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ABSTRACT 

Intermediate Wheatgrass (IWG, Thinopyrum intermedium (Host) Barkworth & D.R. 

Dewey; IWG) is a perennial grain crop with a dense root system which has the potential to 

facilitate improvements in soil physical structure, fertility, and potentially soil carbon storage. 

An experiment was established in Rosemount, MN, USA to assess changes in soil physical, 

chemical, and microbial community responses to IWG system vs. annual corn/soy system 

management after two growing seasons. This experiment aims to 1) assess soil quality under four 

systems representing a gradient of perenniality, cropping system diversity and soil disturbance 

intervals and, 2) investigate relationships between soil microbial community characteristics and 

desired soil chemical and physical quality outcomes to better understand the mechanisms behind 

desired outcomes. In the first chapter of this study, we report the agronomic outcomes of the first 

two years of the experiment and examine how IWG vs. annual crop management affect soil 

chemical and physical properties over the course of two growing seasons. After two years, we 

find that the proportion of large water stable soil aggregates at 15-30 cm soil depth increased 

significantly in IWG but not IWG-alf intercropped systems compared to annual systems. We also 

find evidence of increased water use deep in the soil profile by IWG systems under drought 

conditions. In the second chapter, we investigate the responses of soil microbial community 

composition and potential function to two years of IWG vs. annual management. We find that 

after two years, fungal community composition varied significantly by cropping system and 

IWG systems are associated with increased arbuscular mycorrhizal fungi biomass and AMF 

indicator species. We also find evidence of greater extracellular enzyme activity in IWG systems 

and an annual system with cover cropping.  
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CHAPTER 1: EARLY IMPROVEMENTS IN SOIL AGGREGATION UNDER 
PERENNIAL GRAIN INTERMEDIATE WHEATGRASS IN A MIDWEST MOLLISOL 

1.1 Abstract 

Global food production is challenged by  increasing  soil degradation and climate change, 

making it essential that new cropping systems be developed which rebuild the soil and perform 

in changing climates. Intermediate wheatgrass (IWG, Thinopyrum intermedium (Host) 

Buckworth & Dewey), a perennial grass which produces the wheat-like grain called Kernza®, 

has potential to improve soil health compared to annual grain counterparts. However, there is 

little information on how IWG affects soil physical and chemical qualities over time, especially 

compared to annual grains grown with and without existing soil health practices and on 

rotational timescales where IWG produces significant grain yields and the IWG system is 

profitable. We evaluated the impact of two IWG cropping systems (IWG monoculture [IWG] 

and IWG intercropped with alfalfa [IWG-alf]) and two maize/soybean rotation systems (with 

conventional tillage [annual] and with conservation tillage and winter cover crops [annual-cc]) 

on agronomic yields, soil physical and chemical properties, and soil water content over the 

course of two growing seasons in southeastern Minnesota, USA. In general, we observed the 

most differences between  IWG and annual, and we observed no differences between IWG and 

IWG-alf or annual and annual-cc treatments, respectively. Twenty-four months after 

establishment, the mean weight diameter of soil aggregates in deeper soil (15-30 cm) was larger 

in IWG (1.93 mm) vs. annual (1.55 mm), and small macroaggregates (250 um) in shallow soil 

(0-15 cm) were a lower proportion of total soil aggregates in IWG (11%) vs annual-cc (14%). In 

June and August 2021, during a historic drought, IWG had lower soil moisture content than 
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annual at 30, 60, and 100 cm, suggesting more complete utilization of water at depth. In 2021, 

there was lower total soil N (weight %) in IWG (0.25%) compared to annual (0.27%) system at 

0-15 cm depth, which supports previous findings that IWG is effective at assimilating residual 

soil N. While we observed these few changes in soil properties in just two years of IWG 

cropping systems, three or more years of IWG production may be required to potentially see 

significant improvements in soil physical and chemical quality in relatively fertile soils such as 

those in our experiment.  

1.2 Introduction 

Climate change is projected to significantly alter US Midwest precipitation regimes and 

increase summer extreme temperature frequency and severity, which is expected to affect 

agriculture by increasing soil erosion (Borrelli et al., 2021), soil GHG emissions, and soil organic 

carbon loss (Black et al., 2017), and result in regional yield declines of up to 25% in maize and 

soybeans by 2050 (Angel et al., 2018). These challenges will compound non-climate factors 

already impacting agricultural productivity such as existing high soil erosion rates (Thaler et al., 

2022) and reduced soil fertility (Fixen et al., 2010) caused by current and historic agricultural 

management practices (Van Oost et al., 2006; Tamburini et al., 2020). A key change that would 

improve agricultural productivity and reduce losses under climate extremes is the adoption of 

sustainable agricultural management practices that improve soil health (McGuire et al., 2022; 

Huang & Sim, 2021; Lal 2020; Lal, 2016). Soil health can generally be defined as a soil’s ability 

to perform a desired function and is often operationally defined using a suite of quantifiable soil 

physical, chemical, and biological qualities called soil health indicators (Wander et al., 2019; 

Norris et al., 2020). Healthy soils have been shown to improve overall agronomic yield (e.g. 
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Oldfield et al., 2019), enhance yield stability under extreme weather conditions ( e.g. Gaudin et 

al., 2015; Williams et al., 2016; Kane et al., 2021; Renwick et al., 2021; Lotter et al., 2003; 

Bowles et al., 2020), and act as a terrestrial carbon sink (Bossio et al., 2020).   

 Current recommended best-management strategies for improving soil physical and 

chemical quality and reducing erosion include reducing or eliminating tillage, using organic 

amendments, diversifying crop rotations and implementing intercropping, and adopting cover-

crops and intercrops (Lenhart and Peterson, 2017; Crystal-Ornelas, 2021). Significant research 

has established the short and long-term effects of these individual improved management 

practices on soil properties. For example, relative to high-intensity tillage, reducing tillage over 

time improves soil aggregate structure, increases SOC storage (Liu et al., 2021) and soil organic 

N (Farmaha et al., 2022), reduces erosion (Nearing et al., 2017) and slightly reduces bulk density 

and soil penetration resistance over time (Nunes et al., 2020). Similarly, use of winter cover 

crops can over time result in larger SOC stocks (Poeplau and Don, 2015) and organic N 

(Farmaha et al., 2022), greater soil aggregation (Blanco-Canqui and Jasa, 2019), and greater soil 

water infiltration (Stewart et al., 2018). Though they offer improvements compared to standard 

practices, these existing best-management strategies are not enough to completely stop loss of 

soil quality over time or improve soil quality relative to when they were implemented, especially 

in high-fertility soils like Mollisols and Alfisols (Sanford et al., 2012; Ernst et al., 2018; Rubio et 

al., 2021; Rui et al., 2022). Many of these strategies are also not always feasible; cover crops, for 

example, are challenging to incorporate in the short growing seasons of the upper Midwest 

(Kaye and Quemada, 2017). Finally, these practices often come with additional monetary and 

time costs and real or feared negative impacts on cash crop yield, which limit farmer willingness 
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to adopt them (Wallander et al., 2021). Clearly, additional management tools for rebuilding soil 

health while maintaining profitability in agricultural production are needed.  

Perennial grain crops such as intermediate wheatgrass (IWG; Thinopyrum intermedium 

(Host) Barkworth & D.R. Dewey) are one such emerging tool that could improve soil health and 

therefore agricultural climate resilience (Ryan at al, 2018; Nunes et al., 2020) as part of a 

profitable grain production system  (Law et al., 2022b).  IWG currently produces much lower 

grain yields than annual counterparts; in MN, it produces 15-20% of the yield of winter wheat in 

years one and two (Law et al., 2022b). However, in IWG systems managed for dual-use grain 

and forage production, the revenue from hay can equal that of grain (Law et al., 2022b), and for 

the first two years the systems can achieve total revenues matching or exceeding those of organic 

annual wheat systems due to 50% higher forage production than annual wheat and higher IWG 

grain prices (Law et al., 2022b). Perennial grain crops may improve soil physical and chemical 

quality relative to annual grains due to their deep and dense root systems, continuous living 

cover on the soil surface, and the reduced soil tillage/disturbance intervals inherent to the 

systems (Glover et al., 2010). IWG systems allocate more root biomass at depth than annual 

grains including wheat and maize, which leads to increased N nutrient use efficiency (Sprunger 

et al., 2018, Rakkar et al., 2023) and well-documented drastically lower nitrate leaching rates 

(Culman et al., 2013; Jungers et al., 2019; Reilly et al., 2022a; Huddell et al., 2023). If these 

large root systems and perennial, undisturbed cover impact soil in similar ways to perennial 

forage crops and grassland systems managed for hay and forage, they may improve soil physical 

structure (Culman et al., 2010; DuPont et al., 2014), reduce erosion (Nearing et al., 2017), and 

increase SOC accumulation and stabilization (Glover et al., 2010; Scott et al., 2017) relative to 
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annual crops. Eddy flux experiments have shown that IWG fixes ~50% more carbon across the 

year than it respires and suggest that IWG may act as a carbon sink, sequestering relatively more 

carbon than maize/soybean rotations (de Oliveira et al., 2020). In addition to the benefits of 

perenniality and belowground biomass allocation, perennial legume intercrops such as alfalfa 

and red clover can be incorporated into IWG grain and forage production systems for the 

additional environmental, nutrient and soil health benefits associated with crop functional 

diversity. Legume intercrops can reduce IWG grain yield (Tautges et al., 2018), especially in the 

first year of establishment (Reilly et al., 2022b), but productivity outcomes have been variable 

(Dick et al., 2018). IWG-legume intercropped systems  yield higher quality and generally higher 

forage biomass than IWG monocultures (e.g. Hayes et al., 2017; Pugliese et al., 2019a), and they 

may be better able to mobilize unavailable nutrients such as P (Duchene et al., 2020), enhance 

soil C stabilization (Peixoto et al., 2022) and nutrient cycling (Pugliese et al., 2019a), and 

maximize deep water use (Clément et al., 2022).  

One challenge of growing IWG is that it  currently exhibits significant yield decline 

beginning two to three years after establishment. Thus, growers may decide to rotate the crop out 

of production after the third grain production year. In order to assess significant high-profile 

claims of soil quality improvements (eg. Kane et al., 2016) and accurately describe the potential 

of these systems, research to determine how IWG cropping systems affect soil physical and 

chemical quality metrics on two to three year timescales are needed (Rakkar et al. 2023).  

In practice, a small body of initial research investigating the soil health impacts of IWG 

monocultures and IWG-legume intercrops have shown varied results, with at most modest 

improvements in active C and N pool size and aggregate structure (Rakkar et al., 2023) achieved 
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across different soil and climate contexts. For example, Audu et al. (2022) found decreased 

surface total SOC but increased subsoil SOC in IWG relative to annuals two years after 

establishment. In other studies, there have been no documented total SOC gains relative to 

annual crops two (Rakkar et al., 2023) and four (Sprunger and Robertson., 2018; Sprunger et al., 

2020) years post-establishment. Previous research has also found mixed responses in labile 

carbon and particulate organic matter pools, with some studies documenting increases (Sprunger 

et al., 2019; Culman et al., 2013; van der Pol et al., 2022) and others no change (Rakkar et al., 

2023; Sprunger et al., 2018) after two to four years. The larger body of literature from grassland, 

forage, and bioenergy crop systems suggests that early in system establishment, soils mostly see 

changes in active C and N pools (Sprunger and Robertson, 2018; Martin and Sprunger, 2022; 

Audu et al., 2022), and significant changes in total C driven by aggregation and microbial 

communities are seen on a decadal scale (Liebig et al., 2005; Cates et al., 2015; Scott et al., 

2017; Nunes et al., 2020). Clearly, additional research is necessary to better understand the 

degree to which IWG managed for grain or dual-use production can improve soil quality across 

different soils and sites (Stewart et al., 2018), and the timescale on which these improvements 

may occur.  

 In this study, we measured the agronomic productivity and soil chemical and physical 

properties under two annual and two perennial IWG cropping systems over two years in order to 

assess the relative agronomic outcomes and the initial soil quality impacts of cropping systems 

representing a gradient in perenniality/continuous living cover, cropping system diversity, and 

soil disturbance intervals. The four cropping systems were 1) IWG grown with alfalfa (Medicago 

sativa) as an intercrop, 2) IWG grown as a monoculture, 3) a strip-tilled annual maize (Zea 
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mays) and soybean (Glycine max) rotation with winter annual cover crops, and 4) a 

conventionally tilled maize/soybean rotation. We measured agronomic productivity (grain yield, 

aboveground and belowground biomass) to assess the establishment and performance of 

cropping systems and crop biomass allocation. We hypothesized that IWG systems would 

produce lower grain yields and higher belowground biomass compared with annual systems, and 

that the highest belowground biomass would be in IWG-alf system. We measured soil physical 

(aggregate stability, soil moisture depth profile, soil sorptivity) and soil chemical (pH, macro- 

and micronutrients, total organic C, total organic N, POXC and ACE protein) qualities to assess 

whether commonly used soil health indicators were affected by cropping systems. We 

hypothesized that as a result of reduced tillage and deep and dense perennial rooting systems, 

IWG and IWG-alf system soils would display  improved water infiltration capacity, larger labile 

C and N pools, and improved soil aggregate structure compared to annual systems with and 

without cover crops after two years of the cropping systems. We also expected that soil quality 

improvements would be greatest under IWG intercropped with a legume compared to IWG 

monocrop because root biomass from a intercropping legume would facilitate nutrient cycling 

associated with biological nitrogen fixation properties, have different soil structure affects from 

differences in root architecture, and lead to synchronized nutrient demand and uptake through 

complementary plant phenologies. In contrast, cover cropped and conservation tilled annual 

systems would not significantly improve soil physical or chemical qualities relative to a 

conventionally managed annual system on a two-year timescale, as seen in previous short-term 

studies (Farmaha et al., 2021; Cates et al., 2019; Blanco-Canqui and Ruiz, 2020).  
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1.3 Materials and Methods 

1.3.1 Study Site Description and Experimental Design 
 The experiment was conducted at the University of Minnesota’s Rosemount Research 

and Outreach Center in Rosemount, MN, USA (44°42'42.3"N 93°06'51.1"W). Before the 

experiment was established, the field was under cultivation in alfalfa for two growing seasons. 

Alfalfa was terminated and experiment was fallowed in fall 2018, and planted to oats (Avena 

sativa) for the 2019 growing season. The experimental design was a split-plot, randomized 

complete block design with five blocks. The split-plot design allowed for climate treatments to 

be imposed on main plots in 2022 and 2023, after establishment of the cropping system 

treatments that were imposed on the sub plots. However, the 2020 and 2021 data reported here 

were collected from sub plots prior to main plot treatment application. Therefore, the experiment 

as described for this study was conducted as a randomized block design. Each block contained 

four replicates of each cropping system grown in 6.1 by 6.1 m plots, for a total of 20 replicates 

per cropping system. The soil type is Waukegan silt loam with 0 to 1 percent slopes (Fine-silty 

over sandy or sandy-skeletal, mixed, superactive, mesic Typic Hapludoll) (Soil Survey Staff, 

accessed June 8, 2022). From 1991-2020, the mean annual precipitation at the site was 87 cm 

and mean annual temperature was 6.7 °C (Arguez et al., 2010). Historical average monthly 

precipitation and growing degree days (GDD) and annual cumulative precipitation and GDD 

over the course of the experiment are shown in Figure 1.1. Growing degree days for IWG were 

calculated using the following Equation 1:  

GDDi = !"#$(&)	)	!"&*(&)
2

 – Tbase 
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where Tmax and Tmin are maximum and minimum temperatures for day i and Tbase is 0°C, which is 

generally used as the base temperature for IWG (Locatelli et al., 2021; Jungers et al., 2018). We 

began GDD accumulation after five consecutive days of average daily temperature exceeding 

0°C and ended it after eight consecutive days of average daily temperature below -2.2°C. 

Monthly average temperatures and accumulated precipitation are also shown in Table 1.1. Of 

note, the field site experienced below average precipitation during the first growing season 

(2020; total annual accumulation 21% below 30-year average), and a historic drought during the 

second growing season (2021; total annual accumulation 31% below 30-year average).  

Most analyses in this study were performed on all replicates (n=80). However, a subset of 

10 replicates of each cropping system (two per block) were analyzed for measurements that were 

especially resource-intensive including soil moisture, soil sorptivity, root biomass, and aggregate 

stability.  
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Figure 1.1: Cumulative growing degree days (GDD) and precipitation in 2019 (IWG/alfalfa 

establishment year), 2020, 2021 (Menne et al., 2012, accessed 10/19/2022), and 1980-2010 

climate normals at the Rosemount Research and Outreach Station (NOAA station no. 

USC00217107)(Arguez et al., 2010, accessed 10/19/2022). Growing degree days were calculated 

using base temperature 0°C and began accumulating when average daily temperature exceeded 

base temperature for 5 days.  
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Month Average (°C) 2019 2020 2021 30-Year Normal 

January 
High - -3.3 -2.8 -5.4 

Low - -11.7 -11.1 -15.9 

February 
High - -2.2 -8.3 -2.8 

Low - -15 -17.8 -13.9 

March 
High - 4.4 8.9 4.4 

Low - -3.9 -1.7 -6.4 

April 
High - 17.8 12.8 13.2 

Low - 5 1.7 0.9 

May 
High - 18.9 20 19.9 

Low - 8.3 8.3 8.1 

June 
High - 27.2 30 25.2 

Low - 15 16.7 13.9 

July 
High - 17.2 16.1 16.1 

Low - 28.9 28.9 27.4 

August 
High - 27.2 28.3 26.1 

Low - 15.6 15.6 14.7 

September 
High 22.8 20.6 23.9 22.3 

Low 12.2 8.9 10 10.1 

October 
High 11.7 10 17.8 14.8 

Low 1.7 -0.6 6.1 2.7 

November 
High 1.1 8.3 - 5.3 

Low -5.6 -2.8 - -4.8 

December 
High -1.7 0 - -2.4 

Low -11.1 -10 - -11.8 
Table 1.1:  Monthly average temperatures at Rosemount Research and Outreach Station (NOAA 

Station # USC00217107) for the duration of the experiment (Menne et al. 2012) and 30-year 

climate normal temperature at Rosemount Research and Outreach Station from 1991-2020 

(Arguez et al., 2010).  

 



 

  
  

        
12 

 
 

1.3.2 Agronomic Methods  
We assessed agronomic yields and belowground biomass from the 2020 and 2021 

growing seasons. Prior to establishing crops for this study, termination of alfalfa was 

accomplished using inversion tillage in early August, 2019, followed by discing and field 

cultivation. IWG, alfalfa, and winter cereal rye (Secale cereale L.) were planted on Aug. 5, 2019 

with a 1.5 m wide no-till drill (Truax Flex 2, New Hope, MN, USA). Annual systems were in 

soybean in 2020 and maize in 2021. The winter cover crops were winter rye (Secale cereale) 

after maize and hairy vetch (Vicia villosa) after soybean. Annual treatments were tilled using a 

JD 2305 rototiller and seeded with a walk-behind seeder. Annual-cc treatments were strip tilled 

each fall and spring for cover crop and maize/soybean establishment using a walk-behind 

rototiller (30.5 cm width in 2020, 23 cm width in 2021) and seeded with a walk-behind seeder. In 

the fall, annual crop residue was removed after sampling for yield. Cover crops were terminated 

with glyphosate application followed by strip-tillage. Row spacing, planting details, and other 

agronomic management information are shown in Table S1.1. All systems were conventionally 

managed with annual applications of fertilizer for fertility and herbicides and pesticides for weed 

and pest management (Tables S1.2a and S1.2b).  

1.3.3 Agronomic yield and aboveground biomass 

To assess perennial crop establishment, plant counts were taken after fall seedling 

emergence and spring regrowth; two separate 1-m long sections of planted crop rows in each plot 

were surveyed. Planted species and weeds were counted in each row section.  

Cover crops were harvested for dry matter biomass prior to spring termination. Two 60 

cm x 60 cm quadrats covering three rows of cover crop were cut at 7.5 cm height and combined 
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from each plot. Biomass was dried at 30°C for five days and consistent dry matter weight was 

obtained. IWG grain and biomass was harvested at physiologically maturity (when grain 

moisture content was approximately 20 to 30%), on August 4 in 2020 and July 21 in 2021 (S1) 

(Gamble et al., 2015; Heineck et al., 2022). For IWG monoculture, two 81 x 81 cm quadrats 

covering two rows of the crop were harvested. Within each quadrat, IWG seed heads were cut 

approximately 3 cm below the lowest spikelet (see Heineck et al. 2022 for description of seed 

head structure) and aggregated. The remaining vegetative biomass was harvested to a stubble 

height of 7.5 cm and aggregated by plot. In the intercropping treatments, IWG seed heads were 

harvested similarly to the IWG monocultures and alfalfa biomass was separated from the 

remaining IWG biomass in the field. Weed biomass was separated and discarded in the field. 

Seed heads were weighed at field moisture then dried at 30°C for five days or until we obtained 

consistent dry matter weight. Grain was removed from the dried seed heads and dehulled using a 

laboratory scale thresher (Wintersteiger Inc., Salt Lake City, Utah). Threshed grain was 

separated from chaff using sieves and a fractionating aspirator (Carter Day, Fridley, MN) then 

weighed for dry matter yield determination. Separated alfalfa and IWG biomass were dried at 

30°C for five days, then reweighed for dry matter yield. Harvest index was calculated as the ratio 

of IWG grain biomass to the sum of IWG grain and vegetative biomass (total aboveground 

biomass). For soybean yield assessment, two 81 x 81 cm quadrats covering two rows of the crop 

were harvested and combined from each plot using the following method. Soybeans were 

harvested at physiological maturity on Sept. 22. Soybean biomass and grain was bagged together 

in the field and dried at 30°C for five days. Soybean grain was threshed from pods and stem 

biomass by hand. Remaining biomass was removed by hand and discarded. In 2021, maize was 
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harvested on Aug. 12 for silage due to drought conditions. For yield assessment, three 1.5 m 

sections of different rows were harvested, weighed at field moisture, chipped, and a ~500 g 

sample of chipped biomass was taken for moisture content determination following the same 

biomass drying protocol as for IWG.   

1.3.4 Soil Moisture Profile 
 Soil moisture along a 1 m depth profile in 10 reps of each treatment was measured every 

two weeks from July-Nov 2020 and May-Aug 2021 using a Delta-T Devices Ltd PR2 Profile 

Probe. The probe takes measurements at 10, 20, 30, 40, 60, and 100 cm depths. Soil moisture 

access tubes were installed between cropping system rows vertically following manufacturer 

instructions (Delta-T Devices, 2016). To account for soil moisture variability around the 

moisture access tube, the probe was rotated and three measurements were taken at each tube and 

averaged. Unfortunately, access tubes could not be installed until July 2020, tubes had to be 

removed in late August 2021 for field maintenance and tillage, and July 2021 measurements 

were lost due to equipment malfunction, resulting in uneven sampling across years. Though we 

are aware of issues with accuracy of soil moisture estimates using default coefficients describing 

the relationship between soil permittivity as measured by the PR2 Profile probe and soil water 

content at our field site, we determined that default coefficients were sufficient to describe 

relative differences between cropping systems and proceeded with default coefficients (Delta-T 

Devices 2016; Dhakal et al. 2019).  

1.3.5 Water Sorptivity 
 Surface soil water sorptivity was measured in the subset plots on June 22, 2021 to assess 

the impact of cropping systems on infiltration (Smith, 1999). This method was chosen as it 
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quickly measures the early stage of water infiltration, when the effect of gravity is negligible, 

where traditional infiltration flux measurements would have been prohibitively long and water-

intensive to take at all replicates. Briefly, a metal ring with a diameter of 15.24 cm was inserted 3 

cm deep into the ground between crop rows. 444 ml or 2.54 cm depth of water were added to the 

ring, and the time it took for water to infiltrate was recorded. This process was repeated twice for 

each ring location, and measurements were performed in duplicate at each plot. Water sorptivity 

was calculated as the following, Equation 2:  

Water Sorptivity (𝑐𝑚/𝑠𝑒𝑐0.5) = D/T0.5 

Where D is depth of water (cm) and T is time water takes to infiltrate (seconds).  

1.3.6 Soil and root biomass sampling and storage  
In 2020, bulk soil samples were taken as baseline data from each plot at 0-15 cm and 15-

30 cm depths using a hand soil push probe. 10 subsamples were taken from throughout the crop 

aisles and inter row and row spaces on August 20 and 25th. Probes were wiped of visible soil 

between plots. Root biomass and bulk density samples were taken in a randomly chosen subset 

of half of the plots on Sept. 29 using a hydraulic soil probe (Giddings Machine Co, Windsor, 

CO) with an internal diameter of 1.9 cm diameter. Samples were taken at depths 0-15, 15-30, 30-

45, and 45-60 cm, with three subsamples taken in row, interrow, and shoulder spaces for root 

samples, and 2 subsamples taken for bulk density samples.  

In 2021, the Giddings probe was used to collect bulk soil samples and root biomass 

samples on August 12 and 13th. For bulk soils, three subsamples from 0-15 and 15-30 cm 

increments were collected for each plot, one from in-row, row shoulder, and crop aisle. In the 



 

  
  

        
16 

 
 

subset of half of the plots, three additional subsamples were taken at 0-15, 15-30, 30-45, 45-60 

cm increments for total root biomass.  

In both 2020 and 2021, bulk soils were homogenized by hand and refrigerated until 

subsampled for soil gravimetric moisture; 20-25g subsamples were oven dried at 105°C for at 

least 24 hours, and weight was used to calculate gravimetric water content (Gardner 2018). The 

remaining bulk sample was sieved to 8mm, and air-dried at 35°C for several days until reaching 

a stable weight. A subsample was taken for aggregate stability, and the remainder of the dried 

sample was ground to 2 mm for total C/N, POX-C, ACE protein, and soil properties assessment 

by Agvise. 

Root samples were frozen at -20°C until processed. Root samples were sorted from soil 

using a hydropneumatic elutriation system, dried (35°C), cleaned of sand, gravel, and non-root 

organic material by hand, and weighed (Smucker et al., 1982) 

1.3.7 Bulk Density  
After sampling with the Giddings probe, baseline bulk density samples were weighed, 

homogenized, and 20-25 g were subsampled, dried at 105°C for at least 24 h, and weighed again 

to calculate percent moisture. Moisture content of this subsample was used to calculate the dry 

weight of the whole bulk density soil samples, and the probe  volume (1.9 cm diameter x 15 cm 

depth = 44.74 cm3) was used to calculate bulk density. Bulk density was measured only in 2020 

as a baseline measurement for future years of the experiment.  

1.3.8 Basic Soil Properties 
Baseline soils sampled and combined from throughout the experimental site before 

system establishment in May, 2019 had 0.22 % N, 2.04 % C, 18 mg/kg P, 4.3% OM, pH of 6.3, 
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7.21 mg/kg nitrate-N, 0.03 % S, bulk density 0.91 g/cm3 to 5.2 cm depth and 1.02 g/cm3 to 10.4 

cm depth.  

In 2020 and 2021, air-dried soil samples from 0-15 and 15-30 cm depth fractions were 

ground to 2 mm and Agvise labs (Benson, MN) performed basic soil tests including 

macronutrient, micronutrient, base cations, and soil properties following standard soil testing 

procedures for the north central region (NCERA, 2015). Soil P was determined via Bray method 

for pH <7.7 or Olsen method for pH > 7.5.   

1.3.9 Total C&N  
Dry combustion was used to quantify total soil C and N at 0-15 and 15-30 cm depths 

fractions (Nelson and Sommers 2018). Soils dried at 35°C and sieved to 2mm were transferred to 

1.5 ml microcentrifuge tubes with 3mm steel balls and ground at 1500 rpm for 5 minutes using a 

2010 Geno/Grinder (SPEX Sample Prep LLC, NJ, USA). An elemental analyzer was used to 

assess ~10 mg of ground soil for total C and total N (varioPYRO cube, Elementer Inc, NJ, USA).  

1.3.10 POXC 
We measured the labile fraction of soil carbon with potential oxidizable carbon (POXC) 

(Weil et al. 2003; Hurisso et al., 2016). POXC measures a relatively processed pool of labile soil 

C and is management sensitive (Culman et al., 2012). Briefly, 2.5 g of soil ground to 2mm were 

added to 0.02 L of 0.2 M KMnO4 solution, shaken for 2 minutes at 120 rpm, and incubated for 

an additional 10 minutes. Immediately, 0.5 ml of supernate was sampled and diluted in 49.5 ml 

water. Absorbance was read at 550 nm using a spectrophotometer plate reader (BioTek® 

Synergy HT microplate reader). A standard curve of known concentrations of KMnO4  was 

created with each batch and used to calculate the mg kg-1 POX-C in soil, assuming 9000 mg C 
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are oxidized by 1 mole of KMnO4 changing from Mn7+ to Mn4+ (Equation 2). A soil standard of 

similar pH and soil type to the experiment samples were run in each batch to control for batch 

variability. POXC was calculated using the following, Equation 3:  

POXC (mg/kg soil) = [0.02 M/ L - (a + b × Abs)] × (9000 mg C/M) × (0.02 L/ 0.0025 kg soil) 

Where 0.02 M/L = initial solution concentration, a = intercept of the standard curve, b = slope of 

the standard curve, Abs = sample absorbance, 9000 mg C/M = mg of C oxidized by 1 mole of 

KMnO4 changing from Mn7+ → Mn4+, and 0.02 L = volume of solution reacted.   

1.3.11 ACE Protein  
Autoclaved-citrate extractable (ACE) protein is a measure of a broad soil protein pool 

that potentially indicates the amount of organic N/potentially available organic N in the soil 

(Hurisso et al. 2018b; Geisseler et al. 2019) and is a commonly used soil health indicator 

sensitive to crop management practices (Sainju et al., 2022). We assessed ACE protein using a 

protocol based on Wright and Upadhyaya (1996) with adaptations from Hurisso et al. (2018b). 

24 mL 20 mM sodium citrate (pH=7) was added to 6 g of dried soil ground to 2 mm. Samples 

were shaken at 180 rpm for 5 minutes then autoclaved for 30 minutes on the liquid cycle 

(121°C). Samples were cooled, sediment was resuspended by vortexing, and 1.75 ml of solution 

was removed and centrifuged for 3 min at 10,000 xg/RCF. 1 mL of supernate was transferred to 

cluster tubes and frozen at -20°C for longer term storage. Quantification was performed using a 

microplate assay method with a Pierce BCA Protein Assay Kit (Thermo Scientific, Catalog 

number 23227). 10 ul of sample was added to 200 ul Pierce BCA protein reagent, and bovine 

serum albumin (BSA) standards were run in each plate. Plates were incubated for 1 hr at 61.5°C 

and read at 562 nm on a spectrophotometer plate reader (BioTek® Synergy HT microplate 
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reader). A separate quadratic standard curve was created for each plate. ACE protein was 

calculated as a function of standard curve coefficients, extractant volume, sample weight, and 

absorbance corrected for background color of the solutions (see Equation 4 and R code available 

in Appendix). All samples were run in duplicate and a soil standard of similar pH and soil type to 

our field samples was run in each batch to control for batch variability. ACE protein was 

calculated using the following, Equation 4:  

ACE Protein (mg/g soil) = [(ax2 + bx + c) × y × 1 mg ] / (z × 1000 μg) 

Where a = coefficient of the x2 term from the standard curve, b = coefficient of the x term from 

the standard curve, c = intercept of the standard curve using stock standard values, x = average 

sample absorbance, y = volume extractant (24 mL in this protocol), and z = grams of soil 

extracted.  

1.2.12 Aggregate Stability  
All “aggregates” referred to in results of this study are water-stable aggregates. Water 

stability of soil aggregates was performed following Soil Health NRCS Technical Note 450-03 

(Stott, 2019). In 2020, water stability of soil aggregates was determined only on 0-15 cm soils, 

while in 2021 we assessed water stability of soil aggregates on both 0-15 and 15-30 cm soils. 

Briefly, 25 g of air-dried soil sieved to 8mm were pre-wet with capillary action and then run in a 

Yoder-style wet sieving apparatus with sieves of sizes 2.00 mm, 500 μm, 250 μm, and 53 μm for 

10 minutes. Aggregates remaining in each sieve were oven dried at 50°C degrees, weighed, and 

then rinsed through their respective sieve size. Any sand and gravel not passing through the sieve 

were collected, dried, weighed, and used to correct the aggregate weight. We present the data 

both as the weight fraction, the weight of each aggregate size class as a fraction of the original 



 

  
  

        
20 

 
 

sample weight, and as the mean weight diameter (MWD) of aggregates. We calculated the MWD 

using Equation 5:  

MWD = ∑!"#1 𝑋iwi  

where Xi is the mean diameter of each size fraction (mm) and wi is the weight fraction of the 

aggregate size. MWD of the sample is calculated as the sum of MWD of each fraction.  

1.2.13 Data Analysis  
All analyses were conducted with R version 4.0.2 (R Core Team, 2022). All data and R 

code are available on Github. Data were assessed for normality of distribution and homogeneity 

of variance by inspecting histograms and qq-plots and conducting Levene’s test using the car 

package (Fox and Weisberg, 2019). IWG system grain yields and all root biomass yields were 

log-transformed to obtain greater normality. Means in tables referenced in text refer to 

untransformed values.  

Analysis of variance (ANOVA) was performed on agronomic and soil responses using 

the lme command of the nlme package followed by a type III/marginal sum of squares ANOVA 

using nlme’s anova command (Pinheiro et al., 2022). In agronomic datasets, data were analyzed 

separately by year to account for differences in annual crops within treatments. Crop system was 

treated as a fixed effect and block as a random effect. For soils datasets, cropping system, year, 

and the interaction between cropping system and year were treated as fixed effects and block as a 

random effect. Where multiple depths were investigated in soils data, each depth was modeled 

separately because there are well established significant differences in soil physical/chemical 

properties at depth and relationships between depths were not of primary interest in this study. 
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Repeated measures ANOVAs were performed on soil moisture data separated by year, with 

cropping system and sampling date treated as fixed effects and plot nested within block as a 

random effect. For all datasets, Tukey’s post-hoc analysis was performed to determine 

differences in distributions between cropping systems nested by year using estimated marginal 

means via the emmeans package (Lenth, 2021). Significant differences for all analyses were 

determined at p < 0.05, and marginally significant differences at p < 0.10. 

1.4 Results 

1.4.1 Agronomic Yields 
Perennial crop treatment (IWG vs IWG-alf) significantly affected IWG grain yield and 

IWG straw yield in both 2020 and 2021 and harvest index and total aboveground biomass in 

2020  (Table 1.2.1). IWG grain and total biomass yields were higher in 2021 than in 2020 across 

both IWG and IWG-alf systems, and mean alfalfa yield was 122% higher in 2020 compared to 

2021. In 2020, grain yield in the IWG-alf system was 12% of that of the IWG monoculture 

system grain yield. In contrast, total aboveground biomass of the IWG-alf was 150% greater than 

the IWG monoculture biomass yield. In 2021, IWG grain yield was again  higher in the IWG 

monoculture than in the IWG-alf (Table 1.3.1). However, total system biomass was similar 

across the systems due to the biomass inputs of alfalfa.  

In the annual systems, crop treatment (annual vs. annual-cc) affected soybean yield in 

2020 and marginally contributed to variance in silage yields in 2021 (Table 1.2.2). However, 

there were no differences in the means of 2020 soybean yield or 2021 maize silage yield between 

treatments (Table 1.3.2; Table S1.5). In 2021, silage moisture content was not influenced by crop 

treatment. 
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1.4.2 Belowground biomass  
 Depth (F = 54.77, p <0.0001), crop (F=35.8243, p <0.0001), year (F = 203.86, p < 

0.0001), and the interaction between depth and crop  (F = 3.45, p = 0.0005) all  affected log-

transformed root weight. In 2020, mean root biomass at 0-15 cm depth was four times greater in 

IWG and IWG-alf compared to annual and annual-cc (Table 1.4). In 2021, root biomass was 

highest in IWG and IWG-alf compared with the annual and annual-cc. Below the 0-15 cm depth, 

there were no differences in mean root biomass by cropping system.   

 

 
Harvest Index 

(%) 
IWG Grain Yield 

(kg/ha) 
System Total 

Biomass (kg/ha) 
IWG Straw Yield 

(kg/ha) 
Year Predictor F-value p-value F-value p-value F-value p-value F-value p-value 

2020 Crop 18.42 0 5.51 0.025 22.84 0 17.75 0 

2021 Crop 0.96 0.334 12.37 0.001 0.84 0.366 19.33 0 
Table 1.2.1: Results of mixed-effects ANOVAs with Year and Crop as fixed effects and Block as 

a random effect. Separate ANOVAs were performed for each year.  

 Soybean Yield (kg/ha) Silage Yield (kg/ha) Silage Moisture (%) 
Predictor F-value p-value F-value p-value F-value p-value 

Crop 3.05 0.09 0.03 0.86 0.15 0.699 
Table 1.2.2: Annual systems results of mixed-effects ANOVAs with Crop as a fixed effect and 

Block as a random effect.  
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                           2020 2021 
 IWG IWG-alf IWG IWG-alf 
 Mean SE  Mean SE  Mean SE  Mean SE  
Harvest Index (%) 10.3 2.1 b 2.8 0.7 a 9.9 1.2 a 9.2 1.8 a 
IWG Grain Yield 

(kg/ha) 361.2 88 b 43.1 12.4 a 466.3 67.2 b 303.5 57.3 a 
IWG Straw Yield 

(kg/ha) 2837.6 408 b 1253.4 170 a 4752.9 431.2 b 3276.2 312.4 a 
IWG System Total 
Biomass (kg/ha) 2837.6 408 a 4281.2 215.1 b 4752.9 431.2 a 4639.6 310.2 a 

Table 1.3.1: Means and standard errors of IWG system agronomic metrics. Letters represent 

significant differences shown by Tukey’s HSD test on estimated marginal means. 

                                      2020 2021 
 Annual Annual-cc Annual Annual-cc 
 Mean SE Mean SE Mean SE Mean SE 

Soybean Yield 
(kg/ha) 3848.0 267.5 4251.6 130.8 NA NA NA NA 

Silage Biomass 
(kg/ha) NA NA NA NA 31710.4 4538.9 36645.8 2617.7 

Silage Moisture 
Content (%) NA NA NA NA 76 1 76 1 

Table 1.3.2: Means and standard errors of annual system agronomic metrics. There were no 

differences in groups shown by Tukey’s HSD.  
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  Annual Annual-cc IWG IWG-alf 

Year Depth 
Root 

Biomass  SE  
Root 

Biomass  SE  
Root 

Biomass  SE  
Root 

Biomass  SE  

2020 

0-15 0.22 0.02 a 0.35 0.05 a 1.23 0.06 b 1.19 0.1 b 
15-30 0.37 0.05 a 0.15 0.01 a 0.38 0.02 a 0.35 0.02 a 
30-45 0.09 0.01 a 0.15 0.01 a 0.22 0.02 a 0.16 0.01 a 
45-60 0.06 0.01 a 0.12 0.01 a 0.12 0.01 a 0.13 0.01 a 

2021 

0-15 0.77 0.04 a 0.94 0.03 a 3.37 0.14 c 2.24 0.15 b 
15-30 0.5 0.05 a 0.51 0.02 a 0.92 0.02 a 0.76 0.03 a 
30-45 0.28 0.01 a 0.39 0.02 a 0.64 0.04 a 0.56 0.04 a 
45-60 0.24 0.01 a 0.28 0.01 a 0.37 0.01 a 0.44 0.02 a 

Table 1.4: Mean root biomass (Mg/ha) by cropping system and results of Tukey's HSD post-hoc 

tests. Pairwise comparisons calculated for each depth and year individually 

1.4.3 Soil Moisture 

Soil moisture varied by depth and sampling date in both years of the experiment (Figure 

1.2). Soil moisture varied by sampling date at all depths except 100 cm in both years 

(Supplementary Table 1.2). In 2020, soil moisture content at 10-30 cm depth varied throughout 

the season while at 40-60 cm it generally trended lower from June to November. In 2021, soil 

moisture at all depths except 100 cm trend lower from May to August reflecting little 

precipitation accumulation in drought conditions.  

 In both 2020 and 2021, crop did not affect soil moisture across the growing seasons. 

However, the interaction between crop and date affected soil moisture at 10, 20, 30 and 60 cm in 

both years (Table 1.5).  On individual dates in 2020, IWG frequently had higher soil moisture at 

depth compared to annual. On July 11 and August 15 and 29th, 2020, IWG had greater soil 

moisture at 40 cm depth than annual (Figure 1.2; Table S1.5). In contrast to 2020 trends, in June-

August 2021, soil moisture trended lower in IWG compared to annual. Soil moisture was  higher 



 

  
  

        
25 

 
 

in the annual system than in the IWG system at 20 and 30 cm depths on June 9 and June 25, 

2021, and also at 60 cm depth on June 25, 2021(Figure 1.2; Table S1.5).  

 

Figure 1.2: Total volumetric soil water content for each cropping system at six soil depths in 

2020 and 2021. Error bars represent one standard error of the mean. * Indicates sampling dates 

with significantly (p < 0.05) or marginally significantly (p < 0.10) different soil moisture 

between cropping systems; specific cropping systems and results of comparisons of means tests 

are available in Supplementary Table 1.4.
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  10 cm 20 cm 30 cm 40 cm 60 cm 100 cm 
Year Predictor F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value 

2020 
Crop 0.11 0.951 0.19 0.904 0.97 0.419 1.02 0.397 0.26 0.853 1.37 0.266 
Date 26.05 0 12.28 0 9.57 0 6.7 0 7.16 0 0.33 0.94 

Crop:Date 2.68 0 2.34 0.001 1.9 0.012 1.3 0.176 1.5 0.077 0.91 0.576 

2021 

Crop 0.05 0.985 0.78 0.51 0.41 0.749 0.99 0.407 0.23 0.876 1.27 0.298 

Date 46.77 0 9.58 0 14.49 0 15.4 0 8.05 0 1.49 0.209 
Crop:Date 3.08 0 4.79 0 5.14 0 1.39 0.18 2.05 0.024 1.07 0.393 

Table 1.5: Results of mixed-effects with repeated measures ANOVAs of soil moisture profile over time. Crop, date, and the 

interaction of crop and date were treated as fixed effects and block was treated as a random effect. Separate ANOVAs were run for 

each year and depth.  
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Total Aggregate 
Weight Fraction 

2 mm Aggregate 
Weight Fraction 

500 um Aggregate 
Weight Fraction 

250 um Aggregate 
Weight Fraction 

53 um Aggregate 
Weight Fraction 

Mean Weight 
Diameter 

Depth Predictor F-value p- value F-value p- value F-value p- value F-value p- value F-value p- value F-value p- value 

0-15 
Crop 1.04 0.38 1.98 0.12 1.94 0.13 2.44 0.07 1.85 0.15 1.95 0.13 
Year 3.32 0.07 15.07 0 8.47 0 24.99 0 16.66 0 13.39 0 
Crop:Year 0.71 0.55 0.86 0.47 1.76 0.16 0.33 0.81 0.56 0.64 0.76 0.52 

15-30 Crop 1.23 0.31 4.04 0.01 3.46 0.03 4.07 0.01 0.01 1 3.17 0.03 
Table 1.6: Water stability of soil aggregates results of mixed-effects ANOVAs. For 0-15 cm depth, Crop, Year, and the interaction of 

Crop and Year are treated as fixed effects and block as a random effect. Aggregate stability on 15-30 cm depth fraction was only 

determined on 2021 samples, so for 15-30 cm depth, Crop is the sole fixed effect and block is a random effect.  
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1.4.4 Soil Physical Properties 
Total aggregate weight, mean weight diameter of aggregates, and the weight of each 

aggregate size fraction varied across the two years of the experiment at both 0-15 and 15-30 cm 

depth (Table 1.6). The interaction of crop and year did not affect MWD or aggregate fractions at 

0-15 cm depth, suggesting that all crops responded similarly to the year-to-year changes in 

growing conditions. Aggregate stability was not assessed at 15-30 cm depth on 2020 samples. At 

0-15 cm depth, crop had a marginal effect on the weight of the 250 um fraction aggregate 

fraction. In 2021, the mean annual 250 um weight fraction (0.14%) was larger than the mean 

IWG 250 um weight fraction (0.11%). At 15-30 cm depth in 2021, crop had an effect on the size 

of the 2 mm, 500 um, and 250 um fractions, as well as on total mean weight diameter. At the 15-

30 cm depth, IWG had larger 2mm fractions (30%) than annual (21%) and annual-cc (22%) 

systems, lower 500 um fraction (28%) than annual-cc (33%) systems, and lower 250 um fraction 

(17%) than annual and annual-cc systems (both 21%) (Table 7). 15-30 cm soil MWD of the IWG 

(1.93 mm) was higher than MWD of the annual (1.55).  

Mean soil sorptivity on June 22, 2021 was  lower in IWG plots (0.15 cm/sec0.5) than in 

annual (0.21 cm/sec0.5) and annual-cc (0.25 cm/sec0.5) plots. While not statistically significant, 

soil sorptivity in the IWG-alf system (0.18 cm/sec0.5) also trended lower than in the annual 

systems.  
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Figure 1.3: 2021 aggregate mean weight diameter and weight fractions at 0-15 and 15-30 cm 

depth by cropping system. Letters refer to significant differences in means, Tukey’s HSD. 
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Total 
Aggregate 

Weight 
Fraction 

2 mm 
Aggregate 

Weight Fraction 

500 um 
Aggregate 

Weight Fraction 

250 um 
Aggregate Weight 

Fraction 
53 um Aggregate 
Weight Fraction 

Mean Weight 
Diameter 

Depth Year Crop Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  

0-15 

2020 annual 0.96 0.11 a 0.26 0.03 a 0.28 0.03 a 0.28 0.1 a 0.14 0.02 a 1.78 0.17 a 
2020 annual-cc 0.85 0.04 a 0.28 0.02 a 0.31 0.02 a 0.16 0.02 a 0.1 0.02 a 1.84 0.09 a 
2020 IWG 0.9 0.04 a 0.33 0.02 a 0.27 0.02 a 0.14 0.01 a 0.16 0.04 a 2.02 0.12 a 
2020 IWG-alf 0.88 0.02 a 0.33 0.04 a 0.25 0.03 a 0.15 0.02 a 0.14 0.02 a 2.07 0.22 a 
2021 annual 0.89 0.01 a 0.33 0.02 a 0.31 0.01 a 0.15 0.01 b 0.1 0.01 a 2.12 0.11 a 
2021 annual-cc 0.89 0.01 a 0.37 0.02 a 0.31 0.01 a 0.13 0.01 ab 0.09 0.01 a 2.31 0.08 a 
2021 IWG 0.89 0.01 a 0.37 0.02 a 0.32 0.01 a 0.11 0.01 a 0.09 0.01 a 2.29 0.09 a 
2021 IWG-alf 0.89 0.01 a 0.36 0.02 a 0.32 0.01 a 0.12 0.01 ab 0.09 0.01 a 2.28 0.11 a 

15-30 

2021 annual 0.87 0.01 a 0.21 0.02 a 0.31 0.01 ab 0.21 0.01 b 0.14 0.01 a 1.55 0.09 a 
2021 annual-cc 0.89 0.01 a 0.22 0.02 a 0.33 0.01 b 0.21 0.01 b 0.14 0.01 a 1.6 0.09 ab 
2021 IWG 0.88 0.01 a 0.3 0.02 b 0.28 0.01 a 0.17 0.01 a 0.13 0.01 a 1.93 0.11 b 
2021 IWG-alf 0.87 0.01 a 0.24 0.02 ab 0.3 0.01 ab 0.19 0.01 ab 0.13 0.01 a 1.68 0.1 ab 

Table 1.7: Means and standard errors of water stability of soil aggregates by cropping system, year, and depth. Letters represent results 

of Tukey’s HSD tests comparing means of aggregate fractions by cropping system. 
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1.4.5 Soil Chemical Properties 

Crop had marginal effects on Total C (F= 2.42, p = 0.07) at 0-15 cm depth and affected 

Total C (F=2.95, p=0.03) at 15-30 cm depth. Crop had marginal effects on total N (F = 2.28, p 

=0.08) at 15-30 cm depth (Table 1.9). There were no differences in total C at 0-15 cm depth 

between cropping systems in either 2020 or 2021. However, total C trended lower in both IWG 

systems compared to annuals in 2020 and 2021 (Table 8). At 15-30 cm depth, total soil C was 

higher in annual (2.27%) compared to IWG (2.08%) systems in 2020 but not 2021. In 2021 at 0-

15 cm depth, total N was  higher in annual systems (2.7 g/kg) than the IWG systems (2.5 g/kg).  

There were no differences in mean distribution of POXC, a labile carbon fraction, across 

cropping systems or year. However, there was a marginal influence of crop on ACE protein at 0-

15 cm depth (F = 2.5, p = 0.06), and crop and year interaction on ACE protein (F=2.55, p = 0.06) 

at 15-30 cm depth. ACE protein trended higher in IWG-alf systems, though there were no 

pairwise differences in means between cropping systems.  

Crop affected soil P at 15-30 cm (F = 4.23, p = 0.01) depth, soil K at 15-30 cm depth (F = 

6.01, p < 0.01), and soil pH at 0-15 (F = 11.0, p <0.01) and 15-30 (F = 2.73, p = 0.05) depths. 

The interaction between crop and year also  affected soil K at both depths (0-15 F = 8.48, P<0.01 

and 15-30 F= 5.67, p <0.01) and marginally  affected soil P (F = 2.53, p = 0.06) at 15-30 cm 

depth and pH (F = 2.23, p = 0.09) at 0-15 cm depth. At 0-15 cm, soil K did not differ between 

individual systems in 2020 but in 2021 was  higher in both IWG and IWG-cc systems (122 and 

123 mg/kg) than annual and annual-cc systems (105 and 100 mg/kg). Conversely, soil K at 15-30 

cm depth in 2020 was  lower in both IWG and IWG-alf systems (71 and 75 mg/kg) than in the 

annual system (81 mg/kg). Soil P was lower at 15-30 cm depth in 2020 in IWG and IWG-alf 

(10.4 and 10.8 mg/kg) than in annual systems (12.95). In 2021 at 0-15 cm, soil pH was higher in 

IWG (7.34) and IWG-alf (7.2) systems than annual-cc (6.96), and higher in IWG than annual 
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(7.13). Differences in pH emerging in 2021 appear to solely reflect a change in the annual 

systems; annual and annual-cc system pH decreased between 2020 (7.28 and 7.19) and 2021 

(7.13 and 6.96), while IWG-alf pH decreased slightly (7.3 to 7.20) and IWG system pH did not 

change (7.34). For all other soil macro and micro-nutrients, there were no  differences in group 

mean distributions by crop or between means of individual cropping systems.  

There was a significant or marginally significant difference in the mean values of almost 

all of the soil chemical attributes tested between years 2020 and 2021 at both 0-15 and 15-30 cm 

depths, with the exception of Total C, Total N, and Ca. However, there was no significant 

interaction between cropping system and year for most of these soil chemical attributes, with the 

exception of K, P, and ACE, as discussed above.
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Total C 

(Weight %) 
Total N 

(Weight %) CN Ratio 
ACE Protein 
(mg/g soil) 

POXC (mg/kg 
soil) 

OM (Weight 
%) 

Depth Year Crop Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  

0-15 

2020 

annual 2.8 0.0 a 0.3 0.0 a 10.9 0.1 a 5.7 0.2 a 649.7 23.6 a 4.3 0.1 a 
annual-cc 2.8 0.0 a 0.3 0.0 a 10.8 0.1 a 5.6 0.1 a 692.6 13.3 a 4.4 0.1 a 

IWG 2.7 0.0 a 0.3 0.0 a 10.8 0.1 a 5.5 0.1 a 663.9 20.9 a 4.4 0.1 a 
IWG-alf 2.7 0.0 a 0.3 0.0 a 10.9 0.1 a 5.7 0.1 a 681.7 18.1 a 4.4 0.1 a 

2021 

annual 2.9 0.0 a 0.3 0.0 b 10.8 0.1 a 5.2 0.1 a 758.2 5.1 a 4.3 0.0 a 
annual-cc 2.9 0.1 a 0.3 0.0 ab 10.9 0.1 a 5.4 0.1 a 754.6 4.5 a 4.3 0.0 a 

IWG 2.7 0.1 a 0.2 0.0 a 11.0 0.1 a 5.3 0.1 a 751.4 6.6 a 4.3 0.1 a 
IWG-alf 2.8 0.1 a 0.3 0.0 ab 11.1 0.1 a 5.6 0.1 a 763.8 6.6 a 4.4 0.0 a 

15-30 

2020 

annual 2.3 0.1 b 0.2 0.0 a 10.7 0.1 a 4.2 0.1 a 525.9 32.2 a 3.8 0.1 a 
annual-cc 2.2 0.1 ab 0.2 0.0 a 10.5 0.1 a 4.1 0.1 a 522.4 29.8 a 3.7 0.1 a 

IWG 2.1 0.1 a 0.2 0.0 a 10.5 0.2 a 3.8 0.1 a 474.4 33.8 a 3.7 0.1 a 
IWG-alf 2.3 0.1 ab 0.2 0.0 a 10.8 0.1 a 4.2 0.2 a 469.2 26.7 a 3.8 0.1 a 

2021 

annual 2.2 0.1 a 0.2 0.0 a 10.9 0.1 a 3.7 0.1 a 691.2 8.5 a 3.6 0.1 a 
annual-cc 2.2 0.1 a 0.2 0.0 a 10.9 0.1 a 3.9 0.2 a 688.4 9.1 a 3.6 0.1 a 

IWG 2.2 0.1 a 0.2 0.0 a 11.0 0.1 a 3.9 0.1 a 686.2 8.1 a 3.6 0.1 a 
IWG-alf 2.3 0.1 a 0.2 0.0 a 10.9 0.1 a 4.0 0.2 a 698.5 10.3 a 3.7 0.1 a 

Table 1.8.1: Means and standard errors of soil chemical properties by cropping system, year, and depth. Letters represent results of 

Tukey’s HSD tests comparing means of aggregate fractions by cropping system.  
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   pH CEC (meq) P (mg/kg soil) 
K (mg/kg 

soil) Ca (mg/kg soil) 
Mg (mg/kg 

soil) 
Na (mg/kg 

soil) 
Depth Year Crop Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  

0-15 

2020 

annual 7.3 0.1 a 17.6 0.2 a 17.6 1.3 a 124.1 2.9 a 2756.4 49.6 a 404.0 7.3 a 18.4 0.7 a 
annual-cc 7.2 0.0 a 17.3 0.3 a 13.8 0.8 a 122.1 4.2 a 2682.8 53.8 a 404.8 4.4 a 17.2 0.5 a 
IWG 7.3 0.0 a 17.1 0.3 a 14.8 0.7 a 116.4 4.2 a 2669.9 51.1 a 396.3 8.4 a 17.7 0.8 a 
IWG-alf 7.3 0.0 a 17.1 0.2 a 15.4 1.3 a 117.6 4.3 a 2672.4 40.2 a 396.6 7.3 a 17.5 0.6 a 

2021 

annual 7.1 0.1 ab 17.9 0.2 a 19.5 1.6 a 104.8 2.6 a 2753.1 47.3 a 424.5 7.6 a 12.9 0.4 a 
annual-cc 7.0 0.1 a 17.3 0.2 a 17.9 1.6 a 99.9 2.5 a 2625.7 45.7 a 417.6 6.6 a 13.6 0.6 a 
IWG 7.3 0.0 c 17.5 0.3 a 15.2 0.8 a 122.1 4.9 b 2728.2 66.6 a 415.9 8.2 a 13.9 0.7 a 
IWG-alf 7.2 0.1 bc 17.6 0.3 a 15.5 1.1 a 123.1 4.8 b 2714.4 48.2 a 420.8 6.7 a 13.7 0.5 a 

15-30 

2020 

annual 6.7 0.1 a 15.9 0.2 a 13.0 0.5 b 81.3 3.1 b 2265.4 57.9 a 406.0 6.4 a 21.2 0.7 a 
annual-cc 6.6 0.0 a 15.9 0.2 a 11.4 0.7 ab 76.9 1.5 ab 2192.0 28.8 a 417.8 4.1 a 20.3 0.5 a 
IWG 6.7 0.1 a 15.4 0.2 a 10.4 0.5 a 71.0 1.6 a 2181.6 46.8 a 405.4 6.3 a 21.5 0.8 a 
IWG-alf 6.7 0.1 a 15.6 0.2 a 10.8 0.5 a 74.6 1.4 a 2204.7 29.0 a 408.9 5.9 a 21.1 0.8 a 

2021 

annual 6.6 0.1 a 16.2 0.2 a 10.6 0.7 a 67.9 1.3 a 2215.7 35.6 a 436.0 9.0 a 17.0 0.6 a 
annual-cc 6.5 0.0 a 16.0 0.2 a 9.2 0.6 a 67.2 1.2 a 2153.4 27.6 a 443.1 6.1 a 17.2 0.7 a 
IWG 6.6 0.1 a 16.2 0.3 a 10.4 0.6 a 70.9 1.8 a 2233.8 59.8 a 447.8 7.5 a 18.5 0.7 a 
IWG-alf 6.5 0.1 a 16.1 0.2 a 10.5 0.5 a 70.5 1.7 a 2183.2 28.0 a 443.7 6.5 a 17.0 0.4 a 

Table 1.8.2: Means and standard errors of soil chemical properties by cropping system, year, and depth, continued. Letters represent 

results of Tukey’s HSD tests comparing means of aggregate fractions by cropping system.
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Figure 1.4: Boxplots of Total C and Total N at depths where there were  differences between 

cropping systems. Letters refer to statistically significant differences in means, Tukey’s HSD.  

1.5 Discussion  

 Current agricultural production systems are especially vulnerable to yield decline and 

climate extremes because of poor soil health caused by decades of soil-degrading agricultural 

management practices (Oldfield et al., 2019; Gaudin et al., 2015; Williams et al., 2016; Kane et 

al., 2021). We explored the capacity of annual cover crops combined with reduced tillage, and 

the perennial grain and forage crop IWG, and IWG with legume intercropping to improve soil 

physical structure and soil nutrient and C pools. In line with our hypotheses, we observed 

increased root biomass, increased water stable aggregate size, more stable pH and K, and 
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differences in soil water content by depth and sampling time in IWG systems relative to maize-

soybean annual systems after two years. We also observed no differences in soil quality between 

IWG and IWG-alf systems or annual and annual-cc systems, respectively, suggesting that within 

a given annual or perennial crop regime, diversification and reduced soil disturbance do little to 

enhance soil quality on a two year timescale.  

1.5.1 Crop Yield  
Modern annual cropping systems produce high per acre yields, but the intensive tillage, 

lack of plant functional diversity, high fertilizer requirements, seasonal bare soil, and short and 

shallow root systems inherent to these systems have negative impacts on soils and the 

environment (Van Oost et al., 2006; Tamburini et al., 2020). While perennial IWG and IWG-

legume bioculture systems do not have these negative management attributes, they currently 

produce much lower grain yields (Law et al., 2022b).  In this study, we did not assess yield 

differences or conduct an economic comparison of annual maize/soybean and IWG treatments. 

We did, however, investigate whether IWG vs. IWG-alf and annual vs. annual-cc systems 

produced relatively different yields and aboveground biomass, and assessed differences in 

belowground biomass between all four cropping systems.  

Intercropping IWG with perennial legumes is a promising management strategy that 

increases crop system diversity, reduces fertilizer needs due to the fertilizer equivalency of the 

legume crop (Ryan et al., 2018), and improves the quality and quantity of forage in systems 

managed for dual-use grain and forage production. Previous studies have found that planting a 

perennial legume intercrop such as alfalfa between rows of IWG can sometimes lead to grain 

yield reductions of ~30% (Crews et al., 2022) to 60-80% (Tautges et al., 2018) in stand year 1, 

when competition from legume intercrops may outweigh the positive effects of N fixation and 
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transfer on grain yields (Reilly et al., 2022b; Crews et al., 2022; Hayes et al., 2017). In later 

years, grain yields are generally comparable or slightly higher in the intercropped systems 

(Crews et al., 2022; Tautges et al., 2018). However, other studies in various sites have found that 

grain yield is not lower in IWG-legume biculture systems even in the establishment year  (ex. 

Reilly et al., 2022b; Dick et al., 2018; Law et al., 2022 a). We found that in Year 1, average grain 

yield in IWG-alf systems was only 12% of that of IWG monocultures, and in Year 2 it was 65% 

that of IWG monocultures. Alfalfa accounted for about 70% of the aboveground biomass of the 

IWG-alf system in Year 1, which likely severely limited IWG tillering and grain production. 

Agronomic approaches to identify and manage the relative abundance of species in a perennial 

grain/legume intercrop are needed. Innovative crop establishment strategies such as seeding 

alfalfa directly into an existing IWG stand could also promote IWG populations in an 

intercropping environment and potentially mitigate grain yield losses as part of a longer-term 

perennial crop rotation.  

Despite grain yield reductions, we found that the total system aboveground biomass (i.e. 

forage yield) was 50% greater in IWG-alf systems compared to IWG systems in Year 1 though 

similar across systems in Year 2. This is similar to other findings of IWG legume intercrops 

managed for forage or dual-use grain and forage production (Ryan et al., 2018; Reilly et al., 

2022b; Law et al., 2022a). Since ~50% of revenue in a dual-use managed system can come from 

forage sales (Law et al., 2022a), the economic loss of potentially lower grain yield in a biculture 

system could be overcome by the sale of more and higher-quality forage that we and other 

researchers have documented (Law et al., 2022a). For example, Law et al. (2022a) found that 

forage revenue increased ~28% in an IWG-red clover intercropped system compared with IWG 

monocrop. Additionally, legume intercrops may reduce fertilizer requirements (Hayes et al., 
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2016; Crews et al., 2022; Reilly et al., 2022b). Recent research has estimated that alfalfa 

intercrop in IWG fixes 54-162 kg N ha−1 yr−1 (Crews et al, 2022) and several studies have 

demonstrated evidence of legume-fixed N transfer to IWG two and three years after system 

establishment (Reilly et al., 2022b; Crews et al., 2022). Finally, Law et al (2022b) demonstrate 

perennial weed suppression by legume intercrops, which may result in reductions in herbicide 

and other weed management costs.  

Average soybean yield in 2020 was 3848 kg/ha in the annual treatment and 4251.6 kg/ha 

in the annual-cc treatment, which was comparable to the 2020 Dakota county average of 3,573 

kg/ha (USDA, 2021). In 2021, Dakota county average maize silage yield was 60,526 kg/ha, 

almost twice as much as our wet yields of 31,710 kg/ha (annual) and 36646 (annual-cc) (USDA, 

2022), perhaps because much of the sillage corn in our area is irrigated and we harvested a bit 

late. We found no differences in 2020 soybean or 2021 maize silage yields between annual and 

annual-cc systems, suggesting that cover cropping and reduced tillage can be adopted without the 

expectation of positive or negative short-term yield impacts. Previous meta-analyses have 

similarly shown that winter cover cropping has either very little mixed effects or no effect on the 

yield of fertilized grain systems (Abdalla et al., 2019; Bergtold et al., 2019; Miguez and Bollero, 

2005) especially when using chemical and mechanical weed control methods (Osipitan et al., 

2018). Long-term conservation tillage may convey small but positive improvements in maize 

(~3%) and soybean (~1%) yields throughout the US corn belt (Deines et al., 2019). Any potential 

yield impacts of our two annual system management treatments will therefore likely take longer 

than two years to accumulate and will likely be minimal.   
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1.5.2 Root biomass 

High root biomass is an important trait of perennial crops including IWG because it 

drives improved ecosystem services such as drastically reduced nitrate leaching relative to 

annual counterparts (Reilly et al., 2022a; Jungers et al., 2019; Bergquist, 2019). Increased root 

biomass and deeper root systems may also facilitate improvements in soil physical quality as root 

channels increase soil infiltration and storage capacity (Jotisankasa and Sirirattanachat, 2017; 

Guo et al., 2019; Liu et al., 2020) and root exudates and higher fungal biomass lead to increased 

soil aggregation (Rillig et al., 2015; Baumert et al., 2018). Finally, deep root biomass also allows 

for deep soil water use (Maeght et al., 2013). In both the first and second years of production, we 

find that IWG and IWG-alf systems have more than 4 times the root biomass of annual and 

annual-cc systems in the top 0-15 cm of soil, but that there are no significant differences in root 

biomass at deeper depths. These differences between annual and IWG systems are in line with 

previous results (Sprunger et al., 2019; Berguqist, 2019), and IWG is known to produce 60–75% 

of its roots in the upper 15- to 20 cm below the soil surface (Sainju et al., 2017; Bergquist, 2019; 

Dobbratz, 2019). In addition, we found that surface 0-15 cm soil root biomass was greater in 

IWG than IWG-alf systems in 2021. This is likely a result of known differences in the root 

architectures of IWG and alfalfa; alfalfa typically has a deep taproot while IWG has a diffuse and 

relatively shallower root structure (Clément et al., 2022; Rakkar et al., 2023). In 2021, we saw 

trending increases in root biomass in IWG systems at 15-60 cm depth, likely enabled by an 

additional growing season for plant establishment and driven by the IWG shifting resources 

deeper in the soil in response to drought stress (Maeght et al., 2013).  
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1.5.3 Soil Moisture Profile  

We found contrasting soil water profile dynamics between annual and IWG crops 

throughout 2020 and 2021 which suggest an influence of crop type, plant physiological stage, 

and drought on evapotranspiration, soil water content, and water drainage. Similar to previous 

studies (Reilly et al., 2022a; McIsaac et al., 2010), we found ~20-40% greater soil water content 

under IWG compared to annual at 20-60 cm depths from August-September 2020 (Figure 1.2; 

Table S1.5), suggesting relatively higher mid-season water use by annual crops in their 

vegetative stage compared to IWG post-anthesis. We also found that in June 2021, soil moisture 

content was ~20-40% lower in IWG compared to annual systems at 10, 20, 30 and 60 cm depths, 

echoing previous research documenting higher water use by IWG during its vegetative stage 

(Reilly et al., 2022a; McIsaac et al., 2010) and potentially high water use at depth. While de 

Oliveira et al. (2018) report that annual evapotranspiration from IWG systems is ~ 7% higher 

than that of maize and ~24% higher than that of soybean,  IWG has highest evapotranspiration 

rates (de Oliveira et al., 2020) and soil water use during its reproductive stage, which occurs 

mid-May to early June, and during vegetative regrowth that occurs from September to the onset 

of winter, when IWG can produce 3,000 kg of biomass per hectare (Hunter et al., 2020). It is 

fairly efficient with water use throughout July and August, when heat and drought stress tend to 

be more prevalent in the midwest (Mårtensson et al., 2022). In contrast, rainfed soybean and 

maize tend to reach maximum evapotranspiration rates about 60 days after planting, in mid-July, 

and maintain this high evapotranspiration for several months (Suyker and Verma, 2009), which 

as we saw may result in low soil moisture levels and higher water stress during this more 

drought-prone season. In climates with frequent water stress/drought in the summer, IWG may 

be more drought resilient than annual counterparts due to the timing of its water use in spring 

and fall when water stress is less prevalent.   
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Beyond physiological differences driving water use differences through time, we found 

some evidence of increased ability to access water deep in the soil profile in IWG systems under 

drought conditions. In addition to the June 2021 water content differences between IWG and 

annual referenced earlier, in August 2021, soil moisture content was significantly greater in 

annual (28%) vs. IWG systems (17%) at 100 cm depth and also trended greater at 60 cm depth. 

This suggests deep water use by IWG systems. In contrast, soil moisture content at depth in 

August 2020, a more average precipitation season, was not statistically different among annual 

and IWG systems, suggesting that deep soil water use by IWG may have been driven by water 

stress. Several studies have also reported lower soil water content under IWG compared to wheat 

(Culman et al., 2013), maize, and switchgrass (Jungers et al., 2019) throughout the growing 

season in coarse-structure soils more prone to water stress, especially at 50-100 cm depths. 

Increased water uptake by IWG is potentially beneficial for yield stability in drought or in 

conditions where nutrient leaching is of concern. It also could be detrimental in dry areas where 

soil water deficits persist between growing seasons and a greater total annual water use could 

deplete water reserves, limiting perennial crop persistence or future annual yields (Ryan et al., 

2018).  

Finally, in 2020 during mild drought, the IWG system generally had trending higher 

mean soil moisture content than the IWG-alf system (Fig. 2). Though IWG roots likely uptake 

more water relative to alfalfa down to 1-m depth (Clément et al., 2022), it is unsurprising that the 

IWG-alf system generally used more water than the IWG monoculture system because the 

biculture system produced ~50% more biomass than the monoculture system that year, requiring 

more water resources in total. Mårtensson et al., (2022) demonstrate that under drought 

conditions, there is indication of higher water use efficiency (WUE) by IWG in biculture IWG-
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alf system than monoculture IWG system, suggesting that alfalfa intercropping may protect the 

system from heat stress and allow for more efficient water use and higher biomass yields 

(Hatfield and Dold, 2019). In 2021, during a severe drought, biomass yields were not 

significantly different between IWG and IWG-alf systems and there were no clear differences in 

soil moisture. In summary, the rooting depth and structure of IWG may be better able to access 

needed water and therefore be more resilient to drought than annual systems, but the severity of 

drought may determine whether IWG bicultures are preferable to monocultures in terms of 

cropping system water use.  

1.5.4 Soil Physical Properties 
 Higher wet soil aggregate size and stability are desirable because they suggest resistance 

to water erosion and soil crusting (Amézketa, 1999), and are often associated with desirable 

increases in soil porosity, decreased greenhouse gas emissions, and increased SOM storage 

(Rabot et al., 2018). Aggregation is heavily tied to inherent soil properties such as texture and is 

generally improved by management practices that reduce soil structural disturbance, surface 

erodibility, and freeze-thaw consolidation (Leuther and Schlüter, 2021). It is also strongly driven 

by plant root traits and associated arbuscular mycorrhizal fungal traits in soil microbial 

communities (Rillig et al., 2015). For example, the polysaccharides excreted by roots have strong 

soil-binding properties (Galloway et al., 2020). We observed a 18-24% larger small 

macroaggregate pool (500 and 250 um), 42% smaller large macroaggregate pool (2 mm), and 

overall 25% lower MWD in annual compared to IWG systems two years after establishment. 

Rakkar et al. (2023) similarly found that in soils across MN, after two years maize/soybean 

rotational systems frequently had 35-50% smaller aggregate mean weight diameter than IWG 

systems, driven both by smaller large aggregate fraction and a greater small aggregate fraction. 
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Meta-analyses have previously established that perennial and no-till management tends to 

improve aggregate stability relative to moldboard plow and chisel plow management throughout 

the soil profile and across soil types (Nunes et al., 2020). The minimal soil disturbance, dense 

roots and associated increased root exudates, and enhanced fungal communities of IWG systems 

will likely lead to more significantly improved soil aggregation over management periods longer 

than two years as in other perennial grass systems (Chantigny et al., 1997).  

Notably, our annual treatment with strip-tillage and cover-cropping did not facilitate the 

same increases in soil aggregation as the IWG systems relative to the conventionally managed 

system. No-till management improves aggregate stability in the long run, especially in 

combination with cover cropping, but increases generally take at least three years to reach 

significant thresholds (Nunes et al., 2020). Similarly, cover cropping can improve wet aggregate 

stability in some soils, but effects generally take more than 2 years of management, and effects 

frequently do not last after cover crop termination, especially in tilled systems (Blanco-Canqui 

and Jasa, 2020). Therefore, it is unsurprising that we saw no significant differences between our 

two annual treatments. This indicates that IWG systems improve soil physical structure more 

quickly than cover-cropping and strip-tillage, eclipsing this positive benefit of sustainable annual 

management practices.  

Contrary to our hypothesis, surface sorptivity was significantly lower in IWG compared 

to annual treatment. Sorptivity is a measure of soil’s ability to rapidly absorb or desorb water by 

capillary action, the driving force of initial infiltration rates before gravity becomes a major 

factor (Smith 1999; Minasny and Cook, 2011).  We measured soil sorptivity as a proxy for 

overall infiltration, as the two are generally correlated (Smith, 1999). Soil infiltration is known to 

increase in perennial management due to vegetative cover, the absence of tillage, and continuous 
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roots facilitating greater pore space and decreased soil crust formation (Basche and DeLonge, 

2019).  While soil sorptivity under annual management can temporarily increase due to tillage, 

conservation tillage, and even no-till seeding due to loosening of soil, it then tends to decrease 

through the growing season due to settling, compaction, and soil crusting (Villarreal et al., 2017; 

Jakab et al., 2017). Perhaps we observed lower surface soil sorptivity in IWG systems because 

the annual systems were plowed on 5/12/2021, a little more than a month before sorptivity 

measurements were taken, and there had been very little rain since annual tillage/planting to 

cause surface soil crusts to re-form (Figure 1.1). Indeed, Rakkar et al. (2022) found that surface 

soil sorptivity trended greater in IWG systems than in maize-soybean systems in Oct. two years 

after system establishment at multiple MN sites including Rosemount.  

Generally in the long-term, infiltration is influenced more by subsurface conditions than 

soil surface conditions, and tillage-induced temporary increases in porosity are not as effective as 

natural structure-forming processes at increasing infiltration rates (Jakab et al., 2017; Bormann 

and Klassenn, 2008). Therefore, we may expect to see greater sorptivity in IWG systems and 

annual-cc systems compared to annual systems later in the growing season after more 

compaction or in a wetter year, or see overall higher infiltration rates under full infiltration 

measurements. Future research on soil quality in perennial grain systems should sample 

infiltration throughout the growing season to capture significant intra-annual variation (Bertoni 

et al., 1958) and could attempt to explore the influence that drought and rainfall timing have on 

infiltration and soil erosion.   

1.5.5 Soil Chemical Properties 
Soil nutrient availability, a factor of both nutrient concentration and soil pH, controls 

agronomic productivity and is affected by agricultural management practices. Our data suggest 
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that IWG systems may maintain surface-soil neutral pH and high soil K levels better than annual 

maize/soybean systems. We found that in the second year of cropping system treatments, the 

annual systems' soil pH and K dropped significantly compared to the IWG systems’ at 0-15 cm 

depth. These results are similar to those of Rakkar et al. (2023), who found lower pH and soil K 

levels in wheat systems compared to IWG systems after two years. We find no differences in K 

levels between IWG and IWG-alf systems after two years, suggesting that this more diverse 

system offers the same K stability as a monoculture system. We find this somewhat surprising 

given alfalfa is known to use large amounts of K relative to annual and annual forage crops, but 

we do not know of research quantifying K content of IWG forage tissues. Our results therefore 

highlight a need for future research investigating macronutrient concentrations in IWG tissues 

and K dynamics in IWG intercropped systems. The relative differences in pH change between 

annual and IWG systems are likely driven by fertilizer application; IWG monoculture systems in 

2021 received almost half of the amount of urea fertilizer (80 kg/ha) as annual systems (140 

kg/ha), and IWG-alf systems received none, in-line with established fertilizer recommendations 

(Jungers et al., 2017; Fernandez et al., 2020). Urea fertilizer application is known to be slightly 

acidifying to soils due to the nitrification of ammonium-N (ex. Bouman et al., 1995). In our 

relatively neutral and K-abundant soils, these slight decreases in pH and K availability would not 

be expected to impact annual system productivity. However, IWG could be a better management 

system to maintain neutral pH and soil K levels compared to a continuous annual maize/soybean 

rotation. For all other tested soil chemical attributes, the difference between years is likely due to 

drought conditions experienced in 2021.  

We observed lower total soil C levels in IWG compared to annual in year 1 (2020) at the 

15-30 cm depth, but this difference did not persist into year 2 (2021). Changes in total soil C are 
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not often observed when measured in consecutive years, thus these results were likely a type I 

error. However, Audu et al. (2022) found similar trends in reduced topsoil organic carbon stocks 

two years after IWG system establishment. This could be due to rhizosphere priming in the soil 

system, whereby increased IWG root biomass and root exudates lead to more active 

heterotrophic soil bacterial communities and temporarily lower total soil C (Cheng et al., 2013; 

Kuzyakov, 2010). Generally, total SOC is not very responsive to agricultural management 

practices in the short-term. Previous studies in IWG systems have seen few changes in this pool 

in surface soils in response to management over ~2-3 years or more (Sprunger et al., 2018; 

Sprunger et al., 2019; Rakkar et al., 2023), though some researchers have found increased SOC 

at 30-60 cm depth two years after IWG system establishment (Audu et al., 2022). On a decadal 

scale, conversion to unmanaged perennial vegetation or cellulosic biofuel crops increases SOC 

storage relative to annual crops (Paustian et al., 2019). Ledo et al. (2020) found that conversion 

from annual to a perennial crops increased SOC storage on average 11% over 100 cm profile in a 

20-year period. However, in the case of IWG grain and other perennial crops grown for food 

which will likely be terminated and rotated after 3-5 years for yield maintenance and pest 

management, it remains to be seen whether SOC can accumulate in perennial rotations with 

more frequent disturbance intervals.  

Several studies have found labile C fractions to be more responsive than total C fractions 

to perennial grain management, with early accumulation in the labile POXC (Sprunger and 

Robertson, 2018; Sprunger et al., 2019; van der Pol et al., 2022a), potentially mineralizable C 

(Culman et al., 2013), and particulate organic matter C fractions (Audu et al., 2022) in a span of 

several years. While not accompanied by increases in total soil C at the studied depths, increases 

in these fractions suggest enhanced nutrient cycling by microbial communities that may drive 
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increases in SOM over longer timescales (Culman et al., 2012; Hurisso et al., 2016).  However, 

other studies in other locations have found limited positive responses in labile C fractions under 

2-4 years of IWG vs. annual management (Rakkar et al., 2023; Sprunger et al., 2017; Sprunger et 

al., 2019b). We did not see responses in POXC or ACE protein (labile N) pools to perennial vs 

annual crop systems, potentially due to the initial relatively high fertility and SOC content of our 

experimental soils. Given the growing body of literature demonstrating few effects on total SOC 

and mixed effects on labile C pools in short-term 2-4 year rotations, future research seeking to 

investigate the C storage potential of perennial grain systems should perhaps focus on longer-

term experiments with perennialized rotations, minimal-disturbance crop termination and 

establishment methods, and assessing SOC stocks in the whole soil profile, not just in top soils 

(Button et al., 2022; Ledo et al., 2020).  

1.5.6 Soil property differences in IWG vs. IWG-alf treatments 
We expected to see increased ecosystem and soil physical and fertility co-benefits under 

IWG-legume intercropping driven by increased system diversity and facultative root activity 

(Ryan et al., 2018; Duchene et al., 2020). Diversifying crop rotations also results in modest 

improvements in soil physical and chemical qualities (Beillouin et al., 2021) and increased soil 

organic carbon storage (Young et al., 2021), while diversifying with intercropping offers more 

significant soil improvements through complementary facilitation processes (Beillouin et al., 

2021; Duchene et al., 2020). However, in the two years of this experiment, we found no evidence 

of differences or relative improvements in soil quality between IWG monoculture and IWG-alf 

intercrop systems. Significant benefits may accumulate on longer, decadal timescales (Ledo et 

al., 2020) and additional research is needed.  
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1.6 Conclusion 

Sustainable crop management strategies that improve soil health will be essential tools 

for building more resource efficient, climate resilient agricultural systems with lower 

environmental impacts. This study examined soil moisture, soil chemical quality, soil physical 

quality, and agronomic performance of IWG grown in monoculture, with an alfalfa intercrop, an 

annual maize/soybean rotation, and maize/soybean managed with cover crops and strip-tillage 

for the first two years of system establishment. IWG system yields demonstrated suppressed 

grain yield but improved forage yield in IWG-alf compared to IWG systems, while cover 

cropping and reduced tillage in the annual-cc system did not affect agronomic yields compared 

to the annual system. Overall, soil physical and chemical attributes varied more across years than 

cropping systems, highlighting the strong influence of climate and drought on soil and cropping 

system outcomes. Perennial grain systems began to alter and improve soil aggregation compared 

to both conventional and sustainably managed annual maize/soybean rotations, suggesting that 

soil structure improvements are more rapid under IWG systems than the commonly implemented 

annual system best management practices of reduced-tillage and cover cropping. Relative 

differences between systems in soil moisture along a 1-m depth profile reinforce existing 

knowledge of different water use patterns through time between IWG and annual systems and 

highlight IWG’s ability to access deep soil water in times of water stress. The IWG systems also 

displayed more stable, neutral soil pH and soil K concentrations than the annual systems. 

Nevertheless, we saw limited improvements in soil physical and chemical qualities in perennial 

systems two years post-establishment, echoing the large body of literature on grassland and 

perennial conversion which shows that significant relative improvements in soil health happen 

on timescales greater than 3-4 years and up to decades (Liebig et al., 2005; Cates et al., 2015; 

Scott et al., 2017; Nunes et al., 2020). IWG grown in short 3-4 year rotations with annuals may 
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offer limited soil quality improvements, especially in already fairly healthy soils, and the 

significant environmental co-benefits of these systems (ex. reduced nitrate leaching and inputs) 

may be relatively more impactful and reliable than soil health changes.  
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1.7 Supplementary Tables and Figures 

System(s) Crop Variety  Seeding 
Rate 

Row Spacing Planting 
Date 

Harvest 
Date 

IWG, 
IWG-alf 

IWG MN 
Clearwater  

13.5 
kg/ha 

30.5 cm  9/05/2019 8/4/2020, 
7/21/2021 
 

IWG-alf Alfalfa Bluejay 4hr 
(Blue River 
Seed) 

9 kg/ha Two alfalfa rows 
spaced 20.32 cm 
apart between 
each row of 
IWG.Spacing 
between IWG and 
alfalfa is 5.09 cm.  

9/05/2019 8/4/2020,  
7/21/2021 

Annual, 
annual-cc  

Soybea
n 

 395,000 
plants/ha 

30.5 cm 5/12/2020 9/22/2020 

annual-cc Winter 
Rye  

 92 kg/ha 20.23 cm 9/05/2019 5/4/2020 
(terminated 
5/7/2020) 

Annual, 
Annual-cc  

Maize Anderson 
611R 100 
Day CRM 
Roundup 
Ready corn 

83,950 
plants/ha 

76.2 cm 5/14/2021 
- 
5/17/2021 

8/12/2021 
(sillage) 

Annual-cc Vetch  39.2 
kg/ha 

20.23 cm 9/22/2020 5/4/2021 
(terminated 
5/12/2021) 

Supplementary Table 1.1: Agronomic information for 2020 and 2021 growing seasons. 
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Date Cropping 
System 

Target Plant Active 
Ingredient  

Concentratio
n (kg/ha) 

Purpose  

5/7/2020 Annual-cc Rye cover 
crop 

glyphosate 1.6 kg/ha Terminate 
cover crop 

5/12/2021 Annual-cc Vetch cover 
crop 

glyphosate 1.6 kg/ha Terminate 
cover crop  

6/15/2021 
and 
6/16/2021 

Annual and 
Annual-cc 

Weeds Glyphosate 1.6 kg/ha Weed 
Management 
between rows 

6/16/2021 Annual and 
Annual-cc 

Weeds 2, 4-D 1.1 kg/ha Weed 
management 
between rows 

Supplementary Table 1.2a: Herbicide Treatments and Timing in 2020 and 2021 growing seasons. 

Date System(s) Fertilizer Concentration  Purpose 

4/30/2020 IWG Urea 90 kg N/ha Spring N application prior to 
stem elongation 

4/20/2021 IWG Urea 90 kg N/ha Spring N application prior to 
stem elongation 

5/17/2021 Annual, 
annual-cc 

Urea 70 kg N/ha Spring N application at 
planting 

6/25/2021 Annual, 
annual-cc 

Urea 70 kg N/ha N application at V6 maize 
growth stage 

Supplementary Table 1.2b: Urea fertilizer amounts and timing in 2020 and 2021 growing 

seasons. 
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Variable Year Crop emmean SE Group 

IWG Grain 
Yield (log 

transformed 
kg/ha) 

2021 
IWG-alf 5.43 0.23 a 

IWG 6.03 0.23 b 

2020 
IWG-alf 3.58 0.81 a 

IWG 4.47 0.81 b 

IWG System 
Total Biomass 

(kg/ha) 

2021 
IWG-alf 8.32 0.08 a 

IWG 8.4 0.08 a 

2020 
IWG 7.7 0.14 a 

IWG-alf 8.35 0.14 b 

IWG Straw 
Yield (kg/ha) 

2021 
IWG-alf 7.98 0.1 a 

IWG 8.4 0.1 b 

2020 
IWG-alf 7.18 0.22 a 

IWG 7.7 0.22 b 

Harvest Index 
2021 

IWG-alf 9.01 1.09 a 
IWG 10.15 1.09 a 

2020 
IWG-alf 4.25 2.12 a 

IWG 8.92 2.12 b 

Soybean Yield 
(kg/ha) 2020 

annual 4027.5 167.55 a 
annual-cc 4306.68 167.55 a 

Silage Yield 
(dry kg/ha) 2021 

annual 35503.27 3617.72 a 
annual-cc 36008.17 3617.72 a 

Silage 
Moisture (%) 2021 

annual-cc 0.24 0.01 a 
annual 0.24 0.01 a 

Supplementary Table 1.4: Results of post-hoc tests for annual and IWG system agronomic 

yields.  

 



 

  
  

        
69 

 
 

 

Figure S1.1: Boxplots of root biomass by depth and cropping system. Note: if keeping this, will 
add Tukey HSD significance indicators.  
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Year Date Depth Crop emmean SE Group 

2020 

8/11/20 40 

annual-cc 0.200 0.022 a 
annual 0.209 0.023 ab 
IWG-alf 0.260 0.022 ab 
IWG 0.267 0.022 b 

9/15/20 

30 

annual 0.189 0.020 a 
annual-cc 0.200 0.020 ab 
IWG-alf 0.244 0.020 ab 
IWG 0.264 0.020 b 

40 

annual-cc 0.190 0.022 a 
annual 0.195 0.022 ab 
IWG-alf 0.246 0.022 ab 
IWG 0.257 0.022 b 

9/29/20 

10 

IWG-alf 0.118 0.017 a 
IWG 0.126 0.017 a 
annual 0.155 0.018 ab 
annual-cc 0.186 0.017 b 

40 

annual-cc 0.185 0.022 a 
annual 0.203 0.022 ab 
IWG-alf 0.232 0.022 ab 
IWG 0.252 0.022 b 

2021 
6/9/21 

10 

IWG-alf 0.111 0.009 a 
IWG 0.135 0.009 ab 
annual-cc 0.154 0.009 b 
annual 0.157 0.009 b 

20 

IWG-alf 0.169 0.012 a 
IWG 0.204 0.012 ab 
annual-cc 0.238 0.012 b 
annual 0.244 0.012 b 

30 

IWG-alf 0.201 0.014 a 
IWG 0.225 0.015 ab 
annual-cc 0.251 0.014 ab 
annual 0.256 0.015 b 

6/25/21 20 IWG-alf 0.134 0.012 a 
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IWG 0.148 0.012 a 
annual-cc 0.177 0.012 a 
annual 0.225 0.012 b 

30 

IWG-alf 0.174 0.014 a 
IWG 0.175 0.014 a 
annual-cc 0.192 0.014 ab 
annual 0.242 0.014 b 

60 

IWG-alf 0.202 0.018 a 
IWG 0.203 0.018 a 
annual 0.254 0.018 ab 
annual-cc 0.259 0.018 b 

8/12/21 100 

annual 0.167 0.058 a 
IWG 0.170 0.058 ab 
IWG-alf 0.180 0.058 ab 
annual-cc 0.283 0.058 b 

 
Supplementary Table 1.5: Results of Tukey’s HSD test on soil moisture values along a depth 

profile. Only significant differences in means are reported due to large sample size.  
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Chapter 2: Surface soil bacterial and fungal community composition and potential function 
after two years under annual and perennial grain crop management 

2.1 Abstract 

Soil microbial communities are key regulators of soil nutrient cycling, soil physical 

structure, and plant-soil interactions. In order to better understand the processes driving 

agricultural soil health under management changes, we must empirically connect soil microbial 

community composition and activity to specific soil qualities and ecosystem functions. In this 

study, we explore soil microbial community and soil physical and chemical quality responses to 

contrasting cropping systems representing a range of perenniality, crop diversity, and disturbance 

over a two year period. The four cropping systems we assess are perennial intermediate wheatgrass 

(IWG, Thinopyrum intermedium, Host Buckworth and Dewey), IWG intercropped with alfalfa 

(Medicago sativa), an annual rotation of soybean and corn (Glycine max, Zea mays) with strip 

tillage and winter cover crops (winter cereal rye, Triticum aestivum, and hairy vetch, Vicia villosa), 

and an annual rotation of soybean and corn with conventional tillage. We assessed soil microbial 

community diversity, composition, and function one and two years after system establishment. We 

observed no significant differences in microbial community function as measured by extracellular 

enzyme activity and litter decomposition rates between the four cropping systems two years after 

establishment. We find no statistically significant differences in fungal and bacterial community 

richness indices between cropping systems in 2020 and 2021. We find that crop explains 4% of 

variation in bacterial community composition in 2020, and 5% and 10% of variation in fungal 

community composition in 2020 and 2021, respectively. Both 2020 NLFA indicators and 2021 

fungal taxonomic abundance show a significant increase in arbuscular mycorrhizal fungi (AMF) 

in IWG systems compared to annual systems. Extracellular enzyme activity varies by cropping 
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system and trends higher in systems with continuous living cover (IWG and cover-cropped), but 

there are no significant differences in mean activity by cropping system. Finally, bacterial 

community diversity varied significantly with soil pH in 2021, but there were no other significant 

relationships between soil properties or active and total nutrient pools and microbial community 

structure, diversity, and potential function.  

2.2 Introduction 

Globally, annual and biennial herbaceous crops account for about 11% of global land use 

(FAO, 2021). Annual management practices including frequent soil disturbance through tillage, 

seasonally bare soils, shallow annual crop roots, and lack of organic inputs have resulted in 

widespread soil degradation and nutrient loss because of disruptions to natural soil structure and 

nutrient cycling systems (DeHann et al., 2007; Bai and Cortrufo, 2022). Perennial grain crops, in 

contrast, provide continuous living cover of the soil, reduce the need for tillage and other soil 

disturbances, and allocate significantly more biomass to their deep root systems than annual crops 

(Sprunger et al., 2019; Duchene et al., 2020), and are therefore seen as a promising method for 

building more sustainable agroecosystems (Crews and Rumsey, 2017; Duchene et al., 2019; Zhang 

et al., 2022). In natural ecosystems, larger, perennial root systems and increased root exudation are 

associated with distinct and more active soil microbial communities, which together with root 

inputs drive improvements in soil nutrient pools and fluxes (Sokol and Bradford, 2019; Zatta et 

al., 2014) and physical structure (Rui et al., 2022; Culman et al., 2010; DuPont et al., 2014; Pérès 

et al., 2013; Stockmann et al., 2013). Similarly, practices which increase living cover on soils and 

reduce soil disturbance in annual crop systems are associated with changes in soil microbial 

community composition and function which drive improvements in soil function (ex. Liu et al., 
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2021; Poeplau and Don, 2015; Stewart et al., 2018). Perennial grains therefore have significant 

potential to improve agricultural soil nutrient cycling, nutrient storage functions, and physical 

quality through processes driven by soil microbial communities.  

Soil microbial communities are key regulators of soil nutrient cycling and organic matter 

storage, soil physical structure (ex. mycorrhizae) (Rillig and Mummey, 2006), and soil-plant 

interactions (Jacoby et al., 2017; Nadarajah et al., 2021). For example, under the current model of 

SOM formation and persistence, microbial communities drive the formation and stability of plant 

and microbially-derived SOM within the context of plant inputs and abiotic factors, which regulate 

their activity (Lehman and Kleber, 2015; Whalen et al, 2022; Baldock and Skjemstad, 2000; 

Birkhofer et al., 2021). Within agricultural soils, bacterial and fungal community composition and 

function are sensitive to management practices (Chang et al., 2021; Paungfoo-Lonhienne et al., 

2015; Schmidt et al. 2017), and plant type (Jacoby et al., 2017; Haichar et al., 2008; Pérès et al., 

2013), which should drive changes in soil physical and chemical properties. However, we need to 

increase our mechanistic understanding of how crop type, management, and environmental factors 

affect microbial communities, and in turn to improve our understanding of how these microbial 

communities actually regulate soil functions such as stabilization and turnover of SOC, in order to 

more accurately predict and model the effect of management strategies on soil nutrient cycling 

(Button et al., 2022; Bailey et al., 2019). Studying the responses of soil microbial community 

composition and function to management practices is therefore key to improving our 

understanding of the mechanisms behind soil quality responses to management.  

Previous research provides evidence of significant and swift relative differences in 

microbial community biomass, diversity, and function under perennial vs. annual grain crops that 

may lead to desirable changes in soil function over time. After only a few years, perennial 
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management systems can result in increased fungal biomass and mycorrhizal abundance (Mann et 

al., 2019), and a fungal community structure more similar to native ecosystems than annual 

agricultural soils (McKenna et al., 2020). Audu et al. (2022) found increased SOC, microbial 

biomass, and potential enzyme activities at 30-60 cm depth in IWG systems compared to 

conventionally managed annual winter wheat crop two years after system establishment, indicating 

an increase in desired microbial community function and potential soil carbon storage outcomes 

in IWG systems (Beniston et al., 2014; Gill and Jackson, 2000). Bak et al. (2022) found that IWG 

and alfalfa recruit N-fixing bacteria to depth 3m and found evidence of decreased C:N ratios which 

may facilitate long-term carbon storage (Kopittke et al., 2020). There are still rapid developments 

in perennial crop management techniques and the potential for significant changes to plant biomass 

allocations due to breeding for increased yield, which could affect the plant’s biomass allocations 

and interactions with microbial communities. Additional studies of the responsiveness of soil 

microbial communities to IWG cropping systems, especially directly compared to annual grain 

cropping systems, are necessary as the germplasm and management strategies evolve.  

Many studies have explored changes in microbial community composition in IWG vs. 

annual systems (Bak et al., 2022; Piexoto et al., 2022; Taylor et al., 2022; McKenna et al., 2020; 

Sprunger et al., 2019), but few have concurrently measured changes in potential microbial 

community function (Rakkar et al., 2023; Audu et al., 2022). However, changes in potential 

microbial community activity under perennial grains may provide insights into the mechanisms 

underlying microbially-induced soil quality improvements such as improved soil structure and 

significant SOM accumulation. For example, there is a growing body of research exploring 

potential SOM accrual in IWG systems because of significant excitement about the potential 

environmental (Oldfield et al., 2022; Bossio et al., 2020), economic, and fertility (Lal, 2020) 
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benefits of SOM accumulation under perennial grains (Gill and Jackson, 2000; Audu et al., 2022). 

These studies show little consistent evidence of improvements in total SOC stocks or 

operationally-defined labile carbon pools in surface soils over the 2-3 year periods when the crop 

produces significant grain yields (Culman et al., 2013; Sprunger et al., 2018; Sprunger et al., 2019; 

Rakkar et al., 2023), but significant accrual of particulate organic matter (POM) carbon (Audu at 

al., 2022; Van de Pol et al., 2022) and microbial stabilization of rhizodeposited carbon (Peixoto et 

al., 2020) at depth over the same short time periods. Since it is well established that IWG has 

greater shallow root biomass than annual counterparts (Sprunger et al., 2019; Sainju et al., 2017; 

Bergquist, 2019; Dobbratz, 2019;  Link et al., in preparation) but also twice the C:N ratio (Sprunger 

et al., 2019), lack of corresponding SOM increases in surface soils is likely due to microbial 

community priming, or the increased rate of consumption of carbon inputs (Kuzyakov, 2010; 

Bailey et al., 2019; Kopittke et al., 2020). This hypothesis could be investigated using measures 

of potential activity such as extracellular enzyme activity and litter decomposition. Improved 

understanding of the structure and especially activity of microbial communities under IWG 

systems could provide insights into the decomposition rates and microbial priming dynamics that 

mediate soil qualities at different depths and timescales. 

In this study, we assess the linkages between agricultural management systems, soil 

microbial community characteristics, and potential microbial community function one and two 

years after the implementation of annual and perennial grain management systems. We also 

examined how these measurements relate to trends in total active soil C and N pools and soil 

physical and chemical properties. These systems represent gradients of perenniality/continuous 

cover, cropping system diversity, and soil disturbance intervals. Our research questions were 1) 

How are soil microbial community diversity, composition, and function affected by two years of 
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crop management systems representing a range of perenniality, crop diversity, and soil disturbance 

intensity?; and 2) Is there co-variability of direct soil microbial community composition and 

function, total active soil C and N pools, and soil physical and chemical properties? We 

hypothesized that after two years, perennial and annual cropping systems would have distinct 

bacterial and especially fungal community composition and that perennial systems would display 

increased microbial growth and enhanced microbial function.  

2.3 Methods 

2.3.1 Experimental Design  
 The experiment was conducted at the University of Minnesota’s Rosemount Research and 

Outreach Center in Rosemount, MN, USA (44°42'42.3"N 93°06'51.1"W). Before the experiment 

was established, the field was under cultivation in alfalfa for two growing seasons. Alfalfa was 

terminated and experiment was fallowed in fall 2018, and planted to oats (Avena sativa) for the 

2019 growing season. The experimental design was a split-plot, randomized complete block design 

with five blocks. The split-plot design allowed for climate treatments to be imposed on main plots 

in 2022 and 2023, after establishment of the cropping system treatments that were imposed on the 

sub plots. However, the 2020 and 2021 data reported here were collected from sub plots prior to 

main plot treatment application. Therefore, the experiment as described for this study was 

conducted as a randomized block design. Each block contained four replicates of each cropping 

system grown in 6.1 by 6.1 m plots, for a total of 20 replicates per cropping system. Analyses in 

this study were performed on all replicates (n=80). Detailed agronomic methods are available in 

Link et al., in preparation.  
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The soil type is Waukegan silt loam with 0 to 1 percent slopes (Fine-silty over sandy or 

sandy-skeletal, mixed, superactive, mesic Typic Hapludoll) (Soil Survey Staff, accessed June 8, 

2022). From 1991-2020, the mean annual precipitation at the site was 87 cm and mean annual 

temperature was 6.7 °C (Arguez et al., 2010, accessed 8/18/2022). Historical average monthly 

precipitation and growing degree days (GDD) and annual cumulative precipitation and GDD over 

the course of the experiment are shown in Link et al., in preparation (Figure 1.1). Of note, the field 

site experienced below average precipitation during the first growing season (2020; total annual 

accumulation 21% below 30-year average), and a historic drought during the second growing 

season (2021; total annual accumulation 31% below 30-year average).  

We assessed fungal and bacterial community composition using a metabarcoding approach 

of the 16S and ITS regions, total microbial biomass and functional group biomass using 

PLFA/NLFA, and potential microbial function via both hydrolytic enzyme activity and litter 

decomposition rates. We also assessed total and active C and N pools, soil fertility, soil physical 

structure, and agronomic and belowground biomass (presented in Chapter 1), and investigated 

relationships between soil microbiological communities and these nutrient statuses and soil 

qualities.  

2.3.2 Soil sampling and storage  
In 2020, soil samples were taken from each plot at 0-15 cm and 15-30 cm depths using a 

hand soil push probe with an inner diameter of 2.5 cm. 10 subsamples  were taken from throughout 

the crop aisles and inter row and row spaces of each plot on August 20 and 25th. Probes were 

wiped of visible soil between plots. In 2021, a hydraulic soil probe (Giddings Machine Co, 

Windsor, CO) with an internal diameter of 5 cm was used to collect bulk soil samples and root 



 

  
  

        
79 

 
 

biomass samples on August 12 and 13th. Three subsamples from 0-15 and 15-30 cm increments 

were collected for each plot, one from in-row, row shoulder, and crop aisle.  

In both 2020 and 2021, bulk soils were homogenized by hand and subsampled in the field 

for extracellular enzymes (carried on ice until frozen at -20°C), PLFA/NLFA (carried on ice, 

frozen to  -20°C; freeze dried within 4 weeks), DNA extraction (carried on dry ice until frozen to  

-80°C). Subsampling equipment was cleaned with 70% ethanol between samples. The remaining 

field wet bulk sample was refrigerated until subsampled for soil gravimetric moisture; 20-25g 

subsamples were oven dried at 105°C for at least 24 hours, and weight was used to calculate 

gravimetric water content (Gardner, 2018). See Link et al. (in preparation) for soil subsampling 

and laboratory methods related to soil physical and chemical property analysis.  

2.3.3 Phospholipid Fatty Acid /Neutral Lipid Fatty Acid  
PLFAs and NLFAs were extracted and quantified using a modified Bligh and Dyer (1959) 

protocol (Firestone lab, 2021). This is a 3 step process of lipid extraction, separation, and 

methylation. Fatty acids were extracted from 8 g whole soil by adding 5:6:12 ml citrate 

buffer:chloroform:methanol, sonicating for 15 minutes, centrifuging, and removing the supernate. 

The extraction process was repeated 3 times, followed by adjustment of the ratios of solvents to 

0.9:1:1 in the supernate and then leaving it overnight for phases to separate. Then, the lipid-

containing CHCL3  layer of extraction replicates was combined and liquids evaporated using a 

Rapid Vac. To separate lipids, silica acid chromatography was performed; dried lipids were 

resuspended in chloroform, eluted through a silica column with CHCL3(saved as neutral lipid 

fraction) followed by acetone (waste/glycolipids) and methanol (saved as phospholipid fraction). 

PLFA and NLFA samples were again dried in the Rapid Vac, topped with nitrogen, and stored 

frozen at -20°C.  Methylation was performed no more than two weeks before analysis. The 
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methylation process involved first forming fatty acid methyl esters (FAMES) by resuspending 

samples in 0.5:0.5:1 ml chloroform:methanol:0.2 M methanolic potassium hydroxide and 

incubating at 37°C for 30 minutes. Then, FAMES were extracted by adding 2:0.2:2 ml 

hexane:acetic acid:water, centrifuging, and removing the top FAME-containing layer. Extraction 

was repeated three times, and extracts were dried in the Rapid Vac. Samples were resuspended in 

50 µl of a C 13:0 (250 ng/µl) and transferred to GC vials. Samples were analyzed using an Agilent 

7890 gas chromatograph. Chromatogram peaks were named as lipid markers by visual inspection 

and assignment. A total of 17 PLFAs were identified in all samples, as well as 16:1 ω5c NLFA 

(Table S2.1). Peak lipid biomass (nmol g soil-1) was defined as Equation 1:  

Lipid Biomass: nmol/g soil =   (Peak area/K value)*(50ul/2)    

       molecular weight of peak * soil mass (g) 

Where K is the peak area of the 13:0 standard from the batch divided by the 500 ng present in the 

13:0 FAME standard. Total biomass was calculated as the sum of peaks less than or equal to 20 

carbons in length identified below. Microbial group assignments were made based on existing 

literature (see Table S2.1). NLFA 16:1 ω5c rather than PLFA 16:1 ω5c was assigned to arbuscular 

mycorrhizal fungi (Lekberg et al., 2022; Olsson and Lekberg, 2022). Fungal:Bacterial ratio was 

defined as the ratio of identified fungal group biomass (AMF, actinomycetes, saprotrophic fungi) 

to bacterial group biomass (Actinobacteria, Gram +, Gram -).  

2.3.4 Litter Decomposition 
 We performed a litter decomposition experiment in June-July 2021, 22 months after IWG 

system implementation. To minimize cost and time and increase data comparability, we used the 

Tea Bag Index method (Keuskamp et al., 2006; Blume-Werry et al., 2021) rather than creating 

litter bags with native litters. This method has previously been adopted to assess organic matter 
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decomposition in soils in a variety of ecological contexts, including agricultural soils (Toth et al., 

2017; Toleikiene et al., 2020), as tea leaf decomposition is representative of the decomposition of 

other leaf litters (Duddigan et al., 2020). This method utilizes the contrast between highly labile 

green tea and more recalcitrant rooibos tea to explore differences in decomposition of the two 

represented fractions.  

We used commercially available green tea and rooibos tea from Riishi tea company 

packaged in tetrahedron-shaped synthetic tea bags with sides of 5-cm made of 250 um mesh. Tea 

bag weight was obtained prior to burial. Two separate sets of green and Rooibos tea bags were 

buried pairwise at a depth of 5 cm on a crop row shoulder in each plot on 6/2/2021. One set was 

retrieved on 6/30/2021 (28 days) and the other on 7/30/2021(58 days); removal was necessary 

prior to plot maintenance in August. Bags were cleaned using the following process: soil was 

gently brushed off, bags were gently rinsed in cool water until they ran clear, and bags were air-

dried at room temperature for several days (Gluseen et al., accessed 5/2021). We report tea mass 

loss (weight %) at both retrieval dates (Houben et al., 2018).  

2.3.5 Extracellular Enzyme Activity  
We performed a microplate fluorometric assay based on German et al., 2011 to assess 

activity of hydrolytic enzymes in response to four substrates representing forms of C, N, and P 

found in soil; β-glucosidase (BG) and cellobiohydrolase (Cello) for cellulose and polysaccharide 

degradation, phosphatase (P) for polyphosphate degradation, and N-acetylglucosaminidase (NAG) 

for chitin degradation. All samples were circumneutral pH, so EEA was performed with a buffer 

adjusted to pH = 7. Briefly, 50 mM Tris buffer was added to 0.5 g soil samples and sonicated in a 

bath sonicator for 5 minutes. One clear 96-well plate was prepared for each sample with 10 

replicate assay wells (soil slurry + substrates) for each substrate and well as control wells of 
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substrate blanks (substrates + Tris buffer), buffer blanks, homogenate blanks (soil slurry + Tris 

buffer), and MUB standards (4-Methylumbelliferone + soil slurry). For each batch of no more than 

12 samples, a plate with Tris buffer + 4-Methylumbelliferone was also prepared. Plates were 

incubated at room temperature for 1 hour starting when soil slurry was added. After 1 hour, 10 µL 

of 1 M NaOH were added to each well and plate absorbance was read exactly 1 minute after this 

addition. Calculations were performed as outlined in German et al, 2011, Equation 2:   

Activity (nmol/hr/g soil) = (net absorbance/ε) x (1/hrs incubation) x (Buffer volume /homogenate 

volume) x (1/soil weight) 

Where: 

Net absorbance = net absorbance units = assay absorbance-homogenate control-substrate control 

ε = Extinction coefficient, 2 absorbance/nmol  

Buffer volume= the total buffer added to soil at the beginning of the assay, in mL 

homogenate volume= 0.2 mLs 

soil wt. = oven dry equivalent, g.  

C:N assay ratio was calculated as the sum of BG and Cello activities divided by NAGase 

activities (Tiemann et al., 2015), though we are aware of problems with this method due to 

NAGase correlating well with both C and N and approach interpretation of this ratio with caution. 

Unfortunately, 2020 data had to be excluded due to experimental error and insufficient sample to 

re-run the assay, and we report EEA from only 2021.  

2.3.6 DNA Extraction 
In 2020, DNA was extracted from soil using Qiagen’s DNEasy PowerSoil extraction kit 

following the suggested protocol. Samples were lysized for 20 minutes. This kit was subsequently 

taken off market, and in 2021 samples were extracted using Qiagen’s DNEasy PowerSoil Pro 
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extraction kit, which uses a different chemistry. Again, kit instructions were followed exactly; 

samples were lysized for 20 minutes each, and DNA suspended in 100 µl 10 mM Tris and stored 

in -80 °C. Ten 2021 samples were also run using the old DNEasy PowerSoil kit to assess 

comparability of DNA extraction quantity, quality, and potential effects on diversity metrics (See 

Appendix 1).  

2.3.7 Amplicon sequencing 
We used a metabarcoding approach to characterize the soil bacterial and fungal 

communities via the 16S and ITS regions, respectively. Samples were sent to the University of 

Minnesota Genomics Center (UMGC) for library preparation and amplicon sequencing using 

2x300 bp Illumina MiSeq. Amplification of the V4 16S rRNA region was carried out using primers 

515F-806R (Caporaso et al. 2011) and amplification of the ITS2 region was carried out using 

primers 5.8S-Fun and ITS4-Fun (Taylor et al., 2016). Reads were received from UMGC 

demultiplexed. Reads were processed using DADA2 version 1.16.0 (Callahan et al., 2016) 

following standard pipeline procedures with the following modifications on Minnesota 

Supercomputing Institute (MSI) resources. Primers were removed from 16S reads by forward 

trimming (F-19 bp, R-20 bp). Forward and reverse reads were truncated to 250 bp based on quality 

profile plots using trim-paired; quality trimming and filtering included the additional parameters 

maxEE=2 and trunQ=2. Primers were removed from ITS2 reads using cutadapt (Martin, 2011). 

ITS2 reads were not truncated; reads less than 50 bp were discarded and reads were quality filtered 

on the same parameters as 16S. We performed dereplication using DADA2’s ‘derep’ function and 

denoising using the ‘dada’ function based on errors calculated with the ‘learnErrors’ function on 

paired sequences. Reads were paired using ‘mergePairs’; poor quality of ITS2 reverse reads 

resulted in significant loss of reads during pairing, so we re-ran the above pipeline with single-end 
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reads and proceeded. 16S reads not within target amplicon length of 251-257 base pairs were 

removed. Chimeras were removed using the ‘removeBimeraDenovo’ function with the 

“consensus” method. We then used pre-trained classifiers on the SILVA [Version 138.1] (Quast 

et al., 2013; McLauren and Callahan, 2021; Callahan et al., 2016) and UNITE [Version 

10.05.2021](Nilsson et al., 2019; Abarenkov et al., 2021) databases to assign taxonomy to 16S and 

ITS sequences, respectively. 16S rRNA sequences not assigned to kingdom Bacteria or Archaea 

were removed before proceeding. A total of 23,966 amplicon sequence variants (ASVs) for 16S 

and 12,691 ASV’s for ITS2 were obtained. See Appendix 2 for access to raw sequences.  

2.3.8 Data Analysis: Extracellular Enzymes, Litter Decomposition, PLFA/NLFA 
 Analyses were conducted with R [Version 4.0.2] (R Core Team, 2022). R code available 

in Appendix 2. Datasets were assessed for adherence to the assumptions of ANOVA and post-hoc 

tests including homogeneity of variance and normal distribution. Analysis of variance (ANOVA) 

was performed using the lme command of the nlme package followed by a type III/marginal sum 

of squares ANOVA using nlme’s anova command (Pinheiro et al., 2022). Crop system was treated 

as a fixed effect and block as a random effect. For all datasets, Tukey’s post-hoc analysis was 

performed to determine differences in distributions between cropping systems nested by year using 

estimated marginal means via the emmeans package (Lenth, 2021). Significant differences for all 

analyses were determined at p < 0.05, and marginally significant differences at p < 0.10. 

2.3.8 Bioinformatic data analysis 
Data analyses were performed in R [Version 4.1.0] (R Core Team, 2021) using the 

packages phyloseq (McMurdie & Holmes, 2013) and vegan (Oksanen et al., 2022). Data were 

analyzed separately by year after method testing and extensive analysis to determine the effect of 
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kit on DNA sequence results (see Appendix 1). For soil microbial community diversity and 

composition estimates (alpha and beta diversity), data were rarefied using sampling without 

replacement (phyloseq ‘rarefy_even_depth’)  to 90% of the size of the smallest sample. After this 

step, 16,198 ASVs for bacteria and 6,279 ASVs for fungi remained. We assessed for differences 

in alpha diversity estimated by the Hill-Simpson and Hill-Shannon diversity indices (phyloseq 

‘estimate_richness’). Since the Hill-Shannon index was consistently normally distributed, we used 

ANOVA and Tukey’s HSD to test for significant differences. Hill-Simpson index was not 

normally distributed and therefore pairwise differences between crop types were investigated using 

a Kruskal-Wallis test (‘kruskal.test’). We also report species richness (total number of ASVs 

identified). Beta diversity was calculated using a Bray-Curtis index using phyloseq’s ‘distance’ 

function, again separately by year. Differences between cropping systems were assessed via 

PERMANOVA using vegan’s ‘adonis’ function with crop and block as factors. Homogeneity of 

group dispersions were assessed using vegan’s ‘betadisper’ function. Beta diversity was visualized 

using a NMDS ordination (function ‘ordinate’) on bray-curtis index. To determine taxonomic 

relative abundance, unique ASVs were defined for each crop using indicspecies’ ‘multipatt’ 

function. We also report the most abundant genera in each crop group, defined as genera making 

up greater than 1% of reads, and their relative abundances. 

2.3.9 Covariability of microbial community and environmental variables 
 We individually assessed covariability of 2021 fungal and bacterial community 

composition, 2021 extracellular enzyme activities, and 2020 PLFA/NLFAs with soil physical and 

chemical properties. These properties were Total C, Total N, POX-C, ACE Protein, pH, OM, Total 

water stable aggregate fraction, water stable aggregate mean weight diameter, and aggregate size 

fractions 2mm-53 um (Link et al., in preparation). Data analyses were conducted in R [Version 
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4.0.2] using the vegan package (Oksanen et al., 2022). We calculated distance matrices of the 

environmental and microbial community datasets using Bray-Curtis dissimilarity with the 

‘vegdist’ function We then performed Mantel tests comparing scaled distance matrices of the 

datasets with the ‘mantel’ function using the Spearman method. We also performed ordinations of 

the microbial community datasets with the ‘MetaMDS’ function on Bray-Curtis dissimilarity 

index. Finally, we performed multiple regression of environmental variables with the first two axes 

of the microbial dataset ordinations using the envfit function followed by a false-discovery rate 

(FDR) correction.  

2.4 Results 

2..4.1 Litter decomposition - microbial community function 
In the litter decomposition experiment, crop did not significantly affect mass loss from 

either green tea/labile or rooibos tea/recalcitrant litter over either the 28 day or the 58 time periods 

(p>0.05). Litter type (p <0.0001) and the interaction of the retrieval  date and litter type (p <0.0001) 

significantly affected mass loss. Green tea had higher mass loss than rooibos tea at both sampling 

dates (Figure S2.1). Fractional mass loss of green tea after 30 days was the same as mass loss after 

58 days (means of 0.598 +/- 0.013 se and 0.610, +/- 0.0125 se, respectively). Fractional mass loss 

of rooibos tea after 30 days (emmean) was significantly lower than after 58 days (means of 0.429 

+/- 0.0125 se and 0.477 +/- 0.0128 se, respectively).  

2.4.2 Extracellular enzyme activity - microbial community function 

 Crop significantly affected Cello activity and NAG activity in samples taken in August 

2021, two years after system implementation. There were no significant differences in the means 

of individual cropping systems. Cellobiohydrolase, N-acetylglucosaminidase, and Phosphatase 
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activities trended lower in annual systems (Cello = 54.85, NAGase = 54.57, P = 1087.93), 

compared to annual-cc (Cello = 71.81, NAGase = 68.1, P = 1219.68), IWG (Cello = 57.55, 

NAGase = 68.69, P = 1265.4), and IWG-alf systems (Cello = 69.81, NAGase = 89.41, P = 1287.58) 

(Figure 2.1, Table S2.2). As extracellular enzyme activities became more dissimilar, soil physical 

and chemical properties did not become more dissimilar (r = -0.001, significance = 0.50). We 

found no relationships between EEA 2D ordination (Stress = 0.04) and variance in soil physical 

and chemical properties or root biomass.  

 

 

Figure 2.1: Boxplots of enzyme activity across cropping systems in 2021. ANOVA reveals that 
Cellobiohydrolase and N-Acetylglucosaminidase activity vary by cropping system. There are no 
significant differences in activity estimated marginal means as shown by Tukey's HSD post-hoc 
testing.   

2.4.3 PLFA/NLFA - Microbial biomass and community composition 

In 2020, log-transformed AMF biomass varied significantly by cropping system (ANOVA: 

F=5.38, P = 0.002). There was more AMF biomass in IWG systems (mean = 22.1 nmol/gsoil , se 



 

  
  

        
88 

 
 

= 3.06) than annual (mean =9.13, se =0.95) , annual-cc (mean = 12.7, se = 2.23) and IWG-alf 

(mean = 8.19, se = 0.92) (Figure 2.2). There were no differences in total microbial lipid biomass 

or biomass of actinomycetes, gram negative bacteria, or gram positive bacteria by cropping 

systems (Table S2.2, S2.3). The 2021 PLFA/NLFA dataset is still in progress.  

There was no covariation in soil physical and chemical properties and PLFA+NLFA lipid 

class biomasses (ANOVA: r = 0.022, significance = 0.304). There were no linear relationships 

between any soil physical and chemical properties or root biomass and a 2D ordination of 

PLFA+NLFA lipid classes (stress= 0.077).  

 

 

Figure 2.2: Boxplot of NLFA AMF fungi lipid biomass by cropping system. Letters indicate 
significant differences, Tukey’s HSD.  

2.4.4 Bacterial and Fungal diversity and community composition 

We found no significant variation in bacterial Hill-Shannon and Hill-Simpson indices by 

crop in either 2020 or 2021, and no significant pairwise differences between crop systems (Table 

S2.4). In 2020, fungal Hill-Shannon and Hill-Simpson indices were marginally and significantly 

influenced by crop (F = 2.26 and P = 0.09, Kruskal-Wallis chi-squared = 8.3 and p =0.039). There 
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were no significant pairwise differences between systems, though Wilcoxon rank-sum exact test 

revealed marginally significant differences between Hill-Simpson indices of annual-cc and IWG-

alf systems (p = 0.08) and annual and annual-cc systems (p=0.08) (Table S2.5). In 2021, fungal 

diversity indices did not vary by crop and there were no statistical differences between cropping 

systems (Table 2.1).  

We assessed differences in species diversity by cropping system. We found that bacterial 

community composition varied by cropping system in 2020, and the model explained 4% of the 

total variance in the pool of samples (PERMANOVA: p = 0.03, R^2 = 0.04) (Table 2.1; Ordination 

visualizations Figure S2.2). However, bacterial community composition did not vary by cropping 

system in 2021. Fungal community composition varied significantly by cropping system in both 

2020 and 2021, with the model explaining 6% and 10% of the total variation in distances each 

year, respectively (Table 2.1). Betadisper, a multivariate test for homogeneity of variances, 

revealed significant differences in the distribution of community composition only in the bacterial 

2021 dataset, where there were no significant differences in community composition centroids. 

Therefore, we accept the significance of the PERMANOVA results.  

 We assessed taxonomic relative abundance and guild relative abundance for 2021 sample 

data. Relative abundances of the most abundant phylum are shown in Figure 2.3, and relative 

abundances of genera making up >1% of reads in each cropping system are shown in Tables 2.2 

and 2.3. ASVs identified as indicator genera for cropping systems are reported in Tables S2.6 and 

S2.7.  Fungal indicator taxa for IWG and IWG-alf systems include several members of the orders 

Diversisporales and Glomerales, which are fungi forming arbuscular mycorrhizae. 

 Finally, we investigated covariability of 2021 fungal and bacterial community composition 

with measured soil physical and chemical properties, surface soil (top 0-15 cm) root biomass, and 
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EEA. As bacterial and fungal communities become more dissimilar, environmental variables do 

not become more dissimilar (Mantel tests: ITS: r= 0.06527, significance = 0.17; 16S r = 0.005, 

significance = 0.45). pH significantly related to bacterial community composition 2D ordination 

(stress = 0.15) (R2 = 0.1658, p = 0.008) (Figure S2.3). We found no linear relationships between 

fungal community composition 2D ordination and measured soil physical and chemical properties, 

root biomass, or EEA.  

 
Year 

 
Test 

16S ITS 

Sum of 
Sqs. 

R2 F-stat P-value Sum of 
Sqs. 

R2 F-stat P-value 

2020 Adonis 0.45 0.04 1.17 0.03 0.71 0.06 1.45 0.001 

Betadisp
er 

0.0002 - 0.48 0.70 0.006 - 1.13 0.34 

2021 Adonis 0.34 0.04 1.04 0.169 1.2 0.10 2.73 0.001 

Betadisp
er 

0.02 - 2.92 0.04 0.007 - 0.38 0.82 

Table 2.1: Results of Adonis and betadisper tests assessing differences between community 

composition of fungal and bacterial communities in 2020 and 2021.  
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Figure 2.3: The most abundant A) fungal and B) bacterial phyla across cropping systems in 2021 

in topsoils 0-15 cm.  

Genus Annual 
Annual-
cc IWG IWG-alf 

Mortierella 16.2 17.1 14.4 16.1 
Fusarium 11.2 11.5 9.1 8.9 
Gibellulopsis 10.1 4.8 4.6 4.8 
Plectosphaerella 5.1 2.9 2.6 4.4 
Tetracladium 4.7 5.3 4.2 4 
Alternaria 3.5 5.4 7.2 7.1 
Bolbitius 2.3 0 0 0 
Ascobolus 1.7 1.1 0 1.1 
Penicillium 1.6 1.3 0 1.7 
Solicoccozyma 1.6 2.3 1.5 1.6 
Pseudogymnoascu
s 1.5 1.7 1.5 1.4 
Mrakia 1.5 0 0 0 
Nectria 1.5 2 0 0 
Gibberella 1.4 0 1.1 0 
Coniochaeta 1.3 1.3 1 0 
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Clonostachys 1.3 1.7 0 0 
Trichoderma 1.3 1.5 1.5 1.2 
Myrmecridium 1.2 1.3 1.6 1.6 
Bipolaris 1.1 1 1.7 1.9 
Humicola 1 1.3 1.1 0 
Staphylotrichum 1 1.4 1.9 1.1 
Tausonia 0 1.4 0 0 
Talaromyces 0 1.2 0 0 
Pseudopithomyces 0 1.1 2.5 1.4 
Cladosporium 0 1 1 1.6 
Acremonium 0 1 1.1 0 
Glomus 0 0 2.2 0 
Phaeosphaeria 0 0 1.2 1.2 
Conocybe 0 0 1.1 0 
Oidiodendron 0 0 1.1 0 
Pyrenochaetopsis 0 0 1 1.2 
Rhizophlyctis 0 0 1 2.1 
Neosetophoma 0 0 0 1.9 
Epicoccum 0 0 0 1.3 
Pseudorobillarda 0 0 0 1.2 
Sum all 72.1 70.6 67.2 68.8 
Sum Common 58.5 56.2 51.8 54.1 
Table 2.2: Relative abundance of fungal genera making up >1% of all reads in each cropping 

system, 2021.  
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Genus Annual 
Annual-
cc IWG IWG-alf 

Candidatus 
Udaeobacter 8.1 9 9.8 8.9 
Candidatus 
Nitrocosmicus 5.9 5.9 5.1 5.3 
Bacillus 5.5 5.2 5.6 5.3 
Gaiella 5.3 5.1 5.6 5 
Arthrobacter 2.9 3.3 2.7 2.7 
Nocardioides 2.3 2.3 2.2 2.4 
RB41 2.1 2.2 2.4 2.3 
Conexibacter 2.1 2 2.1 2 
Sphingomonas 2 2 2 2 
Solirubrobacter 2 2 1.9 1.9 
Nitrospira 1.8 1.8 1.7 1.5 
Pirellula 1.7 1.6 1.8 1.7 
Bradyrhizobium 1.6 1.6 1.7 1.7 
Haliangium 1.6 1.6 1.6 1.5 
MND1 1.5 1.4 1.4 1.1 
Streptomyces 1.4 1.4 1.1 1.3 
Pseudolabrys 1.3 1.4 1.3 1.2 
Hyphomicrobium 1.3 1.2 1.3 1.2 
Microlunatus 1.2 1.4 1.4 1.4 
Subgroup 10 1.2 1.1 1.1 1.2 
Steroidobacter 1.2 1.1 1.3 1.2 
Chthoniobacter 1 0 1 1.1 
Bryobacter 1 1 0 0 
Mycobacterium 1 0 0 0 
Acidibacter 0 1 1.1 0 
Sum all 57 56.6 57.2 53.9 
Sum Common 54 54.6 55.1 52.8 
Table 2.3: Relative abundance of bacterial genera making up >1% of all reads in each cropping 

system, 2021.  
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2.5 Discussion 

 This study investigates microbial community changes in annual and perennial IWG grain 

systems representing a gradient in continuous living cover, system diversity, and disturbance 

intervals after two growing seasons. We found evidence of increased AMF total biomass and 

indicator AMF species in IWG systems relative to annual systems and higher extracellular enzyme 

activity indicating potentially enhanced nutrient cycling in IWG and cover cropped annual systems 

relative to the conventional annual system. We found no significant relationships between 

measured soil microbial community composition and function metrics and soil physical and 

chemical properties despite significant differences in aggregate stability, pH, and K availability 

between annual and IWG systems after two growing seasons (Link et al., in preparation). Previous 

studies have investigated the short-term impacts of IWG systems on soil food webs, carbon 

stabilization and storage and, recently, linkages between SOC, microbial structure, and potential 

microbial function (Sprunger et al., 2019; Peixoto et al., 2020; Bak et al., 2022; Peixoto et al., 

2022; Audu et al., 2022). However, none that we know of have thoroughly assessed microbial 

community structure and function concurrently with soil chemical/physical quality in a field 

setting with a high degree of replication. This work directly contributes to increased understanding 

of how perennial vs. annual management practices affect soil microbial community composition 

and function and the relationships between microbial communities and desired soil health 

outcomes.  

2.5.1 Enhanced microbial activity under continuous living cover systems after two years.  
Extracellular enzyme activities are generally responsive to agricultural and land 

management practices on longer implementation timescales (Tiemann and Grandy, 2015; Dose et 

al., 2015; Veres et al., 2015). After only two years of system implementation, we begin to see 
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enhanced potential microbial processing of cellulose, chitin, and phosphorous containing 

compounds in systems providing continuous living cover of the soil (Huang et al., 2011; Veres et 

al., 2015). Generally, our observations of slightly enhanced EEA in soils with continuous living 

cover are in line with previous understanding of the responsiveness of potential EEA to 

management; several IWG studies with less replication than our experiment have found that 

surface soil enzyme activities are not responsive to two years of IWG management (Rakkar et al., 

2023), though C-obtaining enzyme activities are enhanced at 30-60 cm depth even within that 

short timeframe (Audu et al., 2022). With the higher degree of replication in our experiment, we 

are perhaps more able to observe small, initial changes in surface EEA which we expect will 

increase over time and with depth. Increasing enzyme activity indicates a functional response of 

the microbial community to litter supply and a shift in effort by microorganisms towards obtaining 

C, N, and P from these sources (Veres et al., 2015). Root biomass, turnover, and exudation are 

significant sources of C and other nutrients to soils (Brzostek et al., 2013; Freschet et al., 2017). 

Here, it is likely that increased root biomass and exudates from perennials and cover crops are 

increasing labile C, N, and P pools and driving increased microbial activity and enzyme excretion 

(Hargreaves et al., 2013). For example, Cello is active in later phases of degradation of cellulose, 

a main component of plant roots (Turner et al., 2002; Galloway et al., 2020). While we might 

therefore expect that increased EEA may be associated with increases in labile or total C and N 

pools, we observed no such relationships, nor did we observe increases in total or labile C or N 

pools (Chapter 1). This could reflect increased microbial decomposition rates (priming) of 

increased labile inputs, which may be indicated by increases in total microbial biomass when we 

have that dataset. It could also reflect little actual labile carbon and other nutrient pool accrual in 

surface soils under two years of IWG/cover cropping management (Sprunger et al., 2019). 
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Previous research has also reported a decoupling of EEA and SOC pool sizes (Sinsabaugh et al., 

2007), though they are often positively associated (Audu et al., 2022, Hargreaves et al., 2013).  

Contrary to our hypothesis and to our results indicating enhanced potential soil EEA under 

crop systems with continuous living cover, we observed no differences in litter decomposition 

rates by cropping system. This is likely because we are just beginning to see differences in soil 

biological community activity two years after cropping system implementation. It could also be a 

function of the historic drought that occurred during the litter decomposition experiment, as soil 

moisture limitations may have been more limiting to microbial community function than microbial 

community differences between cropping systems (Xie et al., 2020; Glass et al., 2022). Litter 

decomposition is a function of climate, litter quality, and decomposer type and abundance 

(Coûteaux et al., 1995) and is sensitive to agricultural management practices including soil 

disturbance interval and annual vs. perennial crop types (Wardle et al., 1999; Glass et al., 2022; 

Carlesso et al., 2019). As the first step in the decomposition of litter inputs, it represents a primary 

control on SOC POM and MAOM formation. While the majority of carbon/litter inputs in annual 

soil systems come from surface litter inputs and its incorporation via tillage, perennial bioenergy 

crops provide fewer surface litter inputs and the majority of inputs come from root biomass 

(Anderson-Teixeira et al., 2013). This leads to more active root-associated C cycling in perennials 

vs. active surface soil C cycling in annual systems. Previous literature has found that after 4 and 7 

years of annual crop vs. perennial crop management, decomposition rates of litter buried at 5 cm 

depth are higher in annual vs. perennial crops and higher in mulched vs. unmulched perennial 

crops, especially in the first few months of decomposition (Wardle et al., 1999). We expect, 

therefore, that if this experiment were replicated under longer-term management, surface litter 
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decomposition would be enhanced in annual systems compared to perennial systems, especially 

under adequate moisture conditions.  

2.5.2 AMF biomass greater than annual systems’ in IWG but not IWG-alf systems 
 We observed increased AMF biomass under IWG vs. annual, annual-cc, and IWG-alf 

systems after just one year of cropping system implementation, when the annual systems were 

planted in soybean. Similarly, Duchene et al. (2020) found significant increases in fungal lipid 

markers indicating AMF in IWG vs annual systems in the topsoil layer (10 cm) after only one 

growing season. In contrast, two previous studies in Rosemount soils have shown no responses in 

AMF biomass even after two years (Rakkar et al., 2023; Bergquist, 2019). The differences between 

our results and these previous Rosemount studies could be due to the fact that these previous 

studies utilized 16:1ω5 PLFA to estimate AMF biomass while in this study we utilized 16:1ω5 

NLFA, which has higher specificity and better indicates AMF spore density, biomass, and 

colonization (Sharma and Buyer, 2015; Lekberg et al., 2022; Duchene et al., 2020). Our 

experiment also contained a greater number of replicates (n=20 for each cropping system), 

increasing power and our ability to observe small but significant differences. Regardless, the 

increase in AMF biomass in IWG systems seen in our experiment points to a host-specific AMF 

growth response relative to annual and IWG systems containing alfalfa intercrop (Boerner, 1992; 

Vestberg et al., 2015). In 2020, our IWG-alf plots were dominated by alfalfa, which also forms 

relationships with AMF and, as a legume, needs significant P for P-intensive N acquisition. We 

only assessed microbial biomass and community composition in 0-15 cm surface soils, but perhaps 

alfalfa, with its deep taproot, maintains more AMF relationships and draws more P from deeper in 

the soil profile. This lack of AMF growth response could have implications for the soil quality 

improvement potential in IWG-alf biculture systems, since increased AMF abundance generally 
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confers enhanced soil aggregation and enhance tolerance to climate extremes through enhanced 

nutrient acquisition (Begum et al., 2019; Rillig, 2004). One year after system establishment, we 

find no statistically significant relationships between AMF microbial biomass and soil physical 

and chemical qualities, and no differences in soil aggregate stability by cropping system (Link et 

al., in preparation). However, in 2021 we observed increased soil aggregate stability in IWG but 

not IWG-alf systems compared to annual systems. 2021 NLFA/PLFA 16:1ω5 will indicate 

whether this trend is statistically associated with differences in AMF biomass indicators.  

We observed no responses in PLFA indicator total microbial biomass, total bacterial 

biomass, or total fungal biomass by cropping system one year after implementation, reflecting 

previous studies which have found no change in soil bacterial biomass and sometimes limited 

increases in fungal biomass in IWG systems 1-3 years after implementation (Duchene et al., 2020; 

Rakkar et al., 2023; Bergquist et al., 2019). We expect that PLFA/NLFA in 2021 will also reflect 

increases in AMF and perhaps also general fungal biomass in IWG vs annual systems due to 

increased root inputs of recalcitrant material (Six et al., 2016; Audu et al., 2022; Bai and Cortrufo, 

2022). Generally, we may expect that total microbial biomass and bacterial microbial biomass may 

increase eventually in IWG systems under the longer-term cultivation due to increased plant 

carbon inputs, as seen in some sites of previous studies (Rakkar et al., 2023).  

2.5.3 Soil bacterial and fungal diversity and community composition responses to annual vs 
perennial management 

 Our results demonstrate that after two years of management, annual vs. IWG systems begin 

to influence fungal community composition but not bacterial community composition or overall 

bacterial and fungal diversity. Other studies have similarly found that fungal community 

composition often responds to 2-3 years of IWG vs. annual system management (Taylor et al., in 
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preparation; Audu et al., 2022; Bergquist, 2019), though this is not always the case in surface soils 

(Rakkar et al., 2023; Audu et al., 2022). Land use intensity change is generally associated with 

responses in fungal community composition and especially AMF community composition, 

perhaps due to the fact that this taxonomic group has similar lifestyle strategies and low host 

specificity (Balami et al., 2020; Birkhofer et al., 2021). Echoing our observation that AMF biomass 

increased in 2020 in IWG systems, we see evidence that differences in AMF taxonomic abundance 

drive the fungal community compositional differences between cropping systems in 2021. While 

we find no statistically significant relationships between fungal community composition indicators 

and soil physical and chemical qualities, increased abundance of these specific taxonomic and 

functional groups is generally associated with desirable improvements in soil structure, yield, and 

yield resilience to climate extremes (McKenna et al., 2020). Future experiments exploring 

microbial community responses at multiple depths may reveal that increases in AMF biomass and 

changes in community composition are associated with improvements in soil physical structure 

seen after 2-3 years in IWG vs. annual systems (Link et al., in preparation; Rakkar et al., 2023). 

Previous research has found that the soil fungal saprotroph and symbiotroph community 

composition under 13-year IWG monoculture systems are more similar to that of native grassland 

vegetation than annual agricultural systems, indicating that removing soil disturbance alters 

microbial community composition even without increases in plant species functional diversity 

(McKenna et al., 2020; Birkhofer et al., 2021). Even in our short-term experiment, we found many 

indicator taxa in common in monoculture/biculture IWG systems that were distinct from 

annual/annual-cc systems. Changes in these particular fungal functional groups may, in longer 

term experiments, be associated with desirable improvements in soil C storage and nutrient pools 

and soil physical structure.  
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 We observed significant differences in bacterial community composition between cropping 

systems in 2020 but not in 2021. Unfortunately, it is impossible for us to disentangle the effect of 

kit extraction type and year on our observed results in order to directly compare changes across 

years (Appendix 1). If there truly is a difference in community composition rather than kit-defined 

community composition in 2020 vs. 2021, perhaps it is due to increased root inputs of labile C into 

IWG systems driving temporary increased diversity in copiotrophic bacterial communities in IWG 

systems (Liao et al., 2023). Our results showing no differences in bacterial community 

composition two years after system establishment echo previous research which has also found 

limited responses in surface soil bacterial community beta diversity or microbial biomass in 2-3 

year IWG rotations (Bak et al., 2022; Piexoto et al., 2022; Taylor et al., in preparation), though 

some after four years (Sprunger et al., 2019).  

2.5.4 Covariability of soil microbial community characteristics and function and desired soil 
quality outcomes 

We find no evidence of covariability of soil microbial community structure and potential 

function with soil physical and chemical parameters and root biomass in IWG vs. annual cropping 

systems. This is perhaps surprising that in these soils, we began to see some differences in soil 

aggregate stability and pH, and very stark differences in 0-15 cm root biomass, and these attributes 

are closely related to bacterial and fungal communities (Link et al., in preparation). Perhaps 

methods such as measuring gene expression through qPCR (eg. Su et al., 2021) and rhizospheric 

rather than bulk soil sampling (eg. Peixoto et al., 2022) should be used to better capture active 

microbial community composition. Research has shown significant improvements in soil 

aggregation (Link et al., in preparation) and POM and other labile carbon pools (Sprunger et al., 

2018; Peixoto et al., 2020; Audu et al., 2022) in deeper soil horizons under IWG cultivation. This 
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evidence points to the need to look deeper into the soil profile for carbon sequestration potential 

in IWG systems and changes in microbial community dynamics that will regulate these carbon 

pools and fluxes. Agroecosystem subsoils may have a large potential for sequestering C due to 

decreased microbial abundance and activity and increased opportunity for MAOM C storage soil, 

but there is limited knowledge about storage potential across landscapes and time, subsoil 

processes including microbial dynamics that govern this potential SOM accumulation, and even 

current global subsoil carbon stocks (Button et al., 2022). Soil carbon sequestration is also not the 

only benefit of increasing SOM, and increasing surface SOM which has been degraded by annual 

crop management is a primary goal of many practices including perennial crops. Higher surface 

soil SOM is associated with overall higher agronomic yields (e.g. Oldfield et al., 2019) and higher 

yield resilience in the face of climate extremes like drought or extreme heat (e.g. Gaudin et al., 

2015; Williams et al., 2016; Kane et al., 2021). It is therefore still important to assess surface soil 

responses to perennial vs. annual grain management, especially in longer term rotations, and to 

hopefully develop perennial grain management strategies that improve soil quality and SOC 

storage throughout the soil profile both for C offset and sequestration and improved soil agronomic 

function.  

2.6 Conclusion  

In this study, we assessed bacterial and fungal total biomass, community composition, and 

potential microbial function, as well as potential covariance of microbial community diversity and 

function metrics, total and active soil nutrient pools, and soil physical structure. After two years, 

we observed significant shifts in fungal community composition, including AMF indicator taxa in 

IWG and IWG-alf systems, and trending increases in extracellular enzyme activity between annual 

and IWG cropping systems. After only one year, we saw no changes in total microbial biomass 
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but a significant increase in AMF biomass in IWG but not IWG-alf systems.  These observed 

changes in microbial community structure and function were generally not statistically associated 

with differences in soil physical and chemical quality and belowground biomass observed between 

cropping systems. Future research should continue to investigate relationships between microbial 

community composition + function and soil quality at different soil depths and under longer term 

management systems to better understand the mechanisms behind desired improvements.   
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2.8 Supplementary Tables and Figures 

Identified Marker Microbial Group Assignment 

16:0 Total Biomass 

16:0 10-methyl Actinobacteria 

16:1 ω5c (NLFA and PLFA) Arbuscular Mycorrhizal Fungi 
(NLFA) 

16:1 ω7c Gram-negative  

16:1 ω9c Gram-negative  

17:0 Total Biomass 

17:0 anteiso Gram-positive 

17:0 iso Gram-positive 

17:0 cyclo Gram-negative  

18:0 Total Biomass 

18:0 10-methyl Actinomycetes 

18:1 ω7c  Gram-negative  

18:1 ω9t Gram-negative  

18:1 ω9c Saprotrophic Fungi  

18:2 ω6,9c Saprotrophic Fungi  

19:O Total Biomass  

19:0 cyclo Gram-negative  

Supplementary Table 2.1: Identified lipids, their molecular weights used to calculate total lipid 

biomass, and microbial group assignments (Frostegård et al., 1993; Balser et al., 2005; Veum et 

al., 2021; Lekberg et al., 2022; Olsson and Lekberg, 2022).  
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Supplementary Figure 2.1: % Mass loss from green and rooibos teas from collection day 1 (28 day 

incubation) and 2 (58 day incubation). Error bars represent one standard deviation.  
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  Annual Annual-cc IWG IWG-alf 

Total Lipid Biomass 
(nmol/g soil) 

Mean 36.2 39.4 34.6 33.7 
SD 14.6 17.0 8.5 17.7 

AMF Lipid Biomass 
(nmol/g soil) 

Mean 9.1 13.5 22.1 8.2 
SD 4.3 10.3 13.7 4.1 

Gram Positive Lipid 
Biomass(nmol/g soil) 

Mean 2.3 2.0 2.1 1.8 
SD 0.5 1.1 0.6 1.0 

Gram Negative Lipid 
Biomass (nmol/g soil) 

Mean 12.5 11.8 10.5 10.2 
SD 5.6 8.7 5.5 6.7 

Saprotrophic Lipid Biomass 
(nmol/g soil) 

Mean 3.6 3.4 3.5 3.7 
SD 1.5 2.1 1.5 2.0 

Actinobacteria Lipid 
Biomass (nmol/g soil) 

Mean 3.2 2.9 2.7 2.6 
SD 0.9 1.7 1.1 1.6 

Actinomycetes Lipid 
Biomass (nmol/g soil) 

Mean 0.7 0.6 0.5 0.5 
SD 0.5 0.4 0.2 0.3 

Fungal/Bacterial Lipid 
Biomass Ratio 

Mean 0.4 0.2 0.3 0.3 
SD 0.1 0.1 0.2 0.2 

Cellobiohydrolase 
Activity (nmol/hr/g soi) Mean 54.85 71.81 57.55 69.81 

SE 19.33 28.1 14.82 20.34 

N-acetylglucosaminidase 
Activity (nmol/hr/g soi) Mean 54.57 68.1 68.69 89.41 

SE 14.64 16.61 22.8 19.9 

Phosphatase Activity 
(nmol/hr/g soi) Mean 1087.93 1219.68 1265.3 1287.58 

SE 273.71 421.25 273.88 412.92 

Beta Glucosaminidase 
Activity(nmol/hr/g soi) 

Mean 354.55 377.44 407.12 429.28 

SE 64.1 132.44 147.49 170.32 

CN Activity Ratio Mean 8.15 6.85 7.12 7.78 

SE 2.36 2.82 2.23 2.79 

Supplementary Table 2.2: Mean and standard deviation of EEA and PLFA/NLFA lipid biomass 
fractions by cropping system. CN Ratio here refers to the ratio of the sum of Cello and BG 
activities to NAG activity. Tukey’s HSD on estimated marginal means revealed that there was 
significantly more AMF biomass in IWG systems (mean = 22.1 nmol/gsoil , se = 3.06) than annual 
(mean =9.13, se =0.95) , annual-cc (mean = 12.7, se = 2.23) and IWG-alf (mean = 8.19, se = 0.92). 
There were no significant differences in mean EEA or other PLFA lipid fractions between 
cropping systems.  
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Response Variable Explanatory 
Variable 

F-value p-value 

Total Lipid Biomass 
(nmol/g soil) 

Crop 0.40172 0.75 

AMF Lipid Biomass 
(nmol/g soil) 

Crop 5.38008 0.002 

Gram Positive Lipid 
Biomass(nmol/g soil) 

Crop 0.87765 0.46 

Gram Negative Lipid 
Biomass (nmol/g soil) 

Crop 2.1240 0.11 

Saprotrophic Lipid 
Biomass (nmol/g soil) 

Crop 0.0991 0.96 

Actinobacteria Lipid 
Biomass (nmol/g soil) 

Crop 0.69440 0.56 

Actinomycetes Lipid 
Biomass (nmol/g soil) 

Crop 1.06032 0.37 

Fungal/Bacterial 
Lipid Biomass Ratio 

Crop 2.45517 0.071 

Cellobiohydrolase 
Activity (nmol/hr/g 

soi) 

Crop 3.021 0.036 

N-
acetylglucosaminida

se Activity 
(nmol/hr/g soi) 

Crop 0.835 0.479 

Phosphatase 
Activity (nmol/hr/g 

soi) 

Crop 2.944 0.038 

Beta 
Glucosaminidase 

Activity (nmol/hr/g 
soi) 

Crop 1.284 0.286 

CN Activity Ratio Crop 9.75 0.410 

Supplementary Table 2.3: Results of ANOVA assessing differences EEA (2021) and PLFA/NLFA 

Lipid fractions (2020), with Crop modeled as a fixed effect and Block as a random effect. Degrees 

of freedom = 3 for all tests.   
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Year Index 16S ITS 

Chi-sq. p-value Chi-sq. p-value 

 
2020 

Hill-Shannon 1.75 0.62 7.332 0.06 

Hill-Simpson 0.96 0.81 8.35 0.04 

 
2021 

Hill-Shannon 5.05 0.17 5.39 0.15 

Hill-Simpson 3.65 0.302 5.53 0.14 

Supplementary Table 2.4: Results of Kruskal-Wallis rank sum tests on Hill-Shannon and Hill-

Simpson diversity indices by cropping system of bacterial and fungal metagenomic datasets in 

2020 and 2021. 

Year Index 

16S ITS 

IWG IWG-alf annual annual-cc IWG IWG-alf annual annual-cc 

2020 

Richness 1503 1467 1491 1541 398 391 390 409 
Hill- 

Shannon 955.73 946.47 955.57 988.69 164.92 151.13 146.13 169.5 
Hill- 

Simpson 1.00 1.00 1.00 1.00 1.02 1.02 1.03 1.02 

2021 

Richness 833 921 967 916 306 298 288 291 
Hill- 

Shannon 517.46 575.56 594.98 568.36 108.51 108.24 93.94 105.04 
Hill- 

Simpson 1.00 1.00 1.00 1.00 1.03 1.02 1.04 1.02 
Supplementary Table 2.5: Mean Richness, Hill-Shannon Index, and Hill-Simpson Index by 

cropping system for bacterial and fungal communities, 2020 and 2021. There were no significant 

differences between individual cropping systems in any metric, though Wilcoxon rank-sum exact 

test revealed marginally significant differences in 2020 fungal community Hill-Simpson indices 

of annual-cc and IWG-alf systems (p = 0.08) and annual and annual-cc systems (p=0.08).  
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Supplementary Figure 2.2: A) 2020 fungal data ordination grouped by cropping system. Crop 

significantly explains 5% of distance matrix variation (p = 0.001). Stress = 0.25. Ordination 

goodness of fit, non-metric R2 = 0.939, linear fit R2 =0.76. B) 2021 fungal data ordination grouped 

by cropping system. Crop significantly explains 10% of distance matrix variation (p = 0.001). 

Stress = 0.2. Ordination goodness of fit, non-metric R2 = 0.965, linear fit R2 =0.887. C) 2020 

bacterial data ordination grouped by cropping system. Crop significantly explains 5% of distance 

matrix variation (p = 0.03). Stress = 0.17. Ordination goodness of fit, non-metric R2 = 0.974, linear 

fit R2 =0.915.  
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Supplementary Table 2.6: Fungal Indicator Taxa 

Supplementary Table 2.7: Bacteria indicator taxa  

 

Supplemental Figure 2.3: 2021 Bacterial community ordination with pH vector. [Result]. Stress = 

0.15 
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Appendix 1 - Differing microbial communities from Qiagen PowerSoil and PowerSoil Pro 
extraction kits  

 
 Due to the unanticipated removal of the qiagen PowerSoil DNA extraction kit from the 
market in 2021, we were forced to use two different extraction kits in 2020 and 2021. It is well 
established that different extraction kits can capture widely different microbial communities (ex. 
Pearman et al., 2020), and the qiagen PowerSoil DNA extraction kit and PowerSoil Pro DNA 
extraction kits proved no exception to this rule. In a subset of 10 2021 samples extracted with both 
the old and the new PowerSoil Pro kits, we found significant differences in species richness and 
species diversity with no significant differences in homogeneity of group dispersions by cropping 
system (Figures below). In an attempt to normalize differences between kits, we trimmed this 
subset of samples to only ASVs identified using both kits. We implemented a custom R function 
and rarefied the data.  This reduced the number of ASVs in ITS datasets from 2244 to 577 and in 
16S from 6391 to 2404. We found that significant differences in species richness and diversity 
metrics persisted between kits, with the exception of bacterial community richness (Figures 
below). These differences could be due to inherent differences in DNA/RNA extracted by the kits, 
older and degraded extraction reagents from the PowerSoil extraction kit, and/or inherent high 
variability of microbial community characteristics targeted by these methods even within a very 
small sample. Regardless, this demonstrated that it is impossible to confidently disentangle the 
effects of kit type and year in the multi-year, multi-kit dataset by subsetting to commonly found 
asvs. While the effect of year is clearly stronger, there remains some variation in community 
composition due to kit. Therefore, we chose to analyze the full datasets separately by year and 
compare presence/absence of relative differences in diversity metrics over time.  
 
A1.1 Differences seen in diversity indices by extraction kit (subset 10 samples) 
 
To assess differences in taxa and abundance captured by extraction kits used in 2020 and 2021, 
10 samples from 2021 were extracted with both kits and sequenced. I assessed differences in 
alpha diversity, beta diversity, and taxonomic relative abundance between these OldKit 2020 
samples, OldKit2021 samples, and NewKit2021 samples. In this subset there were 2244 taxa 
found in ITS and 6391 16S.  
 
A1.1.1 Fungal/ITS alpha and beta diversity  

Year and extraction kit both significantly affect alpha-diversity of the ITS amplicon data. 
The simpson index is significantly different among groups (OldKit, NewKit, OldKit2020) 
(Kruskal-Wallis chi-squared = 16.27, df = 2, p-value = 0.0002932). Wilcoxon rank sum exact 
test reveals that the Simpson index of group is different from that of each other group (Table 
A1).  Year and kit also both significantly affect beta-diversity. The centroid of the bray-curtis 
dissimilarity matrix is different by extraction kit, while dispersion of the centroid is not 
(betadisper) (Fig. A2 and Table A2). The differences between years are greater than the 
differences between kits in 2021, but when only 2021 data is considered, there is still a 
significant kit effect (Table A2).  
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Figure A1: ITS Shannon and Simpson diversity indices of old and new extraction kits. 

 
Table A1: Results of Wilcoxon rank sum exact test assessing differences in ITS Simpson 
Diversity index of old and new extraction kits.  
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Figure A2: Bray-Curtis dissimilarity matrix of ITS beta diversity of new and old extraction kits.  
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Table A2: Results of adonis PERMANOVA of Bray-Curtis dissimilarity matrix of ITS beta 
diversity of a) new and old extraction kits, both years of data included; b) year, both kits 
included; and c) new and old extraction kits, only 2021 samples included.  
 
A1.1.2 16S/bacterial alpha and beta diversity 

Year and extraction kit both significantly affected alpha-diversity of the 16S amplicon 
data. The simpson index is significantly different among groups (OldKit, NewKit, OldKit2020) 
(Kruskal-Wallis chi-squared = 14.677, df = 2, p-value = 0.0006501). Wilcoxon rank sum exact 
test reveals that the Simpson index of each group is different or marginally from that of each 
other group (Table A3).  Year and kit also both significantly affect beta-diversity. The centroid 
of the bray-curtis dissimilarity matrix is different by extraction kit even when only 2021 data is 
considered, while dispersion of the centroid is not (betadisper) (Table A4).  

 
Figure A3: 16S Shannon and Simpson diversity indices of old and new extraction kits. 
 

 
Table A3: Results of Wilcoxon rank sum exact test assessing differences in 16S Simpson 
Diversity index of old and new extraction kits.  
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Table A4: Results of adonis PERMANOVA of Bray-Curtis dissimilarity matrix of 16S beta 
diversity of new and old extraction kits, only 2021 data considered.  
 
A1.2 Common taxa between both extraction kits 
 
I subset the dataset to only the ASVs seen in both kits in the 2021 and 2020 samples. This 
reduced the number of taxa in ITS from 2244 to 577 and in 16S from 6391 to 2404. Lists of all 
taxa present and taxa present only from both extraction kits are available here.  
 
A1.2.1 ITS/fungal alpha and beta diversity 
 

Year and extraction kit both significantly affected alpha-diversity of the ITS amplicon 
data. The simpson index is significantly different among groups (OldKit, NewKit, OldKit2020) 
(Kruskal-Wallis chi-squared = 12.28, df = 2, p-value = 0.0006501). Wilcoxon rank sum exact 
test reveals that new and old kit 2021 samples and old kit 2020 and 2021 samples were 
significantly different (Table A5).  Year and kit also both significantly affect beta-diversity. The 
centroid of the bray-curtis dissimilarity matrix is different by extraction kit even when only 2021 
data is considered, while dispersion of the centroid is not (betadisper) (Table A6). Figure A4 
shows that taxonomic differences in the most abundant phylum and classes persist in this subset 
dataset.  

 

 
Table A5: Results of Kruskal-Wallis and Wilcoxon rank sum tests showing that ITS Simpson 
indices are different by extraction kit when asvs are pruned to only those found in common by 
both kits.  

  
Table A6: Results of PERMANOVA showing that ITS beta diversity is different by extraction 
kit when asvs are pruned to only those found in common by both kits.  
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Figure A4: Abundance of phylum and classes of identified ITS taxa found in both old and new 
extraction kits.  
 
A1.2.2 16S/bacterial alpha and beta diversity 
 

Extraction kit did not affect alpha-diversity of the subset 16S amplicon data. The simpson 
index is not significantly different among groups (OldKit, NewKit) (Kruskal-Wallis chi-squared 
= 1.1635, df = 1, p-value = 0.2807), and there were no differences between groups (p = 0.3) . 
However, kit significantly affects beta-diversity. The centroid of the bray-curtis dissimilarity 
matrix is different by extraction kit even when only 2021 data is considered, while dispersion of 
the centroid is not (betadisper) (Table A7). Figure A4 shows that taxonomic differences in the 
most abundant phylum and classes persist in this subset dataset.  
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Table A7:  Results of PERMANOVA showing that 16S beta diversity is different by extraction 
kit when asvs are pruned to only those found in common by both kits.  
Beta diversity is significantly different by kit type. No difference in centroid dispersion.  
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Figure A6: Abundance of phylum and classes of identified 16S taxa found in both old and new 
extraction kits.   
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Appendix 2: Data and code  

 

Complete R code and raw datasets for Chapter 1 can be found on github.  

R code and raw datasets for Chapter 2, PLFA, EEA, and litter decomposition can be found on 

github.  

R code for amplicon sequencing data analysis can be found on github. Due to size constraints, 

only a subset dataset is available in this github repository. Please contact Emma 

(link0126@umn.edu) or look to forthcoming publication for dataset repository.  

 
 


