value <0.05. Abbreviations: ARSase= arylsulfatase,BGase=p-glucosidase,
CBHase=cellobiohydrolase,LAPase=leucine aminopeptidase, NAGase=N-acetylglucosiminidase,

PHOSase=phosphatase,PPOase=polyphenol oxidase,PERase=peroxidase.
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Figure 2.6. Soil carbon (C) and nitrogen (N) pools within cropland adjacent to the prairie strip
and paired control locations in 2019 and 2020. Significant treatment or treatment x distance
interaction and p-values shown within graph panels (p< 0.1). Individual samples shown and lines
drawn through mean (n=9) at each distance soil samples were collected from the prairie strip,
prairie strip samples (0 m) not included. Thin vertical line indicates the placement of the prairie
strip. Abbreviations: MBC = microbial biomass C, MBN = microbial biomass N, SEOC = salt-

extractable organic C, SEIN = salt-extractable inorganic N, SEON = salt-extractable organic N.
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Figure 2.7. Potential enzyme activities, expressed per gram of soil organic matter (SOM), in
cropland surrounding the prairies strip and paired control locations in 2019 and 2020. Significant
treatment or treatment x distance interaction and p-values shown within graph panels (p< 0.1).
Individual samples shown and lines drawn through mean (n=9) at each distance soil samples
were collected from the prairie strip, prairie strip samples (0 m) not included. Thin vertical line
indicates the placement of the prairie strip. Abbreviations: ARSase= arylsulfatase, BGase=p-
glucosidase, CBHase=cellobiohydrolase, LAPase=leucine aminopeptidase, NAGase=N-acetyl-

glucosiminidase, PHOSase=phosphatase, PPOase=polyphenol oxidase, PERase=peroxidase.

108



Bacteria

Fungi

Figure 2.8. 1st and 2nd dimensions from distance-based Redundancy Analysis (dbRDA) on soil
bacteria communities in 2019 (A) and 2020 (B), and fungal communities in 2019 (C) and 2020

(D). Vectors show the top five strongest predictors of community composition are shown in each

dbRDA2 (14.5%)

dbRDA2 (11.4%)

-3 2 A1 0 1
dbRDA1 (19.7%)

2 3

3 élay
2
1
o} SEOC
2
w
3 vy

Nitrate

T T
dbRDA1 (19.4%)

Treatment @ Cropland @ Prairie Strip Cropland

2 3

2020
3
2 .
& 1]
o~
ol e PP Soil pH..
<
&
5 -1
SEOC
-2 ;
Potassium
34 :

B 2 4 9 4 2 B
dbRDA1 (20 6%)

dbRDA1 (17.5%)

¥ Under Prairie Strips

panel. All significant predictors of microbial community are in Table 2.6.

109



Bacteria Mean
Relative Abundance

Fungi Mean
Relative Abundance

2019 2020
100+ - 1001 ooy ———
757 757

4 50_
251 251
01 01
1001 s e 1007 pe—— ———
751 751 |
- 50.
251 251
01 01
Control  Prairie Strip Control  Prairie Strip
Treatment Treatment

Bacterial
phyla
B < 1% abund.
'~ Acidobacteria
. Actinobacteria
- Alphaproteobacteria
Bacteroidetes
- Betaproteobacteria
Chloroflexi
Deltaproteobacteria
Firmicutes

1
il
il
. Gammaproteobacteria
l
|
i
|

Gemmatimonadetes
Planctomycetes
Latescibacteria
Verrucomicrobia
unclassified

Fungal

phyla
I <1%abund.
Ascomycota
Basidiomycota
Blastocladiomycota
Chytridiomycota
Mortierellomycota
unclassified

Figure 2.9. Relative abundance of bacterial and fungal phyla under prairie strip vegetation and
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Figure 2.12. Mean monthly temperature and precipitation for the two years of the intensive study
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previously published in Dutter et al. (2023).
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CHAPTER 3: PRAIRIE STRIPS SHOW HIGHER ACTIVE C THAN CROPLAND
SOILS DURING THEIR FIRST THREE YEARS OF ESTABLISHMENT

ABSTRACT

Prairie strips, zones of agricultural land converted to perennial vegetation, have the
potential to sequester soil carbon and improve soil health. In this study, we introduced prairie
strips to two cropping systems that had been maintained with reduced chemical inputs for the
previous 32 years. We evaluated soil carbon within newly established prairie strips and in
adjacent cropland, measuring measured microbial biomass carbon (MBC), permanganate
oxidizable carbon (POXC), and mineralizable carbon (MinC) in each of the first 3 years of
prairie strip establishment. We also measured C stocks in particulate organic matter (POM) and
mineral-associated organic matter (MAOM) fractions 3 years after prairie strip planting. We
found that prairie strips increased soil MBC and MinC in some years, depending on recent
prairie and cropland management activities, and did not increase C in POM or MAOM fractions
after 3 years. We also found no evidence that prairie strips increased soil C in adjacent cropland
soils. Our results show that while prairie strips do not increase C in organic matter fractions or
increase soil C in adjacent cropland soils, prairie strips increase sensitive indicators of soil active
C relative to cropland soils, suggesting that prairie strips could likely accumulate C later in their
establishment.

INTRODUCTION

Expansion and intensification of agriculture in the U.S. has led to rapid soil carbon loss,
exacerbating climate change and compromising food security (Grandy and Robertson 2006;
Poeplau et al. 2011; Sanderman et al. 2017; Dinerstein et al. 2019; IPBES 2019; FAO et al.
2021; UNEP and IUCN 2021). As of 2017, agriculture comprised over 40% of U.S. land area

(USDA NASS 2017), and therefore, agricultural management practices control the fate of soil C
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over a large spatial extent (Grandy and Robertson 2007, Syswerda et al. 2011). An emerging
strategy for soil C accrual on cropland is perennialization, a suite of practices involving the
establishment of perennial forbs and grasses within row crop systems (Mosier et al. 2021;
Asbjornsen et al. 2013; Decré 2021). On-farm perennial areas provide an array of ecosystem
services, including increased diversity of native plants, insects, and birds (Schulte et al. 2017;
Kemmerling et al. 2022; Zhang et al. 2023), bioenergy crop production (Robertson et al. 2017),
pollination services (Albrecht et al. 2020), and reduced nutrient losses (Crews and Brookes
2014). Perennial areas also increase soil C (Sprunger and Robertson 2018; Mosier et al. 2021;
Dass et al. 2018), and are therefore a candidate management strategy to offset historical soil C
losses.

The tallgrass prairie ecosystem that once dominated the Midwest, U.S. is an ideal
ecosystem to integrate within farms for enhanced soil C storage. Tallgrass prairies harbor plants
with high belowground biomass allocation (Sprunger et al. 2018), soil fauna with high biomass C
content (Kallenbach et al. 2015), and high soil organic matter stocks amassed from centuries-old
fire and grazing regimes (Anderson 2006; Helzer 2009; McClain et al. 2021), making tallgrass
prairie an ideal ecosystem to integrate within farms for enhanced soil C storage. One form of
farm perennialization is prairie strips, a management practice in which linear zones within or
along the margin of crop fields are converted to tallgrass prairie vegetation. Prairie strips have
unique features that position them to increase soil C, including increased biodiversity (Schulte et
al. 2017; Kemmerling et al. 2022), reduced nutrient runoff (Gutierrez-Lopez et al. 2014;
Hernandez-Santana et al. 2013), reduced soil erosion (Schulte et al. 2017), and increased soil
biological function (Dutter et al. 2024). Still, prairie strips’ capacity to build soil C remains

relatively unexplored.
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On-farm prairie strips may respond similarly to large scale prairie restorations that are
known to alter soil physical and chemical properties that impact soil C. Physically, perennial
polycultures exhibit optimal pore space for microbial C decomposition (Kravchenko et al. 2019),
high root-to-shoot ratios (Baer et al. 2002; Mackelprang et al. 2018; Sprunger et al. 2018; Kavdir
and Smucker 2005), soil aggregation (Grandy and Robertson 2006), and physical protection of
soil C on mineral surfaces (Lavallee et al. 2020). Prairie strips are likely to incur similar physical
changes. Land use change from annual cropland to perennial prairie also changes the
stoichiometry of soils and organic inputs (Manzoni et al. 2008; Sprunger and Robertson 2018)
depending on whether prairies are fertilized (Bach and Hofmockel 2015; Ludwig et al. 2011,
Sprunger et al. 2020), mowed (Szymanski et al. 2019; Robertson and Groffman 2015; Cérdova
et al. 2018), and/or burned (Garcia and Rice 1994; Johnson and Matchett 2001; Jangid et al.
2010; Dooley and Treseder 2012; Kitchen et al. 2009). Both mowing and burning also stimulate
higher prairie plant diversity (Collins et al. 1998), which has been shown to correspond with
greater C storage (Kravchenko et al. 2019; Sprunger et al. 2020). We may see similar soil carbon
responses in prairie strips.

Soil carbon changes under prairie strips have the potential to extend to adjacent
croplands. Yet, there are mechanisms in cropping systems that could both facilitate and inhibit
prairie strips’ ability to build cropland soil C. Prairie strips also have the potential to build and
stabilize C in surrounding cropland soils. Prairie roots and fungal hyphae may extend into
cropland (Sprunger et al. 2018; Middleton et al. 2018), but this outward growth may be inhibited
by cropland tillage (Séle et al. 2015; Warmink et al. 2011) or N fertilization (Jeske et al. 2018).
Soil biota with C-rich biomass also have the potential to disperse from prairie strips to

surrounding cropland (Fierer et al. 2013; Chaudhary et al. 2020; Kemmerling et al. 2022), but
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cropland management may limit their ability to survive and establish (Johnsen et al. 2001,
Ferrero et al. 2022; Dutter et al. 2024). Agrochemical application in cropland could either
promote or inhibit soil C accrual at the prairie strip interface by altering soil properties that
control soil C, including pH (Weil and Brady 2017), soil moisture (Maher et al. 2010), and cation
exchange capacity (Stewart et al. 2007). Prairie strips may require decades build soil C in prairie
and adjacent cropland areas (Kemmerling et al. 2022; Dultter et al. 2024), if at all, and year-to-
year management practices in prairie strips and adjacent cropland are likely to affect soil C
accrual.

The active fraction of soil C is likely to shift during early years of prairie strip
establishment, and changes in this fraction can indicate longer term patterns of C storage in
prairie strips. The active pool of C consists of living biomass of soil fauna, unprotected
particulate organic matter, and microbe-derived biomolecules that are available for microbial
decomposition, and, eventually, long term C stabilization (Weil and Brady 2017). Unlike slower
cycling soil C pools that respond to land management changes after years or decades, active C
shows detectable changes within weeks to months after land use change. Thus, the size of the
active C pool in newly established prairie strips can provide an early indication of potential
future C storage (Culman et al. 2012; Hurisso et al. 2016; Sprunger et al. 2020). Prairie strip
establishment may also shift physically-defined soil C fractions: particulate organic matter
(POM) and mineral-associated organic matter (MAOM; Cotrufo et al. 2015; Lavallee et al. 2020;
Cotrufo and Lavallee 2022). Organic matter inputs in prairie strips, including burning (Kitchen et
al. 2009), mowing (Johnson and Matchett 2001), enhanced soil aggregation (Grandy and
Robertson 2007; Trivedi et al. 2015), and gradual dominance of high root-to-shoot C4 grasses

(Helzer et al. 2009) are all likely to increase active C and C in POM compared to cropland soils.
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We established experimental prairie strips in two cropping systems managed with little to
no chemical inputs and cover crops for 32 years. We measured soil C accrual in prairie strips and
adjacent cropland during their first 3 years of establishment in two cropping systems. We
measured early indicators of soil C accrual - microbial biomass C (MBC), permanganate
oxidizable carbon (POXC), and mineralizable C (MinC) - annually for 3 years after planting, as
well as C and N stocks in POM and MAOM fractions 3 years after planting. We hypothesize that
in prairie strip soils, soil C indicators, and C in organic matter fractions will increase due to
cessation of soil disturbance. We also hypothesize that prairie strips will increase early indicators
of soil C in nearby cropland soils due to outward movement of root biomass and organic matter
inputs from the prairie strip edge.

METHODS
Site description and experimental design

This study was conducted at the W.K. Kellogg Biological Station (KBS) Long Term
Ecological Research (LTER) Main Cropping System Experiment (MCSE) site located in
Hickory Corners, Michigan, United States (occupied Anishinaabe land, 85° 24°W, 42° 24’ N). A
complete site description is available in Robertson and Hamilton (2015). Briefly, the MCSE was
established in 1987 and includes a matrix of annual, perennial and unmanaged successional
cropping systems situated in a randomized complete block design with 1 ha (90 x 110 m) plots
each replicated in six blocks. Our study took place in two annual cropping systems: Reduced
Input and Biologically Based (Organic, Figure 3.1). Both cropping systems are planted with a
corn-soybean-winter wheat rotation that includes a red clover cover crop between wheat and
corn phases, and a rye cover crop between corn and soybean phases. Reduced Input plots are

managed with fertilizer, herbicide, and fungicide, each applied on 33% of the cropland field area.
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Organic plots receive no chemical inputs, compost, or manure. Both cropping systems receive
post-planting cultivation each year, and the Organic cropping system receives additional rotary-
hoeing as needed for weed control (Figure 3.2).

Prairie strips were planted in both cropping systems in April 2019. A prairie seed mix
was sown in a 15 m wide strip running down the center of each Reduced Input and Organic plot,
parallel to crop rows and comprising five percent of each plot area (Figure 3.1). The seed mix
included 4 grass species and 18 forb species (sourced from Native Connections in Kalamazoo,
Michigan, United States; plant species are listed in Kemmerling et al. 2022). Prairie strips were
mowed in June 2019 and July 2020, and burned in March 2021 and April 2022 (Figure 3.2).
Prairie strips in Reduced Input plots were treated with potash and phosphate fertilizer in May
2020 and May 2021 (Figure 3.2). Our study took place from June 2020 to June 2022, capturing a
3-year rotational period with prairie strips planted at the site: corn in 2020, soybean in 2021, and
wheat in 2022 (Figure 3.2).

We compared soil carbon across crop management treatments and across distances from
the prairie strip using a replicated transect design within each plot (Figure 3.1). Soil samples
were collected from 3 transects perpendicular to each prairie strip with sampling locations at four
distances: 0 m, 1 m, 5 m, and 20 m from the prairie strip (the station at 0 m was located in the
center of the prairie strip), such that 12 individual soil samples were collected from each plot. In
each plot, individual soil samples were combined across transects to form a single composite
sample for each distance (Figure 3.1). Soil samples were collected in mid to late July in each
sampling year, when differences in soil carbon between cropland and prairie systems are usually
most pronounced (Bach and Hofmockel 2015; Hargreaves and Hofmockel 2014). Samples were

collected approximately 1 year after prairie strip planting on July 20, 2020, approximately 2
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years post-planting on July 22, 2021, and approximately 3 years post-planting on July 25, 2022
(3 years * 2 treatments * 6 replicates * 4 distances, n=144 samples total). Each sample was
sieved to <2mm and a subsample was stored at 4°C prior to chloroform fumigation. The
remainder of each sample was air dried for further carbon analysis.
Soil carbon analysis
Permanganate oxidizable carbon

We determined permanganate oxidizable carbon (POXC) in each composite soil sample
using a protocol adapted from Weil et al. (2003) and Culman et al. (2012). POXC reflects soil C
that has been processed and mineralized by microbes (Hurisso et al. 2016). First, 2 mL of 0.2 M
KMnO4 (potassium permanganate) and 18 mL deionized water were added to 2.5 g of each air-
dried soil sample in a 50 mL conical tube and samples were shaken for 2.0 minutes at 180 rpm.
After settling for 10 minutes, 0.5 mL supernatant of each mixture was diluted in 49.5 mL
deionized water in a separate 50 mL conical tube. A 200 uL aliquot of each diluted sample was
pipetted in triplicate into a clear 96-well flat-bottom plate for spectrophotometric analysis. Each
plate included a set of internal standards with analytical replicates, including a deionized water
blank, four standard solutions (0.00005, 0.0001, 0.00015, and 0.0002 mol Lt KMnO4), and a
standard soil analyzed on all plates. Absorbance (optical density) values were analyzed using a
Biotek Synergy microplate reader (Winooski, VT) at 550 nm. Sample POXC values were
calculated by converting raw absorbance values to the quantity of KMnO4 reduced during the
assay using a formula provided in Weil et al. (2003).

Mineralizable carbon
Mineralizable carbon (MinC) was measured for each composite soil using a protocol

adapted from Franzluebbers et al. 2000. MinC reflects labile soil C that is available for microbial
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mineralization and comprises ~20% of total soil organic carbon (Hurisso et al. 2016; Weil and
Brady 2017). First, 5 g of each soil sample was added to a 125 mL Wheaton serum bottle and
samples were rewetted to 70% water holding capacity with ultrapure water (Cérdova et al. 2018).
Bottles were sealed using phenolic screw caps fitted with Chlorobutyl septa and incubated at
room temperature for 24 hr prior to first sample collection. Gas samples were collected from
bottle headspace at two time points following the incubation period (0 and 24 hr). CO2samples
were collected in overpressurized 6 mL glass vials (Exetainers, Labco Ltd., Lampeter, Wales)
flushed with N2. Gas samples were analyzed using a gas chromatograph (Agilent 7890A)
coupled to an autosampler (Gerstel MPS2XL; Shcherbak and Robertson 2019). Short-term
mineralizable C was calculated as the difference between 0 and 24 hr CO2 measurements and
reported as pg CO2 g dry soil.
Microbial biomass carbon and nitrogen

We measured microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN)
in each composite soil using a chloroform fumigation and extraction method according to
Brookes et al. (1985). First, we added 6 g of each fresh soil sample to two 50 mL conical tubes.
We added 2 mL chloroform to one tube and incubated for 24 hr at room temperature. We added
30 mL of K2SO4 (potassium sulfate) to all sample tubes and shook samples at 120 rpm for 1 hr.
Mixed samples were filtered using Whatman 202 filter paper, transferred into 25 mL scintillation
vials, and stored at -20°C until analysis. Samples were analyzed using a TOC analyzer (TOC-
Vcph carbon analyzer, Shimadzu, Kyoto, Japan). MBC and MBN values were corrected by
dividing values by 0.45 (Wu et al. 1990) and 0.54 (Brookes et al. 1985), respectively. We

removed 11 samples from the dataset that contained less than -200 pg C g* soil MBC.
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Particulate and mineral associated organic matter

We quantified particulate organic matter (POM) and mineral-associated organic matter
(MAOM) fractions in soils collected three years after prairie strip planting using a protocol
adapted from Poeplau et al. (2018) and Mosier et al. (2019). We physically separated POM and
MAOM fractions by adding 35 mL of 0.5% sodium hexametaphosphate and 12 3 mm glass
beads to a 50 mL centrifuge tube containing 10 g sieved, dried soil and shaking samples at 120
rpm for 18 hr. Samples were separated into POM (> 53 um) and MAOM (< 53 pum) fractions by
passing samples through a 53 pum sieve using ultrapure water and separating fractions into
separate aluminum pans. We dried pans of POM and MAOM fractions at 60°C for 5 days and
weighed each fraction when completely dry. Sample recovery was within £5% of initial mass.
We ground bulk soil and POM and MAOM fractions to 250 um and analyzed samples for C and
N concentration using a Costech Elemental Combustion System (ECS 4010; Costech Analytical
Technologies; Valencia, CA).

Soil physiochemical properties

Soil samples were analyzed for a suite of physiochemical properties expected to explain
patterns in soil C: soil moisture, inorganic N, pH, and cation exchange capacity. Percent soil
moisture was measured for each individual sample included in soil C analyses. Additional soil
properties were measured from supplemental soils collected from different sampling locations
within each plot and different time points within each year of the study. Supplemental soils were
collected in June 2020, June 2021, and July 2022 from four sampling stations in each plot
(separate from the transect sampling locations) which corresponded approximately with prairie
strip distances: prairie strip center (Om), ~1 m, ~5 m, and ~20 m from the prairie strip edge (see

https://Iter.kbs.msu.edu/research/long-term-experiments/main-cropping-system-experiment/ for a
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complete description of sampling locations and protocols). Each supplemental soil was analyzed
for extractable nitrate and extractable ammonium via an extraction, filtration, and colorimetric
quantification method (see https://Iter.kbs.msu.edu/protocols/33 for a complete protocol).
Finally, all supplemental soils were submitted to the Michigan State University Soil and Plant
Nutrient Lab (SPNL; East Lansing, MI, USA, http://www. spnl.msu.edu/) for pH and cation
exchange capacity (CEC) analysis.

Statistical analysis

To determine whether prairie strips increased soil active C relative to cropland, we
constructed linear models using the Im() function in R (R version 4.2.3, R Core Team 2022).
Each model included year, cropping system, vegetation type (prairie vs. crop) and their
interactions as predictor variables, and each soil C metric (POXC, MinC, MBC) as a response
variable. To understand whether prairie strips contained greater stabilized soil C, we constructed
additional linear models for samples collected 3 years after prairie strip planting that included
cropping system, vegetation type (prairie vs. crop) and their interaction as predictor variables,
and either POM C or MAOM C the response variable.

To determine whether prairie strips increased soil active C in nearby cropland soils, we
constructed linear models that included cropland soils only. We included year, cropping system,
distance from the prairie strip, and their interactions as predictor variables, and each soil C
metric as a response variable. To test whether prairie strips increased stabilized soil C in nearby
cropland soils, we constructed additional linear models for cropland samples collected 3 years
after planting that included cropping system, distance from prairie strip, and their interaction as
predictor variables, and either POM C or MAOM C the response variable.

We tested the effect of prairie strips on soil N and physiochemical properties using two-
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way ANOVAs. Each model included year, cropping system, vegetation type (prairie vs. crop)
and their interactions as predictor variables, and each soil N metric (MBN, NOs- , NHs+ , N
mineralization, nitrification, ammonification) or physiochemical property (soil moisture, pH and
CEC) as a response variable. To determine whether cropland soil N metrics and physiochemical
properties varied across distances from the prairie strip, we used two-way ANOVAs that
included cropland soils only. We included year, cropping system, distance from the prairie strip,
and their interactions as predictor variables, and each soil N metric or physiochemical property
as a response variable.
RESULTS

Permanganate oxidizable carbon

POXC in prairie strips and cropland soils did not differ (Table 3.1; Figure 3.3). In both
prairie strip and cropland soils, soil POXC increased over time (p < 0.001; Table 3.1; Figure
3.3). POXC in prairie strips in Reduced Input and Organic cropping systems did not differ
(Figure 3.3). Soil POXC did not change significantly with distance from the prairie strip (Table
3.2; Figure 3.4).
Mineralizable carbon

Prairie strip soils contained greater MinC than cropland soils (p < 0.001; average 42.7 pg
CO2 g! soil in prairie strips; average 36.2 ug CO2 g soil in cropland; Table 3.1; Figure 3.3).
There was a significant year x vegetation interaction, where prairie strip soils contained
significantly greater MinC than cropland soils after 1 year (p < 0.001) and after 3 years (p =
0.027), but not after 2 years (Table 3.1; Figure 3.3). Prairie strips MinC remained consistent from
1 year to 3 years post-planting (Figure 3.3). Reduced Input and Organic cropping systems

contained similar amounts of MinC in both prairie strips and cropland (Table 3.1; Figure 3.3).
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Cropland soil MinC varied over time (p < 0.001; Table 3.2), but not linearly (2 years post-
planting, under soybeans, was highest, Figure 3.3). Cropland soil MinC did not significantly vary
with distance from the prairie strip (p = 0.395; Table 3.2; Figure 3.4).
Microbial biomass carbon

Prairie strips and cropland contained similar soil MBC overall (average 140.2 ug C gt
soil in prairie strips over 3 years and average 143.6 pg C gt soil in cropland over 3 years; Table
3.1; Figure 3.3). There was a significant year x vegetation interaction, where prairie strips
contained higher MBC than cropland after 1 year, but not 2 or 3 years (Table 3.1), driven by
MBC in the Organic cropping system (Figure 3.3). Soil MBC varied among years (p < 0.001;
Table 3.1), and was lowest after 2 years (Figure 3.3). Organic cropping systems contained
twofold greater soil MBC than Reduced Input cropping systems across both prairie strip and
cropland areas (Figure 3.3). Cropland soil MBC was not affected by distance from the prairie
strip (Table 3.2; Figure 3.4).
Particulate and mineral associated organic matter

Three years after planting, prairie strips and cropland contained similar C and N in soil
particulate organic matter (POM) and mineral associated organic matter (MAOM) fractions (p >
0.05; Table 3.3; Figure 3.5). Across prairie strip and cropland areas, Organic cropping systems
contained higher POM C and POM N than Reduced Input systems (p < 0.001; Table 3.3; Figure
3.5), while Reduced Input systems contained higher MAOM C and MAOM N (p < 0.1; Table
3.3; Figure 3.5). Distance from the prairie strip did not explain C and N in POM or MAOM
fractions 3 years after planting (Table 3.4).
Soil N and physiochemical properties

Prairie strip soils contained significantly lower NOs- and NH4+ than cropland soils (p <
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0.001; Table 3.5; Figure 3.6). Prairie strips and cropland exhibited similar MBN and CEC values
(Table 3.5). Prairie strip soils showed lower soil moisture (p = 0.008; Table 3.5) and marginally
higher soil pH (p = 0.092; Table 3.5) than cropland soils after 3 years (p = 0.008; Table 3.5).
Organic cropping system soils contained twofold greater MBN than Reduced Input soils in both
prairie strip and cropland areas (p < 0.001; Table 3.5; Figure 3.6). Prairie strips showed similar
soil moisture, pH, and CEC across cropping systems (Table 3.5). Distance from the prairie strip
was not an important predictor of any soil N or physiochemical measurement, and was only
marginally significant control of soil NHa+, where soils nearest to the prairie strip edge contained
greater NHa+ than soils further from the prairie strip edge (p = 0.094; average 3.06 mg NHas+ g*
soil at 1m; average 2.42 NHa+ g* soil at 5 m; average 2.16 NHa+ g* soil at 20 m; Table 3.6;
Figure 3.6).
DISCUSSION

Prairie strips are a form of on-farm perennialization with the potential to restore soil C by
reintroducing C storage mechanisms of the tallgrass prairie ecosystem. Here we find that prairie
strips show observable increases in soil active C (mineralizable C and microbial biomass C)
relative to surrounding cropland in two of the first three years of their establishment. Prairie
strips did not increase soil active C in even the nearest cropland soils during the first three years
of establishment, nor did they increase C stocks in organic matter fractions after three years. In
both prairie and cropland areas, soil active C reflected annual crop rotations and management
practices that occurred shortly before sampling. Early increases in prairie strip soil active C
suggest that in coming years, prairie strips will respond similarly to larger prairie restorations,

showing more pronounced increases in soil C stocks relative to cropland.
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Prairie strips increase soil active C , but not organic matter C stocks, during first three years of
establishment

Soil active C within prairie and cropland soils varied significantly among study years,
and prairie strip soils contained greater MinC and MBC than adjacent cropland soils in two of
the three years of the study when cropland was planted with corn and wheat (Figure 3.3).
Enhanced MinC, MBC, and POM C pools are often observed in maturing perennial systems
(Camill et al. 2004; Maher et al. 2010; Schmer et al. 2011; Perry et al. 2023), including prairie
strips (Pérez-Suarez et al. 2014), due to increases in ANPP and belowground biomass allocation.
The variable nature of increased MinC and MBC in KBS LTER prairie strips (Figure 3.3) may
be a product of mowing and burning, management practices associated with labile carbon gains
and losses, respectively, in restored prairies (Garcia and Rice 1994; Johnson and Matchett 2001,
Christensen 2001; Jangid et al. 2010, Dooley and Treseder 2012; Merino et al. 2021).
Unfertilized and recently-mowed prairie strips also contained little to no inorganic N, which may
have limited microbial decomposition of POM (Stewart et al. 2015) and led to a short-term
buildup of MinC (Manzoni et al. 2008; Robertson and Groffman 2015; Cérdova et al. 2018). Our
study suggests that as long as prairie strips undergo regular mowing and burning, sensitive soil C
indicators will change with time since these practices occurred, regardless of the cropping
system. Still, changes in POM and MAOM C stocks are usually not detectable until 5 or more
years after establishment (Sprunger and Robertson 2018; Perry et al. 2023), and we expect that
amid continual fluctuations of sensitive active C measures, prairie strips will increase C stocks in
POM and MAOM in coming years.

Soil POXC increased over the course of the study in both prairie strips and cropland

(Figure 3.3), but by year 3, prairie strip POXC values remained closer to those of annual
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cropping systems than of decades-old perennial polyculture systems (Sprunger et al. 2020;
Martin and Sprunger 2022). Several studies have shown increased POXC within 3 years after
cessation of tillage (Quincke et al. 2007; Lewis et al. 2011; Lépez-Garrido et al. 2011; Culman et
al. 2012), perennial vegetation establishment (DuPont et al. 2010; Inwood et al. 2015), and
prescribed burning (Demisie et al. 2014; Hurisso et al. 2016). However, the sandy loam soils at
our study site are less likely to show POXC changes within 3 years, as they contain fewer fine
mineral particles to which processed C can be adsorbed (Tiemann and Grandy 2014; Lucas and
Weil 2012). Prairie strips may have a greater effect on POXC in cropping systems with finer
texture and greater potential for C stabilization via mineral association (Six et al. 2002; Stewart
etal. 2007; Schmidt et al. 2011; Cotrufo et al. 2015; Lavallee et al. 2020; Cotrufo and Lavallee
2022; Guillaume et al. 2022). Still, we expect that in coming years, prairie strip POXC values
will increase, following the trajectory of other restored prairie and native grassland systems at
the KBS LTER site (Sprunger et al. 2020).
Prairie strips do not increase soil active C in surrounding cropland

Prairie strips did not increase soil active C, nor C stocks in POM and MAOM fractions,
in cropland adjacent to prairie strips in either cropping system (Figure 3.5). Reduced Input and
Organic cropping systems harbored unique C and N cycling regimes before prairie strips were
planted due to differences in agrochemical application (Robertson et al. 2014; Kallenbach et al.
2015), and we show that these regimes still persist. For instance, high MAOM C and N and low
POM C and N in Reduced Input plots can be attributed to N fertilization and subsequent
decomposition of POM (Stewart et al. 2007). Differences among cropping systems, however,
were not explained by distance from prairie strips, suggesting that long-term fertilizer,

insecticide, and fungicide application does not enhance nor inhibit prairie strips’ capacity to
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build soil C in neighboring cropland in early establishment. While agrochemicals did not affect
prairie strips’ contributions of soil C to cropland, no-till management may increase prairie strips’
ability to contribute soil C to surrounding cropland, as prairie roots and fungal hyphae would be
better able to grow outward and provide inputs to nearby soils (Warmink et al. 2011; Séle et al.
2015; Sprunger et al. 2018; Middleton et al. 2018).

Other recent prairie strip studies show mixed results for C accrual in adjacent cropland.
Kemmerling et al. (2022) measured KBS LTER prairie strips and found that just a few months
after prairie planting, cropland soils near prairie strips contained higher MinC than cropland
farther away in tilled cropping systems. Here we show that this pattern does not hold in the
following 3 years. Similarly, in an earlier study of mature (12 year old) prairie strips planted in
untilled cropland, we found that prairie strips did not affect C and N pools in adjacent cropland
soils (Dutter and Rutkoski et al. 2024). Taken together, these findings suggest that prairie strips
alter active soil C in surrounding cropland during initial establishment, perhaps as soil aggregates
are broken near the prairie edge during site preparation (Grandy and Robertson 2007) or as
active C is introduced from newly establishing prairie plants (Cérdova et al. 2018), but increases
in active C in adjacent cropland soils do not persist beyond the first year, and are unlikely to
result in cropland C sequestration long term.

Soil active C measurements are sensitive to recent management activities in prairie and
cropland

Active C measurements are more sensitive to land use change than total C measurements,
providing a useful early indication of future soil C sequestration (Culman et al. 2012; Hurisso et
al. 2016; Sprunger et al. 2020). Many of the differences we observed in soil C, both between

prairie strips and cropland, and between cropping systems, can be attributed to management
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activities that occurred shortly before soil sample collection. For instance, MBC was higher in
prairie strips than cropland after 1 year, when cropland soils were intensively tilled shortly
before soil sampling (Figure 3.2; Figure 3.7). Soil disturbance generally reduces soil MBC
(Dorodnikov et al. 2009; Trivedi et al. 2015; Nie et al. 2014), and the tillage in cropland prior to
soil sampling may have magnified the difference between prairie strip and cropland MBC. As
another example, prairie strip soil MinC was higher than cropland soil MinC at 1 year post-
planting, shortly after prairie strips had undergone 2 mowing treatments that contributed a
significant amount of organic matter to prairie strip soils (Figure 3.2; Figure 3.7). Management
activities immediately preceding soil collection in prairie and cropland areas appear to have a
strong effect on the soil C indicators we measured. The short-term sensitivity of active C
measurements — and their resulting temporal heterogeneity — may be greater than their mean
changes with land use, questioning their utility in studies comparing land use practices. Soil
MBC, MinC, and POXC have the potential to give valuable short-term feedback to land
managers, but future studies should validate these indicators across soil types with high-
frequency measurements to disentangle long-term (annual) responses vs. short-term (weeks)
responses, especially when they are being used to predict longer term patterns in soil C.

CONCLUSION

During their first 3 years after planting, prairie strips increased soil mineralizable C and
microbial biomass C in two cropping systems, but did not show consistently higher soil active C
than surrounding cropland. Changes in soil C only occurred under prairie strips and did not
extend to surrounding cropland soils in either cropping system. The timing of soil active C
responses suggests that prairie and cropland management activities within each year could be a

more important control of sensitive soil C indicators than prairie strip age. While prairies strips
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did not contain higher C stocks in organic matter fractions after 3 years, increases in soil active C
indicate that, like in other diverse perennial systems, prairie strips will likely build total C stocks
in coming years as they mature.
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APPENDIX C: CHAPTER 3

Tables
POXC MinC MBC
(R =0.24) (R’ = 0.46) (R*=0.38)
Factor Sumof Sq. | Fvalue | Pvalue | SumofSq. | Fvalue | Pvalue | Sumof Sq. | Fvalue | P value
Year 75079 23.338 | <0.001 2923.8 39.679 | <0.001 | 845842 27.031 | <0.001
Cropping system 494 0.307 0.581 24.7 0.671 0.414 302596 19.34 <0.001
Vegetation 2420 1504 | 0.222 1080.2 29.319 | <0.001 2 <0.001 | 0.992
N :
Year * Cropping 4774 1.484 | 0231 311 0422 | 0.656 152967 4889 | 0.009
system =
Year * Vegetation 2290 0.712 | 0.493 622.2 8.444 | <0.001 135100 4318 | 0.015
Cropping system * 674 0.419 | 0519 23.7 0.643 | 0.424 46 0.003 | 0.957
Vegetation

Table 3.1. Summary’ of results from linear models* of soil carbon indicators in prairie strip and cropland soils.

+Bold values indicate significant difference in soil carbon between treatment groups at p < 0.05. Underlined values indicate significance at p < 0.1. R? value

indicates the percentage of variation in soil carbon explained by model factors.

1 Linear models with factors Year (2 months, 1 year, 2 years, and 3 years after prairie strip planting), Cropping system (Reduced Input and Organic), Vegetation

(prairie and cropland), and their interactions.
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POXC MinC MBC
(R2=0.28) (R2 = 0.59) (R2 =0.35)

Factor Sum of F P Sum of F P Sum of F P
Sq. value value Sq. value value Sq. value value
Year 62833 | 21.103 | <0.001 | 34748 | 76.809 | <0.001 | 628774 | 18.331 | <0.001
Cropping system 41 0028 | 0.868 53 0232 | 0631 | 207404 | 12.093 | <0.001
Distance 2471 0.829 | 0.439 425 0939 | 0.395 14679 0856 | 0.357
Year * Cropping 6192 2079 | 0131 46.1 1019 | 0365 | 164261 | 4.789 | 0.011
system a—
Year * Distance 916 0154 | 0.961 119.9 1325 | 0.267 12058 0352 | 0.705
Crof'g.”g SYSM | 5901 | 1982 | 0.144 52.4 1159 | 0319 | 8522 | 0497 | 0.483

Istance

Table 3.2. Summary" of results from linear models* of soil carbon indicators in cropland soils

only.

+Bold values indicate significant difference in soil carbon between treatment groups at p < 0.05. Underlined values

indicate significance at p < 0.1. R? value indicates the percentage of variation in soil carbon explained by model

factors.

1 Linear models with factors Year (2 months, 1 year, 2 years, and 3 years after prairie strip planting), Cropping

system (Reduced Input and Organic), Distance from prairie strip (1m, 5, and 20m), and their interactions.
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POM C MAOM C POM N MAOM N
(R*=0.26) (R*=0.09) (R*=0.34) (R*=0.04)
Factor sum F P Sg]']‘ F | P |sumof| F P |sumof| F P
of Sq. value value sq value | value | Sq. | value | value | Sq. | value | value
Cropping
system 151.40 17.185 <0.001 |24.035| 4.21410.047 | 0.914 |23.619|<0.001 | 0.169 |3.339 | 0.076
Vegetation 1.29 0.146 0.704 |14.449| 2.533| 0.1190.004 | 0.115| 0.737| 0.076 | 1.493 | 0.229
Cropping
system * 2.92 0.331 0.568 [2.115 [0.371 | 0.546 [0.027 | 0.688 | 0.412| 0.002 | 0.038 | 0.847
Vegetation

Table 3.3. Summary" of results from linear models* performed on soil POM and MAOM

fractions in prairie strip and cropland soils 3 years after prairie strip planting.

1Bold values indicate significant difference in soil carbon or nitrogen between treatment groups at p < 0.05.

Underlined values indicate significance at p < 0.1. R? value indicates the percentage of variation in soil carbon or

nitrogen explained by model factors.

1 Linear models with factors Cropping system (Reduced Input and Organic), Vegetation (prairie and cropland), and

their interactions.
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POM C MAOM C POM N MAOM N
(R*=0.29) (R*=0.002) (R*=0.37) (R’ =0.001)
Factor Sum of F value P value Sum of F value P value Sum of F value P value Sum of F value P value
Saq. Sq. Sq. Sq.
Cropping system | 134.474 | 14.831 <0.001 | 13.901 2.297 0.141 0.837 21.016 <0.001 0.122 2327 0.138
Distance 7.366 0.812 0.375 2.822 0.466 0.500 0.057 1.436 0.241 0.013 0.247 0.623
H *
Cmp%'insfa?]{s;em 0.320 0.035 0.852 0.888 0.147 0.705 0.003 0.082 0.777 0.024 0.466 0.501

Table 3.4. Summary’ of results from linear models* performed on soil POM and MAOM fractions in cropland soils only 3 years after

prairie strip planting.
+Bold values indicate significant difference in soil carbon or nitrogen between treatment groups at p < 0.05. Underlined values indicate significance at p < 0.1. R?

value indicates the percentage of variation in soil carbon or nitrogen explained by model factors.

1 Linear models with factors Cropping system (Reduced Input and Organic), Distance from prairie strips (1m, Sm, and 20m), and their interactions
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All samples 2022 samples only
MBN NO; NH, " Soil moisture pH CEC
(R* = 0.55) (R%=0.81) (R? = 0.65) (R* = 0.49) (R*=0.42) (R*=0.04)
Factor Sum of Sq. | P value | Sumof Sq. | P value | Sum of Sq. | P value | Sum of Sg. | P value | Sum of Sqg. | P value | Sum of Sq. | P value

Year 9353.2 <0.001 346.5 <0.001 334.03 <0.001 0.027 <0.001 - - - -
Cropping system 6897.0 <0.001 3.83 0.126 4.65 0.106 0.000 0.369 0.248 <0.001 0.304 0.459
Vegetation 214.2 0.162 326.06 <0.001 28.95 <0.001 0.002 0.008 0.047 0.092 0.245 0.506

Years’;ggﬁfping 2100 | 0367 | 1163 | 0030 | 1239 | 0032 | 0002 | 0007 . - . .

Year * Vegetation 279.8 0.279 144.73 <0.001 42.08 <0.001 0.002 0.017 - - - -
Cropping system ™ | 5a5 ) 0.062 1.81 0.292 1.03 0.445 0.000 0.895 0.180 0.002 0340 | 0.434

Vegetation

Table 3.5. Summary® of results from linear models* performed on soil N and physiochemical properties in prairie strip and cropland

soils.

+Bold values indicate significant difference in soil carbon between treatment groups at p < 0.05. Underlined values indicate significance at p < 0.1. R? value
indicates the percentage of variation in soil carbon explained by model factors.

1 Linear models with factors Year (2 months, 1 year, 2 years, and 3 years after prairie strip planting), Cropping system (Reduced Input and Organic), Vegetation

(prairie and cropland), and their interactions.
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All samples 2022 samples only

MBN NOs NHs* Soil moisture pH CEC
(R?=0.58) (R2=0.71) (R?=0.64) (R?=0.45) (R?=0.48) (R?=0.14)
Factor Sum of Sqg. | P value | Sum of Sq. | P value | Sum of Sq. | P value | Sum of Sq. | P value | Sum of Sq. | P value | Sum of Sq. | P value
Year 8082.0 <0.001 476.94 <0.001 345.77 <0.001 0.022 <0.001 - - - -
Cropping system 3784.1 <0.001 7.33 0.069 4.99 0.140 0.000 0.502 0.422 <0.001 0.600 0.262
Distance 72.6 0.675 0.67 0.856 10.97 0.094 0.000 0.781 0.003 0.913 0.064 0.932

Year * Cropping system 354.1 0.153 14.44 0.040 15.73 0.035 0.003 0.013 - - - -

Year * Distance 515.0 0.242 4.70 0.703 4.83 0.709 0.001 0.603 - - - -

Cropping system * Distance 18.4 0.905 8.12 0.159 0.59 0.878 0.000 0.596 0.013 0.649 0.132 0.865

Table 3.6. Summary' of results from linear models* performed on soil N and physiochemical properties in cropland soils only.
+Bold values indicate significant difference in soil carbon between treatment groups at p < 0.05. Underlined values indicate significance at p < 0.1. R? value

indicates the percentage of variation in soil carbon explained by model factors.

1 Linear models with factors Year (2 months, 1 year, 2 years, and 3 years after prairie strip planting), Cropping system (Reduced Input and Organic), Distance

from prairie strip (1m, 5, and 20m), and their interactions.
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Figure 3.1. a. Schematic of the KBS LTER Main Cropping System Experiment including six replicated 1-ha plots of each
cropmanagement treatment with prairie strips. b. Sampling design within each 1-ha plot. Each point represents the sampling location
of an individual 0-10cm soil sample during each annual sampling event. Dotted lines represent individual samples combined to form a

single composite sample at each distance. c. Study timeline and crop rotation phase in each cropping system.
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Prairie strip

planting
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Figure 3.2. Crop management timeline for Reduced Input cropland, Organic cropland, and Prairie Strips. Note: agrochemical

application only occurred in Prairie Strips within Reduced Input treatment plots.
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Figure 3.3. Soil a) permanganate oxidizable carbon, b) mineralizable carbon, and c) microbial
biomass carbon in cropland (yellow) and prairie strips (pink) in each cropping system. Cropland
values include all distances from prairie strips (1m, 5m, 20m). Asterisks represent a significant

difference in soil C between prairie strip and cropland soils.
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Figure 3.4. Soil a) microbial biomass carbon (MBC), b) permanganate oxidizable carbon
(POXC), and c) mineralizable C (MinC) in prairie strips (P) and each cropland distance (1m, 5m,

20m).
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Figure 3.5. Total C and N in soil particulate organic matter (POM) and soil mineral-associated

organic matter (MAOM) in prairie strip and cropland soils 3 years after prairie strip planting.
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Figure 3.6. Soil a) microbial biomass nitrogen (MBN), b) nitrate (NOs-), and ¢) ammonium

(NHa+) in prairie strips (PS) and each cropland distance (1m, 5m, 20m).
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Figure 3.7. Soil a) mineralizable carbon and b) microbial biomass carbon in cropland (yellow)
and prairie strips (pink) in each cropping system in 2020, 1 year after prairie strip planting.
Cropland values include all distances from prairie strips (1m, 5m, 20m). Icons represent the

timing of prairie strip and cropland management activities relative to sample collection.
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CHAPTER 4: NEONICOTINOID RETENTION AND TRANSPORT IN A MAIZE
CROPPING SYSTEM WITH CONTOUR PRAIRIE STRIPS?

ABSTRACT

Conservation areas established in agricultural fields can provide habitat for native
organisms, but they also have the potential to accumulate and expose organisms to insecticides.
Prairie strips are zones of cropland that have been converted to native prairie vegetation. Prairie
strips increase biodiversity and reduce nutrient runoff, but they may also accumulate insecticides
that endanger visiting organisms or facilitate the movement of insecticides across the landscape.
In a study of paired catchments with ongoing neonicotinoid inputs, we measured the impact of
prairie strips (10% of cropland) on the accumulation and movement of the neonicotinoid
insecticide clothianidin (CLO) into surface soil, deep soil, plant tissue, and groundwater across
multiple slope positions during three phases of a maize growing season. While CLO accumulates
in maize leaf tissue midseason following neonicotinoid application, we did not find evidence that
prairie plant species in prairie strips accumulate CLO at concentrations lethal to pollinator
insects. We also found that downslope soils contained the highest CLO concentrations in both
catchments, showing that prairie strips did not eliminate downslope insecticide runoff. Our study
adds to the existing literature examining prairie strip effects on downslope agrochemical
transport, showing that when prairie strips are planted in cropland with ongoing neonicotinoid
inputs, they can provide safe, low-insecticide habitat for visiting organisms amidst their other

services, but may not reduce offsite insecticide runoff.

2 Originally published as: Rutkoski, C.E., S.E. Evans, & L.A. Schulte (Accepted). Neonicotinoid Retention and
Transport in a Maize Cropping System with Contour Prairie Strips. Agriculture, Ecosystems & Environment.
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INTRODUCTION

Conservation areas in agricultural fields may provide valuable habitat for native wildlife,
but they run the risk of exposing native wildlife to harmful insecticides associated with adjacent
cropland (Bass et al. 2015, Gibbons et al 2015, Morrissey et al. 2015, Mogren and Lundgren
2016, Forister et al. 2016, Wood and Goulson 2017, Wagner et al. 2021). Neonicotinoid
insecticides are broad-spectrum insecticides applied as an aerial spray or as an ingredient on
coated seeds. They impair the growth, reproduction, foraging, and navigation of both pest insects
and non-target native insects (Lundin et al. 2015, Wood and Goulson 2017, Crall et al. 2018).
The majority of applied neonicotinoid compounds are not taken up by crop plants (Sur and Stork
2003), but are mobilized into non-target “compartments” of the landscape, including air
(Nuyttens et al. 2013), water (Smalling et al. 2018, Shaafsma et al. 2015), crop leaf tissue and
nectar (Hall et al. 2022, Mogren and Lundgren 2016), deep soil horizons (Radolinski et al. 2019),
groundwater (Hladik et al. 2014, Thompson et al. 2021), and adjacent habitat areas (Hladik et al.
2018, Gibbons et al. 2015, Morrissey et al. 2015). The high mobility of neonicotinoids makes
them particularly likely to accumulate in or be transported through farmland conservation
features (Gibbons et al 2015; Morrissey et al. 2015; Mogren and Lundgren 2016; Wood and
Goulson 2017).

Prairie strips are perennial conservation areas that are established on farms to reduce soil
movement and nutrient runoff from farmland, and to provide habitat for a suite of native insects
and pollinators without disproportionately reducing crop yields (Schulte et al. 2017, Hernandez-
Santana et al. 2013, Pérez-Suarez et al. 2014, Gutierrez-Lopez et al. 2014, Kemmerling et al. 2022,
Kemmerling et al. 2023). The conservation benefits of prairie strips may be undermined if they

accumulate insecticides in plant tissue and soils or facilitate the transport of neonicotinoids within

158



the landscape. Prairie strips, which comprise 10% of a row crop catchment in strips >30 feet wide,
have been shown to reduce downslope runoff of sediment, nitrogen, and phosphorus (Zhou et al.
2014), and may inhibit neonicotinoid transport through similar mechanisms. For example, prairie
strips may increase neonicotinoids in deep soil and groundwater layers via infiltration and
leaching, as their dense perennial root systems change soil structure and can create channels for
preferential flow (Smalling et al. 2018, Radolinski et al. 2019, Henning et al. 2024). Prairie strips
may also increase plant neonicotinoid uptake due to the density of perennial roots (Hall et al. 2022,
Mogren and Lundgren 2016). At a site formerly planted with neonicotinoid-treated seeds, Hladik
et al. (2017) report that converting 10% of a row crop catchment to prairie strips reduced
neonicotinoid runoff to downslope soils, but prairie strip effects have not yet been measured in
cropping systems with ongoing neonicotinoid inputs where insecticide runoff is likely to be
greatest. Soil biochemical changes that accompany conversion to perennial vegetation may
promote or inhibit accumulation of neonicotinoids. Compared to cropland soils, prairie strip soils
have higher soil organic carbon (SOC) that can protect neonicotinoids from degradation (Smith et
al. 2014, Zhang et al. 2018, Satowski et al. 2018, Morrison et al. 2022), but at the same time, higher
dissolved organic carbon, higher soil moisture, and lower oxygen availability may also enhance
neonicotinoid degradation (via denitrification and dehalogenation pathways; Igbal et al. 2014,
Smith et al. 2014, Mitchell et al. 2015, Parte and Kharat 2019).

Here we seek to determine how prairie strips affect the transport of the most widely used
neonicotinoid insecticide in U.S. maize cropping systems, clothianidin (CLO, Simon-Delso et al.
2015). We measured CLO residues in surface soil, deep soil, plant tissue, and groundwater at
multiple times of year and at multiple slope positions during a single maize growing season in two

agricultural catchments: one with prairie strips and one without. We hypothesized that prairie strips
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planted in cropping systems with ongoing neonicotinoid inputs promote neonicotinoid transport
into deep soil, plant tissue, and groundwater compartments via leaching and plant uptake (Hall et
al. 2022, Radolinski et al. 2019). Thus, we predict overall greater CLO levels in plant leaf tissue,
deep soil, and groundwater in prairie strips, and that greater plant accumulation and leaching in
prairie strips will result in reduced soil CLO runoff downslope in the prairie strip catchment
(Hladik et al. 2017).
METHODS

Site description

We collected surface soil, deep soil, plant tissue, and groundwater samples from a farm in
Story County, lowa that is part of the lowa State University Science-based Trials of Rowcrops
Integrated with Prairie Strips project (STRIPS; https://www.nrem.iastate.edu/research/STRIPS/).
The 12-hectare field area is managed with a maize-soybean (MSMMSM) rotation, grass
waterways, and 15-30% crop residue retention, a management regime typical of the region (USDA
2023; Table 4.2). The site is divided into two catchments: one catchment with 10% prairie strip
cover (78% Zea maize + 10% prairie strips + 12% grass waterway) and one catchment with no
prairie strips (88% maize + 12% grass waterway, Figure 4.2, Table 4.2). Five prairie strips were
planted perpendicular to the prairie strip catchment slope in 2015, sown with a mix of 33 forbs and
8 grasses (Hall et al. 2022; English 2020; Table 4.3). Prior to 2015, prairie strip areas were
managed identically to the surrounding cropland, including the consistent use of neonicotinoid-
treated maize and soybean seed for at least 5 years. We sampled in 2021, a maize year in which
catchments were planted with Hoegemeyer 8009AM hybrid maize seed treated with a LumiGEN
portfolio, including approximately 0.25 mg clothianidin (CLO) neonicotinoid per kernel (DeVries

and Wright 2021).
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Surface soil and deep soil collection

Surface soil (0-10 cm) and deep soil (90-100 cm) samples were collected on three days
during the 2021 growing season to quantify soil CLO residues one week pre-planting (April 21),
five weeks post-planting (June 1), and eleven weeks post-planting (July 16). Soils were collected
from six sampling locations within each catchment, arranged from summit to footslope, and were
collected from both crop and prairie areas within the prairie strip catchment (Figure 4.2). We
selected sampling locations that represented the path of maximum soil movement within the
catchments following rain events (Stephenson et al. 2024). Deep soils were collected to 100 cm
depth using a hydraulic sampling probe (Giddings #25-TS Model HDGSRTS). To avoid damaging
crop and prairie vegetation, deep soil samples were collected at the edge of the grass waterway,
slightly offset from surface soil sampling locations (Figure 4.2). Soils were stored in Whirlpak
bags at 4°C immediately following collection, and within 48 hours, sieved to 2 mm to homogenize
soil and remove gravel and litter fragments, and then stored at -20°C.
Plant tissue collection

Leaf tissue was collected from maize in rowcrop areas of both catchments and from black-
eyed susan (Rudbeckia hirta) and common milkweed (Ascleipas syriaca) in prairie strips on June
1 and July 16. Black-eyed susan and milkweed were selected to represent short-term and long-
term bloom durations, respectively, as neonicotinoid uptake rate varies with plant phenology
(Mogren and Lundgren 2016). Milkweed was also selected because monarch butterflies (Danaus
plexippus), a pollinator species of conservation concern, feed directly on milkweed leaf tissue
during their larval stage. We sampled one individual of each plant species nearest to its
corresponding surface soil sample (Figure 4.2). At each rowcrop sampling location, one maize leaf

was collected from the plant at the midpoint of the plant’s stem. At each prairie strip sampling
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location, we collected one leaf from one black-eyed susan basal rosette and one leaf from the
midpoint of one milkweed stem. All leaf tissue samples were stored in Whirlpak bags at 4°C
immediately following collection, then at -20°C within 48 hours of sample collection.
Groundwater collection

Groundwater samples were collected on two sampling dates, April 21 and June 2, 2021.
Wells were installed at the foot slope of each catchment, constructed using 50 mm i.d. polyvinyl
chloride tubes with 0.6-m well screens and a depth of 4.5 m. Groundwater wells were purged prior
to sample collection. On each sampling date, one groundwater sample was collected from each
catchment by connecting 6.35 mm diameter new nylon tubing to a new 2 L amber HDPE filter
flask and inserting the tube into the well. Using a hand pump, suction was applied to the flask, and
the sample was transferred to the HDPE bottle and stored at 4°C immediately following collection.
There was not sufficient surface water runoff for sample collection during the 2021 growing
season. Rainfall during the study period averaged 2.48 mm per day, significantly lower than the
30-year average rainfall of 3.99 mm per day during the same period (lowa Environmental Mesonet,
ISU 2024).
Soil physiochemical analysis

Surface soil samples collected in April 2021 were submitted to the Michigan State
University Soil and Plant Nutrient Lab (East Lansing, MI, USA, http://www.spnl.msu.edu/) for
analysis of physical and chemical properties known to influence neonicotinoid transport and
degradation: pH, cation exchange capacity (CEC), and % clay (Ousely 2017; Zhang et al. 2018).
Neonicotinoid analysis

CLO concentrations were quantified in all field-collected surface soil, deep soil, plant

tissue, and groundwater samples using previously published extraction and LC-MS/MS analysis
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methods (Hall et al. 2020, Hall et al. 2022) performed by the lowa State University Veterinary
Diagnostic Lab (Ames, 1A, USA, https://vetmed.iastate.edu/vdl). CLO was quantified using a
method detection limit ranging from 1 ng/g to 20 ng/g for soil, 0.5 ng/g to 20 ng/g for plant tissue,
and 0.5 ng/g to 50 ng/g for groundwater. Calibration curves and quality control replicates were
prepared using neonicotinoid-free soil, milkweed leaf tissue, and water. No compounds were
detected in matrix blanks. For calibration standards, the measured limit of quantification (LOQ)
was < 20% RSD of the nominal concentration, and the measured concentration of the remainder
of the calibrants was < 15% of the nominal concentration.
Data analysis

Data were checked for normality and heterogeneity of variances. All data were then
analyzed with linear models using CLO (ppb) as a response variable. Linear models were checked
for normal residuals and homogeneous variance using the Shapiro—Wilks normality test (Zuur et
al. 2009). We tested the effects of catchment (maize cropping system with and without 10% prairie
strips), slope position (six positions from summit to footslope), sampling date (April 21, June 1,
and July 16), and their interactions on CLO in each landscape compartment using a two-factor
analysis of variance (ANOVA) in R (version 4.2.3; R Core Team 2022). We performed a separate
ANOVA within each sampling date (April, June, July) to determine the effects of prairie strips and
slope position on CLO within each phase of the growing season. We also performed a separate
two-way ANOVA on samples from the prairie strip catchment to determine the effect of vegetation
(maize vs. prairie), slope position, sampling date, and their interactions on CLO in each landscape
compartment. Finally, to determine the effects of soil physiochemical properties (pH, CEC, %

clay) on surface soil CLO, we performed a two-way ANOVA performed an additional two-factor
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ANOVA to evaluate the effects of prairie strips and slope position on significant soil
physiochemical predictors of CLO.

RESULTS AND DISCUSSION

We hypothesized that in cropping systems with ongoing neonicotinoid inputs, prairie strips
accumulate CLO from adjacent cropland via increased preferential flow into deep soils (Jargensen
et al. 2002, Alaoui 2015, Radolinski et al. 2018) and increased CLO uptake into plant tissue
(Ferchaud and Mary 2016); however, we found no evidence for either of these accumulation
mechanisms (Figure 4.1). CLO was detected in all maize leaf tissue samples across both
catchments, but only in two prairie forb leaf tissue samples (two black-eyed susan plants), and
average CLO concentrations were 10-fold greater in maize tissue (average 24.33 ppb) than in
prairie forbs (average 0.22 ppb, Figure 4.1, Table 4.6). As is typical for neonicotinoid-treated
seedlings, plant tissue CLO decreased from June to July as translocated CLO was diluted into
growing plant biomass (Balfour et al. 2016, Figure 4.1). CLO concentrations in prairie strip forbs
were well below acute lethal doses for pollinator species studied to date (Wood and Goulson 2017,
Krishnan et al. 2021), consistent with findings from a recent plant tissue neonicotinoids survey
across prairie strip sites by Hall et al. (2022). While these findings suggest that prairie strips do
not accumulate and expose pollinators to acutely toxic levels of neonicotinoids, neonicotinoid
exposure has only been studied for a limited number of species (EFSA 2012). Repeated exposure
of insects to low-level neonicotinoids in prairie strips may produce more subtle, long-term effects
on individual and population health (Feltham et al. 2014, Sandrock et al. 2014, Spurgeon et al.
2016).

Within the prairie strip catchment, prairie strip areas contained lower soil and plant CLO

compared to adjacent maize areas (surface soil p = 0.011, deep soil p = 0.072, plant tissue p <
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0.001, Table 4.4). Low CLO in prairie strip surface soils may be due simply to lower CLO inputs,
as neonicotinoid insecticides are not applied in prairie strip areas. However, because prairie strip
soils do receive CLO inputs from upslope cropland areas (Table 4.6; Figure 4.1), lower CLO in
prairie strips could be explained by physiochemical soil properties like higher soil pH (average
5.73 prairie strip soil pH, average 5.48 cropland soil pH, p = 0.051, Table 4.5), which controls
neonicotinoid sorption and degradation (Ousley et al. 2017, Zhang et al. 2018, Parte and Kharat
2019), but future work that experimentally manipulates chemistry of field-collected soils would
better elucidate controls on neonicotinoid residence time under different land management
regimes. Low CLO concentrations in prairie strip soils, plants, and groundwater may also be a
function of low precipitation at the site (Figure 4.3) and/or the presence of grass waterways in the
center of each catchment (Figure 4.2). April 2021 was the 3rd most severe April drought recorded
in Story County, lowa since 1895 (Palmer Z-index -3.05; NOAA 2024), and drought conditions
remained in the county through August. In a wetter year with more frequent rain events, we might
expect that prairie strips would receive more neonicotinoid transport from upslope crop soils and
show higher CLO concentrations in all compartments (Radolinski et al. 2019). Grass waterways
at our study site may have also directed what little rainfall did occur into surface flow downslope
rather than vertical flow into deep soil horizons, and because our deep soil sampling locations were
positioned nearer to each grass waterway to mitigate crop damage, we may have captured deep
soils with relatively more surface flow and less infiltration.

We also expected that increased neonicotinoid leaching and plant uptake in prairie strips
would result in reduced neonicotinoid runoff in the prairie strip catchment; however, at this site,
prairie strips did not reduce neonicotinoid runoff through these mechanisms. Footslope surface

soils contained the highest CLO levels in both catchments (41.10 ppb in no prairie strip catchment
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in June, 20.3 ppb in prairie strip catchment in July, Figure 4.1, Table 4.1). These findings contrast
those of Hladik et al. 2017, who reported nondetectable neonicotinoids in footslope soils of 10%
prairie strip catchments where neonicotinoid application had ceased 2-3 years prior. This suggests
that when 10% prairie strips are integrated into catchments with active neonicotinoid use, they do
not remove all CLO via intermittent filtration along the catchment slope. Again, however, the
downslope runoff we observed may be due to the downslope mobilization of neonicotinoids in
grass waterways.

Our study finds that when neonicotinoid inputs are ongoing, and when prairie strips are
planted in tandem with grass waterways, prairie strips may not be a sufficient management strategy
to reduce insecticide runoff. Yet, even under continual neonicotinoid inputs in surrounding
cropland, prairie strips accumulate little to no neonicotinoids in their plant tissue, indicating that
prairie strips can provide habitat without exposing visiting native organisms to acute harm. To
conclusively determine which conditions may make prairie strip plantings either safe havens,
neutral vegetation, ecological sinks, or even ecological traps, we recommend continued
measurements of neonicotinoids in cropland-adjacent prairie plantings, and exposure studies with
field-representative neonicotinoid levels. Future studies might also measure neonicotinoids in soil,
plant, and water immediately following a rain event to determine if prairie strips and grass
waterways facilitate downslope neonicotinoid transport at a finer temporal scale than we captured
in our study.
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APPENDIX D: CHAPTER 4 PART 1

Tables
Surface soil (0-10cm) Deep soil (90-100cm) Plant leaf tissue (maize & prairie) Maize leaf tissue
R?= 0,503 R?= 0.086 R? = 0.534 R?= 0.698

Factor gfugw; Va::Iue V;ue sfug]; VaFIue P Value Sfug]; F Value P Value S;Jrans F Value P Value
Catchment 575.60 | 14.0987 | 0.0012 | 00685 | 02331 | 06344 | 22399 | 100168 | 0.006 28.0 0.1005 | 0.7605
Slope position 116554 | 57098 | 00019 | 27152 | 1.8491 | 01489 | 12634 | 1.1300 | 0.3843 864.2 06201 | 0.6904
Month 180.06 | 22052 | 01363 | 1.2490 | 21264 | 01454 | 47885 | 21.4137 | 00003 | 79439 | 28.5004 | 0.001
S?:;Zhgiﬂ::n 33244 | 16285 | 01983 | 29649 | 20192 | 01195 | 22724 | 20324 | 01284 53 00191 | 0.8939
Cat[\cAhoT\fr?t * 217.83 | 26678 | 00939 | 01311 | 02232 | 08019 | 15342 | 6.8609 | 0.0186 648.6 11635 | 0.3662

Table 4.1. Results from ANOVA evaluating predictors of clothianidin (CLO) in surface soil (0-
10 cm), deep soil (90-100 cm), all plant leaf tissue (both maize and prairie forbs), and maize leaf
tissue only (excluding prairie strip forbs). Groundwater data are omitted as CLO was below
detection limit in all groundwater samples. Bold values indicate significance at p < 0.05.
Underlined values indicate significance at p < 0.1. R2 values represent percent variation in CLO

explained by each model.
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No prairie strips

10% prairie strips

Total area (ha) 6.0 6.0
Maize area (ha)* 5.3 4.7
Prairie area (ha)* 0 0.6

Grass waterway area (ha) 0.7 0.7
Crop rotation MSMMSM MSMMSM
Mean slope (%)* 4.9 4.5
2021 maize planting date April 25 April 25

Soil type

Sandy Clay Loam

Sandy Clay Loam

Table 4.2. Characteristics of each catchment at the study site. Asterisks indicate differences

between catchments. Soil type was originally reported in Hall et al. 2022 and catchment slope

was originally reported in Stephenson et al. 2024.
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Forbs Grasses Additions

Blackeyed Susan 0.081b Little bluestem 0.51b Butterfly milkweed 1pls oz
Gray-headed coneflower 0.21b Big bluestem 15Ib Whorled milkweed 1pls 0z
Prairie Mimosa 0.151b Prairie junegrass 0.041b Swamp milkweed 3pls oz
Purple prairie clover 0.51b Prairie dropseed 0.041b Common milkweed 1pls oz
Partridge Pea 0.51b Fox sedge 0.091b Canada wild rye 0.095 pls Ib
Roundheaded Bush 0.031b Sideoats grama 0.11b Indian grass 0.190 pls Ib

White prairie clover 0.12lb
Compass plant 0.11b
Smooth blue aster 0.091b
Showy tick trefoil 0.11b
Tall thimbleweed 0.01Ib
Butterfly milkweed 0.11b
Sky blue aster 0.05Ib

Wild white indigo 0.11b
Pale coneflower 0.11b
Rattlesnake master 0.1lb
Wild bergamot 0.081b
Common evening primrose 0.051b
White heath aster 0.02lb
Stiff goldenrod 0.141b
Golden Alexander’s 0.061b
Culver’s root 0.011b
Alumroot 0.01Ib

Tall blazingstar 0.03Ib
Ox-eye 0.1Ib

Prairie cinquefoil 0.021b
Red Columbine 0.04lb
Flowering Spurge 0.01lb
Wild Petunia 0.11b

Table 4.3. Species sown in prairie strips, adapted from Hall et al. 2022.
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Surface soil (0-10 cm)

Deep soil (90-100 cm)

Plant tissue (maize and prairie)

R’=0.623 R’=0.181 R’ =0.869
Sums of F Value | P Value Sums of F Value P Value Sums of F Value P Value
Sq. Sq. Sq.
Vegetation | 126.405 | 10877 | 0011 | 1.602 4.298 0072 | 202292 | 50189 | <o0.001
Slope
OF 232147 | 4994 | 0026 | 2053 1.377 0.324 369.28 2.291 0.131
position
Month 12076 | 0519 | 0614 | 0.389 0521 0.613 831.08 | 20.619 0.001
Vfgl\jgarﬂﬁ” 60504 | 2.603 | 0135 | o0.707 0.949 0.427 162652 | 40.355 | <0.001

Table 4.4. Results from ANOVA evaluating predictors of clothianidin (CLO) in surface soil (0-

10 cm), deep soil (90-100 cm), and plant tissue (both maize and prairie forbs) in the prairie strip

catchment only. Groundwater data are omitted as CLO was below detection limit in all

groundwater samples. Bold values indicate significance at p < 0.05. Underlined values indicate

significance at p < 0.1. R? values represent the percent variation in CLO explained by each

model.
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Surface soil
(0-10cm)

R2=0.178

Factor Sums of Sq. F Value P Value
pH 757.50 9.801 <0.001
Cation exchange 31.24 0.405 0.529
capacity
% Clay 28.15 0.365 0.550

Table 4.5. Results from ANOVA evaluating soil physiochemical predictors of clothianidin

(CLO) in surface soil (0-10 cm) samples across all sampling dates. Bold values indicate

significance at p < 0.05. R? values represent the percent variation in CLO explained by each

model.

179




No prairie strips

10% prairie strips

Average CLO (ppb) | Average CLO (ppb)
(+/- SE) (+/- SE)
Surface soil 16.318 8.321
(0-10 cm) (2.674) (1.309)
Deep soil 0.441 0.354
(90-100 cm) (0.130) (0.159)
. . 25.208 22.562
Maize leaf tissue (7.874) (10.376)
Milkweed leaf NA 0
tissue
Black-eyed susan NA 0.147
leaf tissue (0.105)
Groundwater 0 0

180

Table 4.6. Average CLO (ppb) and standard error (SE) of each landscape compartment within

each catchment. Values are averaged across sampling dates and slope positions.
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Figure 4.1. Clothianidin (CLO) concentrations in surface soils (0-10cm), deep soils (90-100cm)

and plant leaf tissue (prairie forbs and maize) at each slope position. Line color represents

catchment, and vertical pink lines represent prairie strip locations within the prairie strip

catchment only. ANOVA results represent significant (p< 0.05, %) and not significant (p> 0.05,

NS) differences between treatment groups. CLO was last applied to cropland on April 25, 2021.
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Figure 4.2. Aerial diagram of sampling site and sampling locations.
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Figure 4.3. (A) Daily precipitation (inches) from January-December in 2021 (solid black) and
30-year average (red). (B) Maximum daily air temperature (F) from January-December in 2021
(solid black) and 30-year average (red). Sampling dates in this study shown in dashed vertical
lines. Daily precipitation and temperature measurements were obtained from the lowa
Environmental Mesonet weather station (AMW) in Ames, lowa located at 41.99044, -93.61852

(ISU 2024).
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APPENDIX E: CHAPTER 4 PART 2

INTRODUCTION

In Chapter 3: Neonicotinoid retention and transport in a maize cropping system
with contour prairie strips, we found that while prairie strips received neonicotinoid inputs from
downslope movement of cropland soil, prairie strip surface soils still contained significantly
lower neonicotinoid levels (clothianidin or CLO) than cropland surface soils. We found no
evidence that CLO in prairie strip soils is reduced via increased accumulation of CLO in prairie
plant tissue, increased CLO leaching into prairie strips’ deep soil layers, or enhanced chemical
degradation in prairie strip soils. We performed a separate study to assess whether lower CLO in
prairie strip soils is driven by enhanced biodegradation of CLO by soil microbes. In this study,
we measured CLO degradation by prairie strip and cropland soil microbial communities,
hypothesizing that prairie strip soil microbial communities degrade CLO at a faster rate than
cropland soil microbial communities. Here we describe the methods used for this experiment, the
complications we encountered with these methods, and recommendations for use of this method
in future studies.

METHODS

Soil sample collection

We collected surface soil samples according to methods described in Chapter 3:
Neonicotinoid retention and transport in a maize cropping system with contour prairie strips and
used soils to prepare microbial inocula. Briefly, we collected six soil samples from a 12-hectare
maize cropping system divided into two catchments: one catchment with 10% prairie strip cover
(78% Zea maize + 10% prairie strips + 12% grass waterway) and one catchment with no prairie

strips (88% maize + 12% grass waterway. Crop areas were planted with maize seed treated with a
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LumiGEN portfolio, including approximately 0.25 mg clothianidin (CLO) neonicotinoid per
kernel. Surface soil (0-10 cm) samples were collected five weeks after maize planting on June 1,
2021. Soils were collected from three sampling locations within each catchment arranged from
summit to footslope. In the catchment with prairie strips, samples were collected from three prairie
strip areas: one upslope, one midslope, and one footslope prairie strip. In the catchment without
prairie strips, samples were collected from three cropland areas: one upslope, one midslope, and
one footslope crop area. Soils were stored in Whirlpak bags at 4C immediately following
collection, and within 48 hours, sieved to 2 mm to homogenize soil and remove gravel and litter
fragments, and then stored at -20C.
Microbial inocula

First, we prepared nutrient broth to serve as inoculum media as suggested by Mulligan et
al. 2016 by dissolving 5 g pancreatic digest of gelatin and 3 g beef extract in 1 L nanopore water.
Broth was autoclaved to sterilize. We prepared a soil slurry inoculum from each soil sample by
adding 2.5 g each fresh soil to 250 mL nutrient broth. Slurries were shaken at 100 rpm at room
temperature for 72 hrs. Slurries were stored at 4C. We determined each slurry’s cell count by
spreading 100 uL of each slurry diluted 108 on triplicate petri dishes containing nutrient broth and
15% agar. Plates were incubated at 37C for 24 hours and colony forming units (CFUs) were
counted on each plate. CFU counts were averaged across slurry triplicates. All slurries were diluted
with nutrient broth to a standard concentration of 2.3 x 106 CFUs per mL.
Degradation microcosms

We prepared degradation microcosms containing soil slurry, nutrient broth, and a standard
concentration of neonicotinoid compound clothianidin (CLO). First, we prepared a stock solution

of CLO analytical standard at a concentration of 0.125 mg per mL. We added 1ml of CLO stock
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solution to 240 mL nanopure water for a concentration of 0.5 ug per mL in each microcosm. Three
control microcosms were prepared with nutrient broth and CLO only with no soil slurry. Each
microcosm was sealed with Breathe Easier tape to minimize contamination and allow air flow, and
wrapped in aluminum foil to minimize photodegradation. Microcosms were placed on an orbital
shaker table set to 150 rpm and to 35C placed inside of a laminar flow hood to minimize
contamination. We collected a 1 mL aliquot from each microcosm on day 0, 2, 5, 10, 20 and 40
and stored aliquots at -20C prior to CLO quantification.
Neonicotinoid analysis

CLO was quantified in all microcosm samples using the LC-MS/MS analysis method
described in Chapter 3: Neonicotinoid retention and transport in a maize cropping system with
contour prairie strips. Briefly, CLO was quantified using a method detection limit ranging from 1
ng/g to 20 ng/g. Calibration curves and quality control replicates were prepared using
neonicotinoid-nutrient broth. No compounds were detected in matrix blanks. For calibration
standards, the measured limit of quantification (LOQ) was < 20% RSD of the nominal
concentration, and the measured concentration of the remainder of the calibrants was < 15% of the
nominal concentration.

RESULTS

We performed the experiment twice and encountered issues with photodegradation,
microbial contamination, and evaporation in experimental microcosms, limiting our ability to
assess biodegradation in prairie strip and cropland soils. In the first experiment (Figure 5.1), all
microcosms exhibited CLO degradation at a similar rate, regardless of the inoculum source.

In the second experiment (Figure 5.2), we limited CLO photodegradation by wrapping all

microcosm bottles in aluminum foil, and limited airborne contaminants by performing the
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experiment inside of a biosafety cabinet. In this iteration, microcosms exhibited contamination,
uneven starting concentrations of CLO, and patterns of increasing CLO over time.
DISCUSSION

In the first experiment of the study, microcosm bottles were not wrapped in aluminum
foil, and therefore, CLO in each microcosm was subject to photodegradation from ambient UV.
Microcosm controls that contained no soil inoculum also exhibited microbial contamination,
evidenced by biofilm formation, inhibiting us from disentangling the effects of photodegradation
from microbial degradation. Despite siting the experiment inside of a biosafety cabinet,
microcosm controls that contained no soil inoculum still exhibited microbial contamination,
though the extent of biofilm formation in microcosm controls was reduced from the previous
experiment. Uneven starting concentrations of CLO on Day 0 of the experiment may have been
due to an accretion of CLO in the stock CLO solution bottle or microcosm bottles from which
aliquots were collected on Day 0, or may have been due to pipetting measurement error when
transferring stock CLO solution into each microcosm replicate or collecting aliquots. It is unclear
what caused an increase in CLO over time, but this pattern may be due to increased evaporation
of microcosm liquid within the biosafety cabinet and subsequent distillation of CLO into higher
concentrations over time within each microcosm.

We recommend that if this method is used in future projects, microcosms are prepared with
an alternative diluent, rather than nutrient broth, that is less prone to microbial contamination from
airborne sources. We recommend that microcosms are sealed with a sealant other than Breathe
Easier sealing tape that allows for less air flow and evaporation while still maintaining an aerobic
environment. Alternatively, microcosm volume could be measured at each aliquot sampling event,

so that CLO values can be standardized per unit volume and any evaporation and distillation of
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CLO is accounted for. Performing a similar experiment using sterilized soils inoculated with
microbial communities, rather than liquid cultures, would also reduce the likelihood of

contamination and evaporation issues.
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Figure 4.4. Results from the first clothianidin degradation experiment.
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Figure 4.5. Results from the second clothianidin degradation experiment.
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CONCLUSION

This dissertation addresses key knowledge gaps in prairie strip research and identifies
additional benefits of prairie strips that can inform their adoption in row crop fields of the U.S.
Midwest. | show that, in addition to increasing the diversity of plants, insects, and other wildlife
in row crop landscapes, prairie strips also increase the diversity and function of soil microbial
communities early in their establishment. As early as two months after prairie strips are planted,
soils under strips exhibit increased abundance of soil microbial phyla emblematic of remnant
tallgrass prairie soils, fungal decomposers, and fungal symbionts. More mature prairie strips also
contain higher abundance of prairie bacterial and fungal groups, but show lower soil microbial
diversity than adjacent cropland soils.

| also find that compositional shifts in soil communities correspond with greater active
soil carbon in both newly-established and mature prairie strips. Prairie strips rapid accrual of
active soil C suggests that prairie strips will eventually increase total C stocks similar to larger
prairie restorations as they continue to mature, making prairie strips a candidate strategy for C
sequestration in emerging agricultural carbon markets. Belowground benefits under prairie strips
occur regardless of the cropping system they are established in, and benefits can be seen whether
or not surrounding cropland is treated with agrochemical inputs. Prairie strips’ belowground
benefits only occur beneath the strip, as prairie strips do not affect soil microbes or soil C in
adjacent cropland, at least in their first few years.

Finally, this work sheds light on an ongoing concern about prairie strips’ interactions
with insecticides in surrounding cropland. | show that when prairie strips are planted amid
neonicotinoid insecticide-treated cropland, prairie strip plants do accumulate neonicotinoid

compounds, but not at levels lethal to pollinator insects. Although prairie strips do not pose a risk
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of acute harm to visiting insects, repeated low-dose exposure of pollinators to neonicotinoids in
prairie strip plants may still have deleterious impacts on visiting organisms. Prairie strips planted
amid treated cropland also showed an accumulation of neonicotinoid insecticides in downslope
soils, and thus, prairie strips should not be expected to mitigate runoff of insecticides applied to
adjacent row crop fields with on-going insecticide treatment. Altogether, this dissertation
demonstrates that while prairie strips extend minimal benefits to surrounding cropland soils,
prairie strips quickly increase diversity and function of belowground soil communities beneath

the prairie strip.
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