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Abstract

Interseeding cover crops into corn has been proposed as a technique to extend the cover crop growing window, but interseeded
cover crops may reduce N availability and compete with corn for available nutrients. To assess N-cycling dynamics in soils
where cover crops have been interseeded into corn for one or two years, plots were established in duplicate at two sites in
Michigan with differing edaphic properties. Annual ryegrass (Lolium multiflorum Lam.), crimson clover (Trifolium incarnatum
L.), oilseed radish (Raphanus sativus L.), or a mixture of ryegrass and clover were interseeded into corn at the V3 or V6
stages of corn growth and compared to control plots that did not receive cover crops. We measured active C and N pools
during the growing season and after harvest as well as potential activities of microbially mediated nutrient-cycling processes via
extracellular enzymes, nitrification, and denitrification. We found that after two years, interseeded cover crops had little to no
effect on active pools of C and N or on microbial nutrient-cycling activities. However, we observed major differences in these
parameters between sites, with finer-textured soils exhibiting increased dissolved organic C availability and greater peptidase
activity compared to coarser-textured soils. Our results reveal important spatial and temporal trends that suggest greater C

availability can lower the potential for N loss while maintaining a rapid flux of N through the N cycle.

Availability of dissolved organic carbon drives differences in microbial nitrogen-cycling pro-
cesses between two sites with cover crops interseeded into corn

Core Ideas

Interseeding cover crops into corn did not negatively influence nutrient availability

Microbial communities had distinct nutrient cycling strategies between two locations with cover crops
interseeded into corn

Soils with more available C had more active N cycles but with less potential for N loss

Managing interseeded cover crops for maximal benefit requires an awareness of site-specific nutrient
dynamics

Abstract

Interseeding cover crops into corn has been proposed as a technique to extend the cover crop growing window,
but interseeded cover crops may reduce N availability and compete with corn for available nutrients. To
assess N-cycling dynamics in soils where cover crops have been interseeded into corn for one or two years,



plots were established in duplicate at two sites in Michigan with differing edaphic properties. Annual
ryegrass (Lolium multiflorum Lam.), crimson clover (Trifolium incarnatum L.), oilseed radish (Raphanus
sativus L.), or a mixture of ryegrass and clover were interseeded into corn at the V3 or V6 stages of corn
growth and compared to control plots that did not receive cover crops. We measured active C and N pools
during the growing season and after harvest as well as potential activities of microbially mediated nutrient-
cycling processes via extracellular enzymes, nitrification, and denitrification. We found that after two years,
interseeded cover crops had little to no effect on active pools of C and N or on microbial nutrient-cycling
activities. However, we observed major differences in these parameters between sites, with finer-textured
soils exhibiting increased dissolved organic C availability and greater peptidase activity compared to coarser-
textured soils. Our results reveal important spatial and temporal trends that suggest greater C availability
can lower the potential for N loss while maintaining a rapid flux of N through the N cycle.

Abbreviations

BG, B-glucosidase; DEA, denitrification enzyme assay; DOC, dissolved organic carbon; DON, dissolved or-
ganic nitrogen; EEA, extracellular enzyme assay; EL, East Lansing; MBC, microbial biomass carbon; MBN,
microbial biomass nitrogen; NO, nitrous oxide; NAG, B-1,4-N-acetyl-glucosaminidase; NH; T, ammonium;
NOg, nitrate; NPA, nitrification potential assay; RDA, redundancy analysis; SOM, soil organic matter; SV,
Saginaw Valley

Introduction

Cover cropping has been promoted as a practice that promotes soil health (Finney et al., 2017; Snapp et al.,
2005; Wegner et al., 2018). Studies have shown how integrating cover crops into a rotation increases many
ecosystem services, such as protection against erosion, the formation of soil carbon (C), improved water
retention, and reductions in nutrient loss (Blanco-Canqui & Ruis, 2020; Daryanto et al., 2018; Schipanski
et al., 2014). In turn, cover cropping is also frequently associated with increased yields of the cash crop
(Daryanto et al., 2018; Fageria et al., 2005; Marcillo & Miguez, 2017; Smith et al., 2008). Nevertheless, the
benefits of cover cropping can take time to manifest, and often depend on how cover crops are managed as
well as on climate and soil properties (Abdalla et al., 2019; Kallenbach et al., 2019; Snapp et al., 2005; Xu
et al., 2020). Understanding the mechanisms of how cover crops improve soil health can inform the selection
of appropriate cover cropping strategies for growers.

Plant productivity is dependent on the timely supply of nitrogen (N) to meet crop demands. Often N is
supplied through an input of chemical or organic fertilizer once or twice a year. Maximizing the efficient use
of N inputs requires timing N additions with the critical period of plant growth, which often depends on
environmental factors that are difficult to control or predict, such as precipitation and temperature (Cassman
et al., 2002; G. P. Robertson & Vitousek, 2009). When anthropogenic N additions do not match demand,
N accumulates in various forms and is subject to transformations and subsequent loss from the ecosystem
(G. P. P. Robertson & Groffman, 2015; Schlesinger, 2009). The soil N cycle also provides plant-available N
through biological N fixation and by releasing N contained within plant residues and soil organic matter.
In most natural systems, the N provided by the microbial community is the sole source of N for the native
vegetation (Galloway et al., 2004). Therefore, internal N cycling in the soil is a double-edged sword. It can
provide nutrients to plants during their peak demand, but it can also drive nutrient losses from ecosystems
when N is in excess. This presents many opportunities to understand and optimize N cycling to maximize
ecosystem services (Van Groenigen et al., 2015).

Cover crops are often specifically chosen to improve N cycling in the soil by both retaining and releasing N.
Some cover crops, particularly grasses, are often used as “catch crops” to capture excess N, helping to keep
this vital nutrient in the field. Such uses of cover crops are particularly effective in the winter, when excess



moisture in bare soils can result in substantial amounts of N leaching (Hirsh et al., 2021; Komatsuzaki &
Wagger, 2015). Leguminous cover crops can also be utilized to provide “N credits” through their symbiotic
association with N-fixing bacteria (Ebelhar et al., 1984; Snapp et al., 2005; Tonitto et al., 2006). As N-
containing cover crop residues decompose, their N is released for utilization by the cash crop. These benefits
are particularly evident in wheat-clover systems (Gaudin et al., 2014; Thorsted et al., 2006). In addition to
cover crop selection, the timing of cover crop planting can determine the potential of cover crops to scavenge
nutrients and produce biomass (Hashemi et al., 2013; Komainda et al., 2016; Lawson et al., 2015).

Typically, cover crops are planted after harvest, but in some locations, particularly northern latitudes, this
can leave little time for cover crops to grow and establish before winter (CTIC et al., 2020; Komainda et
al., 2016). Interseeding can help overcome these narrow cover cropping windows. Interseeding is a practice
where cover crops are planted during the growing season between rows of a main crop, such as corn, allowing
for a longer growing season for the cover crop. On the other hand, there are some concerns that if planted
too early, interseeded cover crops may compete with the main crop for needed nutrients, such as N (Fageria
& Baligar, 2005; Snapp et al., 2005; Wachendorf et al., 2006). Therefore, it is important to understand how
interseeded cover crops impact the N cycle both during the growing season and after harvest, when cover
crop residues are decomposed in the soil.

The soil microbial community is responsible for carrying out the N transformations that make up the soil
N cycle (Booth et al., 2005; G. P. P. Robertson & Groffman, 2015). The balance between N supply and
microbial demand determines the amount of N that is mineralized from organic matter by the microbial
community and made available for plant uptake or immobilized in microbial biomass. Soil microbes also
carry out a host of mineral N transformations, such as nitrification, the conversion of ammonium to nitrite
and nitrate, and denitrification, which closes the N cycle by converting nitrate to nitrous oxide (N3O) and/or
dinitrogen gas. Cover crops have the potential to influence the soil microbial community by altering the
types and diversity of organic inputs to the soil as well as by increasing the amount of residues (Aulakh et
al., 1991; Tiemann et al., 2015). For example, C-rich grass residues could increase microbial N demand and
lead to N immobilization, while the degradation of N-rich clover residues could either help provide plant
available N or lead to greater N losses if degradation does not coincide with plant demand (McKenney et al.,
1993, 1995; O’Connell et al., 2015; Steenwerth & Belina, 2008). Ultimately, the impact of cover crops on soil
N availability depends on the N transformations carried out by the microbial community. Understanding
how cover crops influence the microbially mediated N cycle is therefore essential to maximizing the benefits
of cover crops for increasing plant yields and building soil health.

We sought to determine how interseeding cover crops into corn impacts measures of soil health and soil N
cycling and provisioning. Since these factors are heavily influenced by environmental and edaphic factors,
the experiment was initiated twice at two locations in Michigan, USA, with varying soil and climate. Soils
were sampled during the growing season and after harvest over three years. To distinguish legacy effects
of cover cropping from year-to-year variation, the experiment was repeated at each site and maintained
for two consecutive years for a total of eight site-years. We hypothesized that (1) interseeded cover crops
would improve soil health by increasing active soil C and N pools and microbial activity; (2) a mixture
of grass and legume interseeded cover crops would provide greater soil health benefits than either grass
or legume interseeded alone; (3) soil N provisioning would be greater and potential N losses reduced with
interseeded cover crops, with these benefits most pronounced under the grass-legume mixture, as indicated
by reductions in concentrations of inorganic forms of N, especially nitrate, and reduced rates of nitrification
and denitrification; and (4) soils sampled after consecutive years of interseeding cover crops compared to an
initial year would have greater “active” soil C and N pools, greater microbial activity, and more efficient N
provisioning.



Methods

Site Description and Experimental Design

The first set of experimental plots were established at our two research locations in central Michigan, USA,
in 2017. The first site was at the East Lansing Agronomy Farm (42.7100° N, 84.4663° W). The soils are
an Aubbeenaubbee—Capac sandy loam (fine-loamy, mixed, active, mesic Aeric Epiaqualf; fine-loamy, mixed,
active, mesic Aquic Glossudalf). Soil organic matter (SOM) was between 2.8 and 2.9%, with pH between
5.8 and 7.6. The second site was located at the Saginaw Valley Research and Extension Center (43.3952° N,
83.6831° W). Soils at this location are a Tappan-Londo loam (fine-loamy, mixed, active, calcareous, mesic
Typic Epiaquolls; fine-loamy, mixed, semiactive, mesic Aeric Glossaqualfs), with 3.0% SOM and pH of 7.5.
The following year, 2018, a second, identical set of plots was established at each location in a different field.
Each set of plots was maintained for two years for a total of eight site years (A. P. Brooker et al., 2020).

Cover crop treatments were established within four blocks at each location for both establishment years.
Cover crop treatments included two factors: cover crop species and cover crop seeding time. The four cover
crop species were annual ryegrass (Lolium multiflorumLam.), crimson clover (Trifolium incarnatum L.),
oilseed radish (Raphanus sativus L.), and a mixture of ryegrass and clover. Within these cover crop species,
a seeding time treatment was applied, where covers were seeded during either the V3 or V6 stage of corn
growth. These cover crop treatments were compared to plots that did not receive any cover crop treatment.
Since the seeding time treatment could not be applied across all levels of cover crop species (i.e., the no-cover
treatment did not have a seeding-time treatment), this resulted in an incomplete-randomized-block design.
Cover crop biomass was determined at the time of corn harvest by sampling aboveground biomass of cover
crops within 0.25 m? quadrats placed randomly in two locations within the plot. Cover crop biomass was
oven dried prior to weighing.

Soil Chemical Properties

Soil samples were taken throughout the year using a 1.9 cm diameter soil probe to 10 cm depth (Table 1).
Samples were sieved through a 4 mm mesh. Soil water content was determined gravimetrically. Dissolved
organic C (DOC) and total dissolved N were extracted by combining 8 g of field moist soil with 40 mL 0.5
M K2SO, and shaking for 1 hour followed by filtration with Whatman #1 filters. Soil ammonium (NH,™T)
and nitrate (NOg3™) concentrations were determined colorimetrically in clear 96-well plates. Ammonium de-
termination was done using salicylate and cyanurate color change chemistry (Sinsabaugh et al., 2000), and
NOj3" concentrations were determined by first reducing NOs to NOy™ using nitrate reductase from Arabidopsis
thaliana (EC 1.7.1.1; NECi, USA) followed by standard procedures for nitrite determination modified for a
microplate format (Mulvaney, 1996). DOC and total dissolved N were determined using a Vario TOC select
elemental analyzer (Elementar Americas, USA). Dissolved organic N (DON) levels were calculated by sub-
tracting concentrations of NO3~ and NH4™ from total dissolved N concentrations. We estimated microbial
biomass using a modified chloroform-fumigation method (Vance et al., 1987). In brief, 1 ml of chloroform
was added to 8 g of soil and incubated in sealed tubes for 24 hours. After venting chloroform for one hour
under a fume hood, we performed K5SO, extractions and quantified total DOC and total dissolved N as
described above. The difference in DOC and total dissolved N levels between fumigated and non-fumigated
samples is considered microbial biomass following the application of a chloroform efficiency factor of 0.45.

Table 1 Soil sampling dates. For analysis sampling dates were combined by season as indicated in the table.
Two distinct sets of plots were established at each location in 2017 and 2018. For each set of plots, soil
samples were taken in the first year of establishment and during the second year of cover cropping

Soil sampling dates Soil sampling dates Soil sampling dates Soil
2017 Plots 2017 Plots 2018 Plots 201¢
Year Season East Lansing Saginaw Valley East Lansing Sagi



Soil sampling dates Soil sampling dates Soil sampling dates Soil

2017 Growing July 10 July 17 — —
Postharvest Nov. 7; Dec. 8; Feb. 26; May 1  Nov. 9; Dec. 19; Feb. 27; Apr. 27 — —

2018 Growing July 26; Sept. 12 July 27; Sept. 17 — —
Postharvest Nov. 19; Mar. 27 Nov. 2; Mar. 28 Dec. 3; Apr. 16 Nov

2019 Growing — — Aug. 14 July
Postharvest — — Nov. 5; Mar. 9; Apr. 22 Oct.

Soil Biological Properties

We used fluorescently labelled substrates to estimate the activity of eight extracellular enzymes: B-glucosidase
(BG), B-1,4-N-acetyl-glucosaminidase (NAG), phosphatase, alanine aminopeptidase, arginine aminopepti-
dase, leucine aminopeptidase, glutamate aminopeptidase, and tyrosine aminopeptidase. BG, NAG, and
phosphatase substrates were labelled with 4-methylumbelliferone, and aminopeptidase substrates were la-
belled with 7-amino-4-methylcoumarin, according to the high-throughput microplate method (German et
al., 2011).

Potential rates of denitrification were determined using a modified denitrification enzyme activity (DEA)
assay (Groffman et al., 1999). Five grams of soil were placed in airtight jars and combined with 15 mL of
a solution containing 4.75 mM KNOg3 and 20 mM glucose. Jars were evacuated and flushed with Ny three
times. To inhibit NoO reduction, acetylene was added to the headspace of each jar to a final concentration
of 10% (v/v). Jars were incubated at 22°C on an orbital shaker. Headspace gas samples were taken after
30 and 90 minutes and placed in pre-evacuated 12 ml gas-tight vials. Gas samples were analyzed for NoO
concentrations using a TRACE 1310 gas chromatograph equipped with electron capture detector (Thermo
Fisher Scientific, USA).

Nitrification potential activity (NPA) was determined using the shaken soil-slurry method (Hart et al., 1994).
Briefly, soil slurries were prepared by combining 15 g of field moist soil with 100 ml of a solution containing 1
mM phosphate, and1.5 mM NH, T, adjusted to pH 7.2. Jars were flushed with O5 to prevent denitrification
and incubated at 22°C on an orbital shaker. Over the course of 24 hours, soil slurry samples were taken
four times at evenly spaced intervals. Nitrate concentrations in the soil slurry were determined using the
microplate method described above, and changes through time were used to calculate the rate of nitrification.

Statistical Analyses

Because the experimental design, with seeding time and cover crop species in an incomplete factorial, would
not allow us to simultaneously analyze these two cover crop effects, we first analyzed the main effect of cover
crop species alone and its interactions with season and environment. To determine the effect of seeding time
when the cover-crop-species treatment was found to be significant, we omitted the no-cover-crop treatment
and performed a second analysis that included the effects of both cover crop species and seeding time as well
as their interaction.

To model how season impacted cover crop treatment effects, sampling times were grouped by seasons:
samples taken between corn emergence and corn harvest were categorized as “growing season”, and samples
taken after harvest were “post-harvest” (Table 1). Treatment differences in single response variables were
determined using linear models and analysis of variance (ANOVA). Linear models were constructed using
thelme/ package in R (Bates et al., 2015). Fixed effects were season, site, and cover crop species, and
when cover crop species effects were significant, additional analyses included seeding time as a fixed effect.
Random effects were specified as block (nested within site and establishment year) and its interactions with
the various fixed effects. In addition, with respect to season, plot was considered a random effect to account
for repeated measures over time. We utilized the ImerTest package (Kuznetsova et al., 2017) to determine
the significance of main effects and interactions by performing Type III tests with numerator degrees of



freedom calculated using the Kenward-Roger method. When main effects or interactions were found to be
significant, pairwise comparisons were conducted with the emmeanspackage (Lenth et al., 2019) and Fisher’s
LSD at o = 0.05 (e.g., we looked for significant differences between sites by season when the site-by-season
interaction was significant). Since the five peptidase activities were highly correlated with one another, these
were summed together to produce a single variable representing total peptidase activity.

We analyzed correlations between variables separately within each site. Correlation matrices between vari-
ables were generated using thecor function in R to calculate Pearson’s correlation coefficients. Significance
of Pearson correlation coefficients were based on o = 0.05 using the cor.test function, as implemented within
the corrplot package.

We performed a multivariate analysis to determine how soil chemical properties explained variation among
samples in biological process rates. We conducted a redundancy analysis (RDA) using the veganpackage
(Oksanen et al., 2007) with all enzyme data, DEA, and NPA as response variables, and all chemical data as
explanatory variables.

Results

Cover Crop Biomass

Cover crop biomass varied between cover crop types and seeding times as well as by location and year (Table
2). For example, in the first year of the study at East Lansing (EL), tillage radish seeded at V3 had nearly
twice as much biomass as the next highest cover crop (55.9 versus 29.1 ¢ m™2). However, at the same location,
this cover crop failed to emerge when seeded at V6 during the first year of the 2018 plots and did not emerge
at all in 2019. In general, 2018 had less cover crop biomass compared to other years. Only V3-seeded clover
and mixture at Saginaw Valley (SV) had more than 2.0 ¢ m2biomass. In contrast, cover crop biomass varied
from 3.8 to 19.5 g m™2 at SV in 2017. The lack of cover crop biomass in 2018 was likely due to a shortfall of
precipitation during the period when cover crops were interseeded (Figure 1).

Table 2 Dry weight of aboveground biomass of cover crops at the time of maize harvest

Cover crop aboveground biomass

East Lansing

2017 Plots
Seeding Crop 2017
g m?

V3 Ryegrass 12.22 (7.06)*

Clover 29.13 (6.79)

Mixture  25.55 (4.31)

Radish  55.94 (16.57)
V6 Ryegrass 11.32 (5.76)

Clover 14.01 (2.85)

Mixture  8.14 (1.81)
Radish 21.57 (3.7)

@ Values presented are means with standard error in parentheses (n = 4)

Soil C and N Pools

We measured dissolved organic C (DOC) and microbial biomass C (MBC) to determine how cover crops
influenced active pools of soil C and found no significant main or interactive effects of cover cropping (Table



3). Instead, DOC and MBC varied significantly by site and season, with site differences depending on
sampling season. DOC was significantly higher at SV in five out of seven seasons (Figure 2a) and MBC was
significantly higher at SV in three out of six seasons, but one season was not observed at EL due to loss of
samples (Figure 2b). At EL, DOC concentrations were greater during the growing season than after harvest.
There was no consistent seasonal pattern in DOC concentrations at SV.

Figure 1 Cumulative precipitation at East Lansing (a) and Saginaw Valley (b) during the maize growing
season. Shaded region indicates the period when cover crops were interseeded
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Figure 2 Concentrations of dissolved organic carbon (a) and microbial biomass carbon (b) at East Lansing
(EL) and Saginaw Valley (SV) field sites. Error bars represent one standard error (n = 4). Means that
significantly differ between locations for each season are indicated by asterisks (*, P < 0.05; ** P < 0.01;
kP < 0.001). Within each location, significantly different means across seasons are indicated by lowercase
letters (a0 = 0.05)
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Soil N pools were largely unaffected by cover cropping, regardless of sampling site or season (Table 3). We
found greater ammonium (NH4T) concentrations at EL compared to SV at all seasons except one, but the
magnitude of the site difference varied by season (Figure 3a). Soil nitrate (NOj3™) concentrations did not
differ by cover crop and were not consistently different between the two locations (Figure 3b). Within each
location, NO3~ concentrations tended to be greater during growing seasons. Dissolved organic N (DON)
was impacted by site and season, although the seasonal effects varied by site (Figure 3¢). At EL, DON was
significantly higher during the growing season compared to post-harvest, while at SV, post-harvest levels
of DON were significantly greater in two out of three years. Microbial biomass N (MBN) was significantly
affected by cover crop (Table 3), with significantly greater MBN in the mixture (34.3 & 1.4 mg MBN-N kg™
soil), radish (33.6 + 1.3 mg MBN-N kg! soil), and no-cover (33.5 & 1.8 mg MBN-N kg soil) treatments
compared to clover (29.4 4+ 1.2 mg MBN-N kg soil). MBN was consistently higher at SV than EL and,
with no significant site-by-season interaction, was not driven by seasonality effects (Figure 3d).

Table 3 Type III ANOVA table of fixed effects for soil chemical properties

DOC DOC DOC MBC MBC MBC NH,* NH;t NH4*

F df P-value F df P-value F df P-value
Site (St) 45.86 1 <0.001 *** 11.87 1 0.003 ** 119.12 1 <0.001 ***
Season (Sn) 26.61 6 <0.001 *** 7.89 5 <0.001 *** 7,28 6 <0.001 ***
Crop (C) 037 4 0.826 0.81 4 0.520 1.75 4 0.147
St x Sn 14.77 6 <0.001 *** 17.73 5 <0.001 ***  5.00 6 <0.001 **
St x C 0.46 4 0.766 0.16 4 0.959 0.19 4 0.945
Sn x C 049 24 0.981 0.59 20 0.922 0.76 24 0.792
St x Snx C 038 24 0.997 0.69 20 0.840 1.28 24 0.171

Table 3 (cont’d)
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NO3~ NOs~ NOjz- DON DON DON MBN MBN MBN

F df P-value F df P-value F df P-value
Site (St) 0.43 1 0.520 62.02 1 <0.001 *** 59.63 1 <0.001 ***
Season (Sn) 37.63 6 <0.001 *** 30.46 6 <0.001 *** 2470 5 <0.001 ***
Crop (C) 1.86 4 0.126 0.60 4 0.666 2.81 4 0.031 *
St x Sn 10.10 6 <0.001 *** 2495 6 <0.001%*%*  1.34 5 0.254
St x C 192 4 0.115 0.51 4 0.728 1.35 4 0.259
Sn x C 0.55 24 0.958 0.95 24 0.537 0.85 20 0.657
St xSnxC 070 24 0.851 0.70 24 0.857 0.77 20 0.747

Asterisks next to P-values indicate thresholds of significance (*, P < 0.05; **, P < 0.01; *** P < 0.001)

Figure 3 Concentrations of ammonium (a), nitrate (b), dissolved organic nitrogen (c), and microbial biomass
N (d) at East Lansing (EL) and Saginaw Valley (SV) field sites. Error bars represent one standard error (n
= 4). Means that significantly differ between locations for each season are indicated by asterisks (*, P <
0.05; ** P < 0.01; *** P < 0.001). Within each location, significantly different means across seasons are
indicated by lowercase letters (o = 0.05)
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Soil Biological Activity

As with soil chemical parameters, cover cropping did not account for a significant amount of variation in
extracellular enzyme activity (EEA), but we did observe significant site, season, and site-by-season effects
(Table 4). EEA potential rates significantly differed between locations for most enzymes (Figure 4). BG and
NAG activities tended to be significantly greater at EL than SV in most seasons (Figure 4a, b). Conversely,
peptidase rates were more than twice as high at SV than EL in all seasons (Figure 4c). Phosphatase activities
were significantly greater at EL in two out of seven seasons but were significantly higher at SV in one season
(Figure 4d). Although activities varied significantly over time at both locations, there were no consistent
seasonal trends.

Nitrification potential activity (NPA) and denitrification potential (DEA) both differed by site and season,
with significant site-by-season effects (Table 5). NPA rates were significantly greater at SV than EL across
all seasons except the 2018 growing season (Figure 5a). Conversely, DEA was significantly greater at EL
than SV in most seasons (Figure 5b).

Table 4 Type IIT ANOVA table of fixed effects for extracellular enzyme activities

BG BG BG NAG NAG NAG Peptidase Peptidase Peptidase Phosphatas
F df  P-value F df P-value F df P-value F

Site (St) 31.02 1 <0.001 *** 7115 1 <0.001 ***  159.26 1 <0.001 *** 1.87

Season (Sn)  21.44 6 <0.001 *** 823 6 <0.001 *** 22,10 6 <0.001 ***  36.97

Crop (C) 0.78 4 0.541 1.00 4 0.412 0.24 4 0.916 0.75

St x Sn 30.93 6 <0.001 *** 11.23 6 <0.001 *** 13.50 6 <0.001 ***  63.12

St x C 048 4 0.753 027 4 0.898 0.49 4 0.740 0.70

Sn x C 1.08 24 0.368 0.96 24 0.513 0.79 24 0.744 0.65

St x Sn x C 1.37 24 0.118 1.28 24 0.170 0.75 24 0.793 0.64
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Asterisks next to P-values indicate thresholds of significance (*, P < 0.05; **, P < 0.01; *** P < 0.001)
Table 5 Type III ANOVA table of fixed effects for potential nitrification and denitrification

NPA NPA NPA DEA DEA DEA

F df P-value F df P-value
Site (St) 76.00 1 <0.001 *** 4264 1 <0.001 ***
Season (Sn) 3745 6 <0.001 *** 23.86 4 <0.001 ***
Crop (C) 038 4 0.822 0.36 4 0.833
St x Sn 5.66 6 <0.001 *** 594 4 <0.001 ***
St x C 2.16 4 0.083 1.66 4 0.173
Sn x C 0.86 24 0.655 1.04 16 0.411
St x Sn x C 0.67 24 0.878 0.23 16 0.999

Asterisks next to P-values indicate thresholds of significance (*, P < 0.05; **, P < 0.01; *** P < 0.001)

Figure 4 Activities of extracellular enzymes: -glucosidase (a), N-acetyl-glucosaminidase (b), peptidase (c),
and phosphatase (d) at East Lansing (EL) and Saginaw Valley (SV) field sites. Error bars are one standard
error (n = 4). Means that significantly differ between locations for each season are indicated by asterisks (*,
P < 0.05; **, P < 0.01; *** P < 0.001). Within each location, significantly different means across seasons
are indicated by lowercase letters (o = 0.05)
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Figure 5 Potential rates of nitrification (a) and denitrification (b) at East Lansing (EL) and Saginaw Valley
(SV) field sites. Error bars are standard error (n = 4). Means that significantly differ between locations for
each season are indicated by asterisks (*, P < 0.05; ** P < 0.01; *** P < 0.001). Within each location,
significantly different means across seasons are indicated by lowercase letters (o = 0.05)
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Correlations between Soil Biological and Chemical Properties

DOC was correlated with enzyme activities at both locations, but these relationships were stronger at SV
(Figure 6). At EL, DOC was inversely correlated to BG and NPA, while at SV, DOC was positively correlated
with peptidase, phosphatase, and NPA. DOC was inversely related to BG and NAG activity at SV. There
were fewer significant relationships between soil N and enzyme activities at EL than SV. NPA and NH,*
as well as DON and peptidase were strongly correlated at SV but not at EL. Among enzyme activities, we
found that BG and peptidase were strongly positively correlated at EL but possessed a significant inverse
relationship at SV. At both locations, NPA and peptidase activities were positively correlated.

Figure 6 Correlation plots of soil chemical and biological factors at East Lansing (a) and Saginaw Valley (b).
Color scale represents the Pearson correlation coefficient, the significance of which is indicated by asterisks
(*, P < 0.05; ** P < 0.01; *** P < 0.001)
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RDA Analysis

We used RDA to assess the treatment effects on all microbially mediated nutrient-cycling processes together
and to determine which soil characteristics were most important in driving differences between the two
locations (Figure 7). A total of 28% of the variation in biological process rates can be explained by the
environmental variables included in our analysis, with 89% of this variation being expressed on the first
two axes of the RDA. The two sites differentiate from one another along the first RDA axis. This axis is
most strongly positively correlated with DOC, while it is negatively correlated with NH4". Total N and
MBN account for much of the variation explained by RDA2, but these environmental factors are not highly
correlated with any of the response factors.

Figure 7 Redundancy analysis ordination of soil biological properties constrained to the variation exhibited
within soil chemical properties. Black vectors correspond to soil chemical properties. The blue polygon
encompasses the samples taken from Saginaw Valley, and the green polygon encompasses those from East
Lansing
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Discussion

The overall benefits of cover crops to soil health and soil C are well known (Daryanto et al., 2018; Fageria
et al., 2005; Snapp et al., 2005). Cover crops can help to build soil C stocks, thereby improving soil health,
and this is often a stated goal of utilizing cover crops (CTIC et al., 2020). However, within any particular
location, the soil-health benefits of cover crops will depend on site-specific factors and may take time to
manifest. For example, across the four plot locations in this study, we did not observe consistent effects of
cover crops on any of the soil chemical or biological indicators of soil health. The lack of significant effects is
likely due to a combination of low amounts of C inputs supplied by cover crops (Table 2) and the relatively
short duration of the study. Other studies have also failed to detect significant differences in various soil
C metrics after only a few years of cover cropping. In one study, there were no differences in SOM after
5 years of cover cropping, but detectable effects did emerge by 7 years, with this effect dependent on main
cropping system type and management strategy (Wegner et al., 2015, 2018). Another study in Michigan
also found that 5 years was insufficient time to produce significant differences in SOC (Ladoni et al., 2016),
but in a similar experiment, differences in SOC were apparent after 12 years between a management system
with cover crops and one without (Syswerda et al., 2011). The increase in soil C over time is likely linked to
persistent inputs of cover crop biomass year after year. Long-term studies show that soil C concentrations are
positively related to increases in C inputs (Barbera et al., 2012; Mazzoncini et al., 2011). Across all years of
our study, cover crop biomass inputs were relatively modest, especially when compared to the contributions
of biomass C from the corn main crop (Table 2). Cover crop biomass was typically between 10 to 200 kg
ha™'. Thus, compared to corn residues, which can be measured in megagrams per hectare, the cover crop
biomass made a modest contribution to soil C inputs. A primary reason for the low biomass was likely a
lack of precipitation during the key growing phase for the cover crops after interseeding, especially in 2018
(A. Brooker et al., 2020). The timing of precipitation for interseeded cover crops is particularly important:
Precipitation occurring later in the season is of less benefit to interseeded cover crops because the closure of
the corn canopy shades out emerging cover crops.

The strongest effects we observed on all measured parameters were between seasons and sites (Table 3).
In general, seasonal trends were more pronounced at EL. For instance, all soil N pools were usually higher
during the growing season. Greater amounts of N during the growing season are typical of agricultural
systems, where anthropogenic N additions make up the overwhelming majority of N input, with less than
half being taken up by the crop (Fageria & Baligar, 2005; G. P. Robertson & Vitousek, 2009). In contrast,
seasonal patterns in inorganic N were not as pronounced at SV. Although NOg3~ concentrations tended to be
higher during the growing season at SV, levels of soil NH,* did not follow a consistent seasonal pattern. In
addition, soil NH4+ was consistently lower at SV compared to EL at every sampling date. Greater microbial
N demand at SV may have helped to maintain lower levels of inorganic N throughout the year compared
to EL. Microbial immobilization of inorganic N can vary greatly between soils and is driven largely by soil
organic C content (Barrett & Burke, 2000). When C is available, net N immobilization by microbes occurs,
reducing the concentration of dissolved inorganic N (Aulakh et al., 1991; Hume et al., 2002; McKenney et
al., 1995). We found higher DOC concentrations at SV compared to EL in most seasons (Figure 2a), and
MBN was also greater at SV (Figure 3d), indicating more N in the microbial pool. While higher DOC levels
may have driven microbial immobilization at SV, C limitation at EL could have hampered the ability of
microbes to utilize N when it was available, allowing mobile forms of inorganic N to build up in the soil and
become susceptible to loss.

DOC was higher and subject to less temporal variation at SV, suggesting a steady supply of DOC. Ultimately,
this is due to more DOC being released through the degradation of crop residues and/or SOM (Kalbitz et
al., 2000; Neff & Asner, 2001), but it is not immediately evident whether these site differences are caused
by variable efficiencies in degradation dynamics or by differences in stocks of SOM. Enzyme activities were
significantly different between sites. Further, at SV, enzyme activities were both positively and negatively
correlated with DOC, indicating a complex relationship between DOC availability and the regulation of
extracellular enzyme production. It is also possible that DOC levels were maintained through rapid turnover
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of MBC. MBC concentrations were not always higher at SV compared to EL, but they did tend to exhibit
greater variability, with season-to-season changes larger than the total pool of DOC. While some of MBC
turnover becomes stabilized as necromass (Buckeridge et al., 2022; Miltner et al., 2012), a substantial portion
can feed back into the pool of DOC (Blazewicz et al., 2014; Shahbaz et al., 2017). Greater DOC availability
may thus lead to increased microbial activity, stimulating a virtuous cycle where C is actively cycled back
and forth between DOC and MBC.

Regardless of its source, the availability of DOC was strongly correlated with differences in potential nutrient
cycling activities between the microbial communities at the two locations. The strength of this relationship
outweighed the contribution of inorganic N and microbial biomass to site differences (Figure 7). Differences
in DOC could have driven distinct microbial nutrient-acquisition strategies at each location. For instance,
we found that BG and peptidase activities were strongly positively correlated at EL but strongly negatively
correlated at SV (Figure 6b). This inverse relationship was unexpected because extracellular enzyme activi-
ties tend to increase together (Sinsabaugh et al., 2008, 2009); however, others have also described a negative
pattern between peptidase and glucosidase activities at the field scale (Weedon et al., 2014). These distinct
relationships between enzyme activities could signify differences in nutrient limitation (Chen et al., 2014;
Mooshammer et al., 2014). Stoichiometric decomposition theory describes how microorganisms shift their
strategies for C- and nutrient acquisition to overcome differences in the stoichiometry of available resources
and the relatively narrow C:N requirements of biomass (Sinsabaugh & Shah, 2012). Increased C availability
at SV stimulated microbial N demand, resulting in a shift in allocation of microbial resources towards ac-
quisition of N by producing peptidases (Allison & Vitousek, 2005; Geisseler et al., 2009). Indeed, we found
that DOC availability and peptidase activities were tightly correlated at SV but not at EL (Figure 6). This
agrees with other studies that have also shown a relative increase in peptidase activity associated with DOC
and have attributed this to increased microbial N demand (Bowles et al., 2014).

Greater peptidase activity can result in more available DON at SV (Schimel & Bennett, 2004). As may be
expected, we found that peptidase activity and DON were positively related at SV but not at EL (Figure
6). In addition, we found that DON tended to be higher post-harvest at SV (Figure 3c). Compared to
corn stover, cover crop residues typically have much lower C:N ratios, especially clover residue, and the
degradation of these N-rich substrates can increase soluble N levels during the fall and winter (Abdalla et
al., 2019; McKenney et al., 1995). Nevertheless, as with other pools of N, we saw no cover crop effects on
the availability of DON at SV. This leaves SOM as the most likely source of DON at SV. SOM is a rich
source of N in some soils, and microorganisms often mineralize SOM to obtain needed N (Craine et al., 2007;
Moorhead & Sinsabaugh, 2006). Inputs of corn stover could therefore provide an influx of C that stimulates
the microbial community to increase N mining from SOM, leading to seasonal increases in DON after harvest
(Shahbaz et al., 2017).

NPA was higher at SV (Figure 5a), potentially explaining the lower concentrations of NH, ¥, but interestingly,
the correlation between NHy* and NPA was strongly positive (Figure 6). If NPA was the primary process
responsible for the net consumption of NH, T, there should be an inverse relationship. Rather, it appears
that nitrifiers are responding to an increase in NH4 " concentrations. The high potential activity of peptidases
at SV could be driving a mineralization process that creates a niche for nitrifiers. Other studies have found
nitrification to be well correlated with N mineralization (Booth et al., 2005; Liang et al., 2014; Ouyang et al.,
2016; Steenwerth & Belina, 2008), and it has been suggested accordingly that N mineralization is a better
determinant of nitrification substrate supply than concentrations of NH4 T (Norton & Ouyang, 2019; Stark
& Hart, 1997). In support of this possibility, both locations had significant positive correlations between
NPA and peptidase activity. While potential peptidase activity does not measure N mineralization per se
, the depolymerization of extracellular proteins and polypeptides is the rate-limiting step in the process of
N mineralization (Schimel & Bennett, 2004). Depolymerization is all the more influential in tightly coupled
systems where the demand for N is high and where rapid immobilization maintains a small pool of inorganic
N, such as at SV. Only a few studies have explicitly looked at the relationship between potential rates
of peptidase activity and nitrification (Schloter et al., 2003; Zaman et al., 1999). Often, no correlation
or a negative correlation is found, but these studies are usually performed during the growing season and
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are confounded by treatments and field-management practices that provide fertilizer or DON, underscoring
the importance of understanding microbial activity and nutrient-cycling dynamics throughout the entire
year within agricultural soils. Our study, therefore, highlights the spatial and temporal dynamics that can
influence the relationships between N-cycling processes.

A more active N cycle at SV may or may not lead to increased N losses. For example, NPA is linked to
N loss via the production of NOj3~, which is the dominant form of N lost in agricultural ecosystems (G. P.
Robertson & Vitousek, 2009). Nitrate is highly mobile and can be easily leached through the soil profile;
in addition, NOj3~ is susceptible to loss via denitrification. Although we did not measurein situ fluxes of N
into and out of the system, we found that DEA and inorganic N levels, including NOg3™, tended to be lower
at SV than EL (Figure 5b). This suggests minimal N loss pathways at SV, where despite the more active
fluxes between soil N pools, the greater DOC content drove microbial demand for N. On the other hand,
N availability at EL was driven by exogenous inputs, with higher DEA and concentrations of inorganic N
suggesting greater potential for nutrient loss.

Conclusions

Interseeded cover crops did not produce consistent changes to soil nutrient pools or microbial activities
in the two-year cover cropping treatments utilized in this study. The lack of a strong cover crop effect
may have been due in part to the relatively modest cover crop biomass additions that were a result of low
precipitation during key moments for cover crop growth. Instead, differences between site and season were
far more pronounced. The microbial communities had distinct nutrient cycling strategies between the two
locations observed in the study, including patterns of extracellular enzyme activity. We suggest that resource
availability and relative nutrient demand drove these differences in nutrient transformations between the two
sites, with C availability being associated with a more active N cycle and lower concentrations of inorganic
N. These large and consistent differences in N cycling between locations indicates the importance of having
site-specific management recommendations to improve N provisioning. For example, the contrasting seasonal
patterns of organic N availability suggest that the N contained within cover crop residues will be mineralized
differently depending on microbial demand and the strength of various N-cycling processes. Additional
research is needed to further describe the mechanisms underlying the relationship between available C and
microbial N-cycling processes and how practices such as cover cropping impact these interactions.

References

Abdalla, M., Hastings, A., Cheng, K., Yue, Q., Chadwick, D., Espenberg, M., Truu, J., Rees, R. M., & Smith,
P. (2019). A critical review of the impacts of cover crops on nitrogen leaching, net greenhouse gas balance
and crop productivity. Global Change Biology , 25 (8), 2530-2543. https://doi.org/10.1111/gch.14644

Allison, S. D., & Vitousek, P. M. (2005). Responses of extracellular enzymes to simple and complex nutrient
inputs. Soil Biology and Biochemistry , 37 (5), 937-944. https://doi.org/10.1016/j.s0ilbio.2004.09.014

Aulakh, M. S., Walters, D. T., Doran, J. W., Francis, D. D., & Mosier, A. R. (1991). Crop Residue Type
and Placement Effects on Denitrification and Mineralization. Soil Science Society of America Journal ,55
(4), 1020. https://doi.org/10.2136/sss2j1991.03615995005500040022x

Barbera, V., Poma, 1., Gristina, L., Novara, A., & Egli, M. (2012). Long-term cropping systems and tillage
management effects on soil organic carbon stock and steady state level of C sequestration rates in a semiarid
environment. Land Degradation and Development ,23 (1), 82-91. https://doi.org/10.1002/1dr.1055

Barrett, J. E., & Burke, I. C. (2000). Potential nitrogen immobilization in grassland soils across a soil organic
matter gradient.Soil Biology and Biochemistry , 32 (11-12), 1707-1716. https://doi.org/10.1016/S0038-
0717(00)00089-4

13



Bates, D., Méchler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models Using lme4.
Journal of Statistical Software ,67 (1). https://doi.org/10.18637 /jss.v067.i101

Blanco-Canqui, H., & Ruis, S. J. (2020). Cover crop impacts on soil physical properties: A review. Soil
Science Society of America Journal , July . https://doi.org/10.1002/saj2.20129

Blazewicz, S. J., Schwartz, E., & Firestone, M. K. (2014). Growth and death of bacteria and fungi
underlie rainfall-induced carbon dioxide pulses from seasonally dried soil. Ecology , 95 (5), 1162-1172.
https://doi.org,/10.1890/13-1031.1

Booth, M. S., Stark, J. M., & Rastetter, E. (2005). Controls on nitrogen cycling in terrestrial ecosystems: A
synthetic analysis of literature data. Ecological Monographs , 75 (2), 139-157. https://doi.org/10.1890/04-
0988

Bowles, T. M., Acosta-Martinez, V., Calderon, F., & Jackson, L. E. (2014). Soil enzyme activi-
ties, microbial communities, and carbon and nitrogen availability in organic agroecosystems across an
intensively-managed agricultural landscape. Soil Biology and Biochemistry , 68 (Supplement C), 252-262.
https://doi.org/10.1016/j.s0ilbio.2013.10.004

Brooker, A. P., Renner, K. A., & Sprague, C. L. (2020). Interseeding cover crops in corn. Agronomy Journal
, 112 (1), 139-147. https://doi.org/10.1002/agj2.20046

Brooker, A., Renner, K., & Basso, B. (2020). Interseeding cover crops in corn: Establishment, biomass, and
competitiveness in on-farm trials. Agronomy Journal , February , 1-11. https://doi.org/10.1002/agj2.20355

Buckeridge, K. M., Creamer, C., & Whitaker, J. (2022). Deconstructing the microbial necro-
mass continuum to inform soil carbon sequestration.Functional FEcology , September 2021 , 1-15.
https://doi.org/10.1111/1365-2435.14014

Cassman, K. G., Dobermann, A., & Walters, D. T. (2002). Nitrogen-Use Efficiency, and Nitrogen Manage-
ment. Ambio , 31 (2), 132-140.

Chen, R., Senbayram, M., Blagodatsky, S., Myachina, O., Dittert, K., Lin, X., Blagodatskaya,
E., & Kuzyakov, Y. (2014). Soil C and N availability determine the priming effect: Microbial
N mining and stoichiometric decomposition theories.  Global Change Biology ,20 (7), 2356-2367.
https://doi.org/10.1111/gcb.12475

Craine, J. M., Morrow, C., & Fierer, N. (2007). Microbial nitrogen limitation increases decomposition.
Ecology , 88 (8), 2105-2113. https://doi.org/10.1890/06-1847.1

CTIC, SARE, & ASTA. (2020). National cover crop survey annual report 2019-2020 . August , 1-63.

Daryanto, S., Fu, B., Wang, L., Jacinthe, P. A., & Zhao, W. (2018). Quantitative syn-
thesis on the ecosystem services of cover crops.Earth-Science Reviews , 185 (June), 357-373.
https://doi.org/10.1016/j.earscirev.2018.06.013

Ebelhar, S. A., Frye, W. W., & Blevins, R. L. (1984). Nitrogen from Legume Cover Crops for No-Tillage
Cornl. Agronomy Journal ,76 (1), 51-55. https://doi.org/10.2134/agronj1984.00021962007600010014x

Fageria, N. K., & Baligar, V. C. B. T.-A. in A. (2005). Enhancing Nitrogen Use Efficiency in Crop Plants
(Vol. 88, pp. 97-185). Academic Press. https://doi.org/10.1016/S0065-2113(05)83004-6

Fageria, N. K., Baligar, V. C., & Bailey, B. A. (2005). Role of cover crops in improving soil and
row crop productivity. Communications in Soil Science and Plant Analysis , 36 (19-20), 2733-2757.
https://doi.org/10.1080/00103620500303939

Finney, D. M., Buyer, J. S., & Kaye, J. P. (2017). Living cover crops have immediate impacts on soil
microbial community structure and function. Journal of Soil and Water Conservation , 72 (4), 361-373.
https://doi.org/10.2489/jswc.72.4.361

14



Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., Seitzinger, S. P., Asner, G.
P., Cleveland, C. C., Green, P. A., Holland, E. A., Karl, D. M., Michaels, A. F., Porter, J. H., Townsend,
A. R., & Vosmarty, C. J. (2004). Nitrogen Cycles: Past, Present, and Future. Biogeochemistry , 70 (2),
153-226. https://doi.org/10.1007/s10533-004-0370-0

Gaudin, A. C. M., Janovicek, K., Martin, R. C., & Deen, W. (2014). Approaches to optimizing nitrogen
fertilization in a winter wheat-red clover (Trifolium pratense L.) relay cropping system. Field Crops Research
, 155 ,192-201. https://doi.org/10.1016/j.fcr.2013.09.005

Geisseler, D., Horwath, W. R., & Doane, T. A. (2009). Significance of organic nitrogen uptake from plant
residues by soil microorganisms as affected by carbon and nitrogen availability. Soil Biology and Biochemistry
, 41 (6), 1281-1288. https://doi.org/10.1016/j.s0ilbio.2009.03.014

German, D. P., Weintraub, M. N., Grandy, A. S., Lauber, C. L., Rinkes, Z. L., & Allison, S. D. (2011). Op-
timization of hydrolytic and oxidative enzyme methods for ecosystem studies. Soil Biology and Biochemistry
, 48 (7), 1387-1397. https://doi.org/10.1016/j.s0ilbio.2011.03.017

Groffman, P. M., Hollan, E. A.; Myrold, D. D., Robertson, G. P., Zou, X., Holland, E. A.; Myrold, D. D.,
Robertson, G. P., & Zou, X. (1999). Denitrification. In Standard Soil Methods for Long-Term FEcological
Research (pp. 272-288).

Hart, S. C., Stark, J. M., Davidson, E. A., & Firestone, M. K. (1994). Nitrogen Min-
eralization, Immobilization, and Nitrification. InMethods of Soil Analysis (pp. 985-1018).
https://doi.org/10.2136 /sssabookser5.2.c42

Hashemi, M., Farsad, A., Sadeghpour, A., Weis, S. A., & Herbert, S. J. (2013). Cover-crop seeding-
date influence on fall nitrogen recovery.Journal of Plant Nutrition and Soil Science , 176 (1), 69-75.
https://doi.org/10.1002/jpln.201200062

Hirsh, S. M., Duiker, S. W., Graybill, J., Nichols, K., & Weil, R. R. (2021). Scavenging and recycling deep
soil nitrogen using cover crops on mid-Atlantic, USA farms. Agriculture, Ecosystems and Environment ,309
(December 2020), 107274. https://doi.org/10.1016/j.agee.2020.107274

Hume, N. P.; Fleming, M. S., & Horne, A. J. (2002). Denitrification Potential and Carbon Quality of
Four Aquatic Plants in Wetland Microcosms. Soil Science Society of America Journal ,66 (5), 1706-1712.
https://doi.org/10.2136/sssaj2002.1706

Kalbitz, K., Solinger, S., Park, J.-H., Michalzik, B., & Matzner, E. (2000). CONTROLS ON THE DYNAM-
ICS OF DISSOLVED ORGANIC MATTER IN SOILS: A REVIEW. Soil Science , 165 (4).

Kallenbach, C. M., Wallenstein, M. D., Schipanksi, M. E., & Grandy, A. S. (2019). Managing Agroe-
cosystems for Soil Microbial Carbon Use Efficiency: Ecological Unknowns, Potential Outcomes, and a Path
Forward. Frontiers in Microbiology , 10 (May). https://doi.org/10.3389/fmich.2019.01146

Komainda, M., Taube, F., Kluss, C., & Herrmann, A. (2016). Above- and belowground nitrogen uptake of
winter catch crops sown after silage maize as affected by sowing date. Furopean Journal of Agronomy ,79 ,
31-42. https://doi.org/10.1016/j.eja.2016.05.007

Komatsuzaki, M., & Wagger, M. G. (2015). Nitrogen recovery by cover crops in relation to time
of planting and growth termination.Journal of Soil and Water Conservation , 70 (6), 385-398.
https://doi.org/10.2489 /jswc.70.6.385

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest Package: Tests
in Linear Mixed Effects Models. Journal of Statistical Software , 82 (13 SE-Articles), 1-26.
https://doi.org/10.18637/jss.v082.i13

Ladoni, M., Basir, A., Robertson, P. G., & Kravchenko, A. N. (2016). Scaling-up: Cover crops differentially
influence soil carbon in agricultural fields with diverse topography. Agriculture, Ecosystems and Environment

15



, 225, 93-103. https://doi.org/10.1016/j.agee.2016.03.021

Lawson, A., Cogger, C., Bary, A., & Fortuna, A. M. (2015). Influence of seeding ratio, planting date, and
termination date on rye-hairy vetch cover crop mixture performance under organic management. PLoS ONE
, 10 (6), 1-19. https://doi.org/10.1371/journal.pone.0129597

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve, M. (2019).
Package ‘emmeans.’

Liang, S., Grossman, J., & Shi, W. (2014). Soil microbial responses to winter legume
cover crop management during organic transition.Furopean Journal of Soil Biology , 65 , 15-22.
https://doi.org/10.1016/j.ejsobi.2014.08.007

Marcillo, G. S., & Miguez, F. E. (2017). Corn yield response to winter cover crops: An updated meta-analysis.
Journal of Soil and Water Conservation , 72 (3), 226 LP — 239. https://doi.org/10.2489 /jswc.72.3.226

Mazzoncini, M., Sapkota, T. B., Barberi, P., Antichi, D., & Risaliti, R. (2011). Long-term effect of tillage,
nitrogen fertilization and cover crops on soil organic carbon and total nitrogen content. Soil and Tillage
Research , 114 (2), 165-174. https://doi.org/10.1016/j.still.2011.05.001

McKenney, D. J., Wang, S. W., Drury, C. F., & Findlay, W. I. (1993). Dentrification and Mineralization in
Soil Amended with Legume, Grass, and Corn Residues. Soil Science Society of America Journal ;57 (4),
1013-1020. https://doi.org/10.2136/sssaj1993.03615995005700040022x

McKenney, D. J., Wang, S.-W., Drury, C. F., & Findlay, W. I. (1995). Denitrification, Immobilization, and
Mineralization in Nitrate Limited and Nonlimited Residue-Amended Soil. Soil Science Society of America
Journal , 59 (1), 118-124. https://doi.org/10.2136/sssaj1995.03615995005900010019x

Miltner, A., Bombach, P., Schmidt-Brucken, B., & Kastner, M. (2012). SOM genesis: Microbial biomass as
a significant source. Biogeochemistry , 111 (1), 41-55. https://doi.org/10.1007/s10533-011-9658-z

Moorhead, D. L., & Sinsabaugh, R. L. (2006). A theoretical model of litter decay and
microbial interaction. Ecological Monographs ,76 (2), 151-174. https://doi.org/10.1890/0012-
9615(2006)076[0151: ATMOLD]2.0.CO;2

Mooshammer, M., Wanek, W., Zechmeister-Boltenstern, S., & Richter, A. (2014). Stoichiometric imbal-
ances between terrestrial decomposer communities and their resources: Mechanisms and implications of
microbial adaptations to their resources. In Frontiers in Microbiology (Vol. 5, Issue FEB, pp. 1-10).
https://doi.org,/10.3389/fmicb.2014.00022

Mulvaney, R. L. (1996). Nitrogen—Inorganic Forms. In Methods of Soil Analysis (pp. 1123-1184).
https://doi.org/10.2136 /sssabookser5.3.c38

Neff, J. C., & Asner, G. P. (2001). Dissolved organic carbon in terrestrial ecosystems: Synthesis and a
model. Fcosystems ,4 (1), 29-48. https://doi.org/10.1007/s100210000058

Norton, J., & Ouyang, Y. (2019). Controls and adaptive management of nitrification in agricultural soils.
Frontiers in Microbiology ,10 (AUG), 1-18. https://doi.org/10.3389/fmicb.2019.01931

O’Connell, S., Shi, W., Grossman, J. M., Hoyt, G. D., Fager, K. L., & Creamer, N. G. (2015). Short-term
nitrogen mineralization from warm-season cover crops in organic farming systems. Plant and Soil , 396
(1-2), 353-367. https://doi.org/10.1007/s11104-015-2594-2

Oksanen, J., Kindt, R., Legendre, P., O’Hara, B., Stevens, M. H. H., Oksanen, M. J., & Suggests, M. (2007).
The vegan package. Community Ecology Package , 10 (631-637), 719.

Ouyang, Y., Norton, J. M., Stark, J. M., Reeve, J. R., & Habteselassie, M. Y. (2016). Ammonia-oxidizing
bacteria are more responsive than archaea to nitrogen source in an agricultural soil. Soil Biology and
Biochemistry , 96 , 4-15. https://doi.org/10.1016/j.s0ilbio.2016.01.012

16



Robertson, G. P. P.,; & Groffman, P. M. M. (2015). Nitrogen Transformations. In Soil Microbiology, Ecology
and Biochemistry(4th ed.). Elsevier Inc. https://doi.org/10.1016/B978-0-12-415955-6.00014-1

Robertson, G. P., & Vitousek, P. M. (2009). Nitrogen in Agriculture: Balancing the Cost
of an Essential Resource. Annual Review of Environment and Resources , 384 (1), 97-125.
https://doi.org/10.1146 /annurev.environ.032108.105046

Schimel, J. P., & Bennett, J. (2004). NITROGEN MINERALIZATION: CHALLENGES OF A CHANGING
PARADIGM. Ecology , 85 (3), 591-602. https://doi.org/10.1890/03-8002

Schipanski, M. E., Barbercheck, M., Douglas, M. R., Finney, D. M., Haider, K., Kaye, J. P., Kema-
nian, A. R., Mortensen, D. A., Ryan, M. R., Tooker, J., & White, C. (2014). A framework for evalu-
ating ecosystem services provided by cover crops in agroecosystems. Agricultural Systems , 125 | 12-22.
https://doi.org/10.1016/j.agsy.2013.11.004

Schlesinger, W. H. (2009). On the fate of anthropogenic nitrogen.Proceedings of the National Academy of
Sciences of the United States of America , 106 (1), 203—208. https://doi.org/10.1073/pnas.0810193105

Schloter, M., Bach, H.-J., Metz, S., Sehy, U., & Munch, J. C. (2003). Influence of precision farming on the
microbial community structure and functions in nitrogen turnover. Agriculture, Ecosystems & Environment
, 98 (1), 295-304. https://doi.org/10.1016/S0167-8809(03)00089-6

Shahbaz, M., Kuzyakov, Y., Sanaullah, M., Heitkamp, F., Zelenev, V., Kumar, A., & Blagodatskaya, E.
(2017). Microbial decomposition of soil organic matter is mediated by quality and quantity of crop residues:
Mechanisms and thresholds. Biology and Fertility of Soils ,58 (3), 287-301. https://doi.org/10.1007/s00374-
016-1174-9

Sinsabaugh, R. L., Hill, B. H., & Follstad Shah, J. J. (2009). Ecoenzymatic stoichiometry
of microbial organic nutrient acquisition in soil and sediment.  Nature , 462 (7274), 795-798.
https://doi.org/10.1038 /nature08632

Sinsabaugh, R. L., Lauber, C. L., Weintraub, M. N., Ahmed, B., Allison, S. D., Crenshaw, C., Contosta,
A. R., Cusack, D., Frey, S., Gallo, M. E., Gartner, T. B., Hobbie, S. E., Holland, K., Keeler, B. L.,
Powers, J. S., Stursova, M., Takacs-Vesbach, C., Waldrop, M. P., Wallenstein, M. D., ... Zeglin, L.
H. (2008). Stoichiometry of soil enzyme activity at global scale. Fcology Letters , 11 (11), 1252-1264.
https://doi.org/10.1111/j.1461-0248.2008.01245.x

Sinsabaugh, R. L., Reynolds, H., & Long, T. M. (2000). Rapid assay for amidohydrolase (urease) activity in
environmental samples. Soil Biology and Biochemistry , 32 (14), 2095-2097. https://doi.org/10.1016,/S0038-
0717(00)00102-4

Sinsabaugh, R. L., & Shah, J. J. F. (2012). Ecoenzymatic stoichiometry and ecological theory. Annual
Review of Ecology, Evolution, and Systematics , 43 , 313-343. https://doi.org/10.1146/annurev-ecolsys-
071112-124414

Smith, R. G., Gross, K. L., & Robertson, G. P. (2008). Effects of crop diversity on agroecosystem function:
Crop yield response. Ecosystems , 11 (3), 355-366. https://doi.org/10.1007/s10021-008-9124-5

Snapp, S. S., Swinton, S. M., Labarta, R., Mutch, D., Black, J. R., Leep, R., Nyiraneza, J., & O’Neil, K.
(2005). Evaluating cover crops for benefits, costs and performance within cropping system niches. Agronomy
Journal , 97 (1), 322-332. https://doi.org/10.2134/agronj2005.0322

Stark, J. M., & Hart, S. C. (1997). High rates of nitrification and nitrate turnover in undisturbed coniferous
forests. Nature ,385 (6611), 61-64. https://doi.org/10.1038/385061a0

Steenwerth, K., & Belina, K. M. (2008). Cover crops and cultivation: Impacts on soil N dynamics and
microbiological function in a Mediterranean vineyard agroecosystem. Applied Soil Ecology ,40 (2), 370-380.
https://doi.org,/10.1016/j.apsoil.2008.06.004

17



Syswerda, S. P., Corbin, A. T., Mokma, D. L., Kravchenko, A. N., & Robertson, G. P. (2011). Agricultural
Management and Soil Carbon Storage in Surface vs. Deep Layers. Soil Science Society of America Journal
, 75 (1), 92-101. https://doi.org/10.2136/sssaj2009.0414

Thorsted, M. D., Olesen, J. E., & Weiner, J. (2006). Mechanical control of clover improves nitrogen supply
and growth of wheat in winter wheat/white clover intercropping. Furopean Journal of Agronomy ,24 (2),
149-155. https://doi.org/10.1016/j.eja.2005.07.004

Tiemann, L. K., Grandy, A. S., Atkinson, E. E., Marin-Spiotta, E., & Mecdaniel, M. D. (2015). Crop
rotational diversity enhances belowground communities and functions in an agroecosystem. FEcology Letters
,18 , 761-771. https://doi.org/10.1111/ele.12453

Tonitto, C., David, M. B., & Drinkwater, L. E. (2006). Replacing bare fallows with cover crops in fertilizer-
intensive cropping systems: A meta-analysis of crop yield and N dynamics. Agriculture, Ecosystems and
Environment , 112 (1), 58-72. https://doi.org/10.1016/j.agee.2005.07.003

Van Groenigen, J. W., Huygens, D., Boeckx, P., Kuyper, T. W., Lubbers, I. M., Rutting, T., &
Groffman, P. M. (2015). The soil n cycle: New insights and key challenges. Soil , 1 (1), 235-256.
https://doi.org/10.5194 /s0il-1-235-2015

Vance, E. D., Brookes, P. C., & Jenkinson, D. S. (1987). An extraction method for measuring soil microbial
biomass C. Soil Biology and Biochemistry , 19 (6), 703-707. https://doi.org/10.1016,/0038-0717(87)90052-6

Wachendorf, M., Volkers, K. C., Loges, R., Rave, G., & Taube, F. (2006). Performance and environmental
effects of forage production on sandy soils. IV. Impact of slurry application, mineral N fertilizer and grass
understorey on yield and nitrogen surplus of maize for silage. Grass and Forage Science , 61 (3), 232-242.
https://doi.org/10.1111/j.1365-2494.2006.00529.x

Weedon, J. T., Aerts, R., Kowalchuk, G. A., & van Bodegom, P. M. (2014). No effects of experimental
warming but contrasting seasonal patterns for soil peptidase and glycosidase enzymes in a sub-arctic peat
bog. Biogeochemistry , 117 (1), 55—66. https://doi.org/10.1007/s10533-013-9870-0

Wegner, B. R., Kumar, S., Osborne, S. L., Schumacher, T. E., Vahyala, I. E., & Eynard, A. (2015). Soil
Response to Corn Residue Removal and Cover Crops in Eastern South Dakota. Soil Science Society of
America Journal , 79 (4), 1179-1187. https://doi.org/10.2136/sssaj2014.10.0399

Wegner, B. R., Osborne, S. L., Lehman, R. M., & Kumar, S. (2018). Seven-Year Impact of Cover
Crops on Soil Health When Corn Residue Is Removed.  Bioenergy Research , 11 (2), 239-248.
https://doi.org/10.1007/s12155-017-9891-y

Xu, J., Roley, S. S., Tfaily, M. M., Chu, R. K., & Tiedje, J. M. (2020). Organic amendments change
soil organic C structure and microbial community but not total organic matter on sub-decadal scales. Soil
Biology and Biochemistry , 150 (June), 107986. https://doi.org/10.1016/j.s0ilbio.2020.107986

Zaman, M., Di, H. J., Cameron, K. C., & Frampton, C. M. (1999). Gross nitrogen mineralization and
nitrification rates and their relationships to enzyme activities and the soil microbial biomass in soils treated
with dairy shed efluent and ammonium fertilizer at different water potentials. Biology and Fertility of Soils
, 29 (2), 178-186. https://doi.org/10.1007/3003740050542

18



a b
—~ 15 _
= £
= c 154
2 i=}
T 5]
2 104 =
8 g 104
a a
2 g
g ° B 51
=1 =}
£ €
] 3
(@] (@]
04 04
T T T T T T T T T T T T
May  Jun Jul Aug Sep  Oct May  Jun Jul Aug Sep  Oct
Year 2017 == 2018 == 2019 Year 2017 == 2018 == 2019
a b
2017 Plots 2018 Plots 2017 Plots 2018 Plots
- e
. * a a
- 801 ap ab *x ab -
3 ok ab 3 400 [
7 7
3 60 [ c 3 *k
9 a Q b
*
Q Q300
8 kb ; : % ab b
= 40 b b >
£ £
200} b c b
ok ¢ —
O e O R WO & (O S S W9 &
AT IR 17 i @ NN E IS (18 i
G e O™ ™o e\ 100 O g O
,LQ’& 1¢ ,LQX o° 54 ,L()'& o ,LQ'& 1° ,LQ'\ o 3 ,LQ’& 9
> ,LQ'\ ,LQX ,LQ’& ,L()'& ,LQ’& ,L()'& 3%

sit O EL © sV

19



a b
2017 Plots 2018 Plots 2017 Plots 2018 Plots
.
—_ a *kk
3 a -
- 1.00 |- a
g P *kk
bc b
é« ox be
Z 050 C b
o b
= C)\O\O/O 2
2 ped " bed abe o4 bed PC be
f0 o (@O e @ (@ & §O o (O @ & @O
GO O e o o SO O o 0 e
Q{l 1Qo&"0\fb%?0‘5 %906 Q'@ 990‘5 0\"\ 190‘50@%%90(’ %905 0\“5 9909
T T Ty T T Ty
c d
2017 Plots 2018 Plots 2017 Plots 2018 Plots
sk
60 a
= 150f = . o ”
2 8 sl ab 5 ab
'= ' Hkx
x [ x
= 100 =i b
| | *kk
z =z
8 2 30 °/ /a
a 50F = ab
(=) (=)
£ € 20} bc be c
00 d
WO e (O S S O O o (O o S O
NN (o NN o
[\ S CE\ A A NG, OV o AN N
0'\"1 ’\?09()\’%6?0% %QO% G\fb 5 o° 0\"\ 1?0%0’\‘%%?06 %905 O @ ©
T Tt ot Py Tt Tt g Py

sit O EL @ sV

20



a b
2017 Plots 2018 Plots 2017 Plots 2018 Plots
ik -~
250 a - . a 7
= ok b T B0 sx ek PP @
2 a be . ab * Tw ab ab ab
. | *
= 200 , cd B M ;
£ bc % 40+
© b e
E d b O—0—0—0
E 150t b b S Pra a a a g a
Q <
@ Z 20t
c b
9 & O 9 o O S (O et S O oS
\<\ e‘o‘“‘(\ ‘\\e o ‘o‘q\“ o \ﬂ\ ‘“e‘o“"\‘\ W7 ‘o““\(\ N
O N\ X S 20, \a X0 N
Q'G’l?o o %905 %Qo ) 905 Q{l,lqo o %909 %Q o 9909
oot T oo L oot T o 79\’
c d
2017 Plots 2018 Plots . 2017 Plots 2018 Plots
2 500 5 e0r n
= L 2]
a - N
T‘U’ *xx b o
o 400 - abC s uE 120 F
£ d =
S 300F £ ok
£ = b
= o 80f b b
9 200 @2
o} T b
° <
S 100+ O—O\O S | bc bc
o 40} ¢€
& bc b b 2 @b ab g
§0 @ (O e O §O o (O > @ @O
L oS O x\a‘ 0‘0‘“ o SO GO o 0
$H1 002 00 RIS S PR 00 (99070 o0
Tt W et 755\’ oot T o L
site O EL @ SV
a b
2017 Plots 2018 Plots 2017 Plots 2018 Plots
— Fkk — Kk
© a IS a
7 17
- 1,500 | o 75 ¢
"o P ' ok
X b b p < b
— —
1 ! 50
£ 1,000  \. = be
% C c *:c % . cd
a de
I [
o | a a ON 25 e
z 500 b o~o—0 z *a a
2 be T cd 2 o b .
—— ‘ : ‘ ‘ ‘ ‘ ‘ ‘ ‘
S 9O S O 8 S O R\ S
0@\&%\ "*‘\‘Z ‘o‘“\‘,:‘\ ,&\\e " a‘\,e 6‘0@\(\ N " EGxO‘“\‘\«\aNe " a‘\‘e 0‘0\“\“\&\ &
0@ 1\: 50\, o o° %909 2 9909 199 AR %909 %Qo‘é 2 5 ©
T T P S

Site O EL © sv

21



RDA2

2 2
5 5
a : b Z
z @ 9 z o o 8 < 2 z 3 o 9 z o o 8 g =
=4 < = < =
2 & a &
8%22§3§§§%H$1 8 2 2 2 2 8 £ £ ¢ 8 3
Kk KKK KK * *k *HK DOC sk Hkk *k Tk Kkk kkk Kkk Kok
08
DON | %% %% * *kk DON *kk khk kk kkk *kk kkk ok kkk kkk
NH4 e * Kk ok *kk Kkk 06 NH4 | % *kk
NO3 *k *kk *kk 04 NO3 ek ok Fokk *k *kk kkk
MBC ' kK Kk KAK kkk * 02 MBC ’ *kk *kk * kKK
MBN ke *k kkk kkk K kkk kkk MBN &k %k % dokk kkk * kkk
o
BG skkk kkk ‘ *kk kK BG ’ *kk ok *hk kkk
-02
NAG ek dokok NAG sexk *
PRO % ki o4 PRO ’ *kk kkk K
PHOS | %% *kk -06 PHOS sk *kk
NPA NPA *k
08
DEA DEA
-1
a
™ —
O
N —
[E—
[ R RRRRRAIELLEEREIEE L
A W © Ryegrass
JAN
é§ © Clover
A SitestEL . AA 2 Mixture
Lo AT ) O Radish
= Sites: SV A © No Cover
[q\ :

I I | I I I
-2 -1 0 1 2 3

RDA1

22



