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There is insufficient evidence for how cover crop-driven changes to the soil microbial community affect soil
organic carbon (SOC) accumulation. One mechanism by which enhanced microbial activity can contribute to
SOC accrual is through the conversion of plant inputs to microbial biomass and ultimately necromass that may
form organo-mineral associations with soil particles. Here we investigated the effects of winter rye as a cover
crop and winter rye harvested as a forage double crop on SOC, chemically labile and complex C fractions, mi-
crobial necromass biomarkers (amino sugars), and potential extracellular enzyme activities following a sev-
en-year continuous corn silage trial in southern Wisconsin, North Central US. Whereas SOC increased when
winter rye was used as a cover crop compared to no cover, there were no changes to SOC when winter rye was
harvested as a forage crop. A positive relationship between chemically labile aliphatic soil-C and total SOC
indicates that higher SOC stocks may result from persistence of simple compounds rather than chemically
complex, aromatic materials. However, the accumulation of microbial necromass, as inferred from amino sugar
biomarker concentrations, was largely unaffected by winter rye use, despite a positive relationship between SOC
and amino sugar residue concentrations. Greater potential extracellular enzyme activities indicate increased
microbial activity with winter rye. Together, these results suggest that despite some microbial stimulation and
potential soil health benefits, winter rye did not increase the contribution of microbial necromass to SOC accrual
in this seven—year continuous corn silage field trial.

1. Introduction

Intensive agricultural production is essential to feed the global pop-
ulation (Amundson et al., 2015), with the tradeoff of soil organic carbon
(SOQ) loss attributed to conversion of perennial root systems to those of
annual row-crops, high rates of biomass removal in crop harvest, and soil
disturbance (Guo and Gifford, 2002; King and Blesh, 2018; Lal, 2004;
McDaniel et al., 2014b). Preventing further C loss from agricultural land
and replenishing diminished soil C stocks are important steps towards
mitigating deleterious effects of climate change by stopping the feedback
systems that accelerate SOC loss; this may be accomplished through

long-term cover cropping (King and Blesh, 2018; Paustian et al., 2016).
Cover cropping can improve soil health and water quality, notably by
reducing erosion and increasing the proportion of the year with living
roots in the ground (Garcia-Gonzalez et al., 2018; Kladivko et al., 2014;
Stott and Moebius-Clune, 2017). Root C inputs comprise a substantial
portion of total C inputs from cover crops (Austin et al., 2017). These
rhizodeposits have been shown to preferentially contribute to stable SOC
as compared to inputs from aboveground residues (Kong and Six, 2012),
presumably by generating and sustaining the rhizosphere and associated
microbial activity that promotes protection of SOC (Kuzyakov and Bla-
godatskaya, 2015; Vidal et al., 2018; Zhang et al., 2019). Therefore,

Abbreviations: NoCC, no cover crop treatment; RyeCC, winter rye cover crop treatment; RyeHarv, winter rye harvested as a forage treatment; SOM, soil organic
matter; SOC, soil organic carbon; MurA, muramic acid; GluN, glucosamine; GalN, galactosamine; CUE, carbon use efficiency; mid-DRIFTS, diffuse reflectance
infrared Fourier transform spectroscopy in the mid-infrared region; AGB, aboveground biomass; BGB, belowground biomass.
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long-term cover cropping is a possible means to increase quantity and
quality of C inputs, and, in turn, increase microbial activity and total SOC
(Kallenbach et al., 2015; McDaniel et al., 2014b).

There is mounting evidence that SOC stability and persistence is not
a simple function of the chemical complexity or “recalcitrance” of soil
organic matter (SOM) (Lehmann and Kleber, 2015; Schmidt et al.,
2011). Instead, chemically labile organic compounds can be associated
with high carbon use efficiency (CUE), which is the rate at which soil
microbial communities convert organic substrates into microbial
biomass. Labile substrates are preferentially used by microbes, subse-
quently becoming microbial necromass as the microbes die (Cotrufo
et al., 2013). This microbial necromass may comprise over half of total
SOC (Liang et al., 2019), and contains amino sugar residues, which are
microbial cell wall components that persist and accumulate in soil by
forming strong associations with mineral surfaces, thus fostering ag-
gregation of clay particles and resulting in physically protected SOC
(Cotrufo et al., 2013; Hernandez-Soriano et al., 2018; Lehmann et al.,
2007). These persistent, mineral-associated biomarkers can be parti-
tioned into bacterial and fungal origin, thus suggesting legacy microbial
populations (Glaser et al., 2004; Joergensen, 2018; Liang and Balser,
2008). Increasing CUE and therefore increasing SOC accumulation ne-
cessitates optimal organic input quality and quantity for a given soil and
agricultural system (Geyer et al., 2016; Kallenbach et al., 2019). The C:N
ratio is a commonly-used proxy for organic input quality because this
ratio can indicate the likelihood of net nitrogen mineralization vs
immobilization during microbial decomposition of SOM (Vigil and
Kissel, 1991; Wagger, 1989). An inadequately high C:N ratio may be
caused by an inundation of C from plant biomass or by a limitation of N
availability due to plant uptake. These factors may accelerate SOM
turnover due to nitrogen scavenging, and thus result in decreased SOC
(Cotrufo et al., 2019) and CUE (Geyer et al., 2016).

Understanding mechanisms that potentially support SOC building in
an intensive corn silage (Zea mays L.) system could help mitigate sub-
stantial SOC loss. This cropping system is often characterized by
wholesale net C loss because of the early harvest of the full corn plant
(Cates and Jackson, 2018; Johnson et al., 2014), and covers about 1.3
million hectares in North Central US, over 20% of which are in Wis-
consin (USDA NASS, 2019). Regional research that demonstrates
long-term environmental and economic benefits over a wide range of
seasonal weather patterns is necessary for adoption and optimal
implementation of cover cropping as a SOC building and soil health--
promoting practice (Arbuckle and Roesch-McNally, 2015; Myers and
Watts, 2015; Roesch-McNally et al., 2017). Extending the cover crop
growing season and harvesting the cover as a forage crop (rather than
terminating the cover crop and leaving the biomass on the field) can
improve the profitability of cover cropping (Plastina et al., 2018), but
the net effect on SOC is unclear given the tradeoff between increased
root production following a longer growing season, and removal of the
aboveground biomass as a harvested forage crop (Johnson et al., 2014).
Integrating a forage crop into corn silage has increased microbial
biomass (Faé et al., 2009), but the specific mechanisms of SOC building
in this type of system are unknown and likely contextual as the plant
traits of grains and grasses, including developmental stage, have vari-
able influences on root exudates and therefore on how microbial com-
munities process these inputs (Finney et al., 2017; Herz et al., 2018;
Zhalnina et al., 2018). For example, extracellular enzyme activities are
affected by root exudate composition (Zhang et al., 2019), and generally
increase with decomposition-related microbial activity (Bach and Hof-
mockel, 2016; Geisseler et al., 2011).

To address these challenges, we took advantage of an existing field
trial, for which the agronomic results were reported in West et al.
(2020). The main findings indicated that winter rye (Secale cereal L.)
used as a cover crop did not substantially affect corn silage yield,
whereas winter rye harvested as a forage double crop decreased corn
silage yield in three of the seven study years. These deficits in corn yields
were met by harvested rye forage yields (Supplementary Section 1.1,

Soil Biology and Biochemistry 148 (2020) 107899

Supplementary Table S1). The research presented here reflects analysis
of soil samples collected in 2018, following the seventh study season. A
longer-term study such as this is valuable because changes in SOC and
microbial processes likely take several years to become apparent and
measurable.

We wanted to know: What was the effect on SOC following seven
years of winter rye either as a cover crop or harvested as a forage double
crop in continuous corn silage? Our objectives were to characterize
changes to soil carbon and to determine the microbial role in slow-to-
change soil characteristics. Integrating rye as a forage decreased plant-
available N, to an extent that likely resulted in nitrogen immobiliza-
tion, as evidenced by decreased corn silage yields (West et al., 2020; also
seen in Clark et al., 2007). We therefore hypothesized that this
double-crop rotation would stimulate SOM turnover via nitrogen scav-
enging, and thus decrease SOC relative to no cover crop (Cotrufo et al.,
2019). In turn, we predicted no change in SOC concentration with rye as
a cover because there was less of an effect on plant-available N, and no
yield loss in this treatment relative to no cover. Further, we hypothe-
sized that winter rye used both as a cover and harvested for forage would
increase labile SOM inputs and stimulate microbial community activity.
This hypothesized increase in microbial activity and shift in the com-
munity structure would extend to lower sampling depths when rye is
harvested as a forage due to increased root production associated with
the extended growing season as compared to rye as a cover crop.

We estimated mean annual aboveground and belowground C inputs
for each treatment and measured SOC concentration. We characterized
SOM by quantifying chemically labile aliphatic C and chemically
recalcitrant aromatic C fractions in soil using diffuse reflectance infrared
Fourier transform spectroscopy in the mid-infrared region (mid-
—-DRIFTS) (Deiss et al., 2020b; Demyan et al., 2012; Margenot et al.,
2015). To estimate microbial necromass accumulation and the legacy
effect of soil microbial activity, we quantified the concentration of
amino sugar residues (Joergensen, 2018). To assess broad changes in
microbial activity, we quantified potential extracellular enzyme activ-
ities, and to assess broad changes in the microbial community, we used
quantitative PCR to estimate bacterial and fungal ribosomal gene
abundances. This breadth of measurements was intended to capture
some aspects of the complex processes that might support SOC building
in this system.

2. Materials and methods
2.1. Field site description and study design

A seven-year field experiment was conducted from 2011 to 2018 at
the University of Wisconsin Arlington Agricultural Research Station
(43°17'48"N, 89°23'10”"W, 307 m a.s.l.) on a Plano silt loam soil (fine-
silty, mixed, superactive, mesic Typic Argiudoll; Supplementary Table
S3 for soil properties). Corn silage was grown annually following a fall
liquid dairy manure application of approximately 100,000 L ha~! and
fall-established winter rye cover crop treatments. The study design was
a randomized complete block design with three replicates. The whole
plot factor was cover crop, including winter rye as a cover crop (RyeCC),
winter rye harvested as a forage crop (RyeHarv), and no cover crop
(NoCC). Winter rye was planted in early fall, immediately following the
previous corn silage harvest and manure application. In the RyeCC
treatment, rye was terminated with glyphosate between 11 April and 9
May the following spring, prior to corn planting. In the RyeHarv treat-
ment, the winter rye growth period was extended to mid-to-late May, at
which time the rye biomass was chopped, harvested, and stubble
sprayed with glyphosate. The NoCC treatment was sprayed concurrently
with RyeCC. Corn was drill seeded on the same date in all treatments
following rye forage harvest in 2012, 2013, 2017 and 2018, and split-
planted following rye burndown (RyeCC and NoCC treatments) or
following rye forage harvest (RyeHarv treatment; 10-14 day delay in
corn planting) in 2014, 2015 and 2016. Ammonium nitrate was surface
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applied to corn at a rate of 112 kg N ha! approximately at the V3
growth stage of corn. The full experiment, detailed in West et al. (2020),
included additional N rates, but the data described in this paper were
only collected from the 112 kg N ha™! treatment plots.

Winter rye shoot aboveground biomass (AGB) was sampled from two
random 0.37 m? quadrats within each RyeCC and RyeHarv plot just
prior to termination or harvest, respectively, and weighed and dried (N
= 6 per year; rye growth is detailed in Supplementary Section 1.2). Corn
silage was harvested by hand at approximately 65% whole plant mois-
ture (yield is detailed in Supplementary Section 1.1, Supplementary
Table S1). Soil samples were collected from each plot immediately after
corn silage harvest in the seventh study season (14 Sept., 2018). Four
soil cores (8 cm diameter) per plot were collected using a Giddings
hydraulic probe and stored at 4 °C for up to 10 days. Soil cores were
subsampled at four depths: 0-2, 14-16, 26-28, 36-38 cm, referred to as
Al, A2, B1, and B2, respectively, representing the top and approximate
middle of A and B horizons. Soil subsamples were combined and ho-
mogenized by plot and depth and passed through a 2 mm sieve. A
portion of the composite sample was frozen at —12 °C, and the
remainder was oven dried at 40 °C and ground to a powder using a
coffee grinder. Frozen soil was used for quantitative PCR (Supplemen-
tary Section 4.1) and extracellular enzyme analysis. Dried soil was used
for amino sugar analysis, mid-DRIFTS, and total C and N. Soil and
aboveground biomass samples (corn and rye) were analyzed for total C
and N content on a Flash EA 1112 CN Automatic Elemental Analyzer
(Thermo Finnigan, Milan, Italy). Total C is used as a proxy for SOC
because this soil is non-calcareous. Soil C:N ratio and other edaphic
properties are detailed in Supplementary Section 1.3.

2.2. Estimated carbon input

Mean annual total C input (Table 1) is comprised of measured C
content of AGB left on the field (corn silage stubble, winter rye forage
stubble, winter rye cover crop residue), estimated belowground biomass
(BGB)-C, and manure-C. The BGB-C was approximated using total
AGB-C (Supplementary Section 1.2) and the allometric root C:shoot C
ratio for both winter rye and corn from a neighboring study in which
these responses were measured (Cates and Jackson, 2018) and corrected
for depth of measurement (Jackson et al., 1996). This value for BGB-C
was adjusted to account for root exudation and turnover using literature
values: root exudation as 11% of AGB-C + BGB—C in corn (Jones et al.,
2009), root exudation as 43% of AGB-C in cover crops (Austin et al.,
2017), and root turnover rate of 53% of BGB—C in cover crops (Gill and
Jackson, 2000). The C input from fall-applied manure was estimated
using annual application rates, respective dry matter content, and dry
matter—C content of 33.8%, measured in 2017 with a C:N ratio of 12.7
(G.R. Sanford, personal communication).

Table 1
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2.3. Soil assays

2.3.1. Diffuse reflectance infrared Fourier transform spectroscopy in the
mid-infrared region (mid-DRIFTS)

The mid-DRIFTS analysis characterizes SOM composition and allows
for inference regarding carbon persistence in soil by measuring absor-
bance peak areas corresponding to specific functional groups in soil
samples (Supplementary Fig. S3). Spectra absorbance peaks were inte-
grated using the local baseline technique as described by Demyan et al.
(2012) and Deiss et al. (2020b), and local peak areas were determined
using the triangle method (geometry package; Habel et al., 2019). We
evaluated relative peak areas, or proportion of a specific peak area
relative to the total peak areas for the following organic functional
groups: aliphatic C-H functional group of methyl and methylene groups
(peak 2930 cm™ !, wavenumber 3010-2800 cm™%; Orlov and Schulman,
1986), aromatic C=C stretch and/or asymmetric -COO- stretch (peak
1620 cm™!, wavenumber 1660-1580 cm™'; Baes and Bloom, 1989),
aromatic C=C stretch (peak 1530 cm ™!, wavenumber 1546-1520 em! ;
Baes and Bloom, 1989), C-O in both polyalcoholic and ether functional
groups (peak 1159 cm™!, wavenumber 1170-1148 cm™}; Spaccini and
Piccolo, 2007), and C-O of polysaccharides or similar substances (peak
1022 cm™', wavenumber 1080 to 970 em™; Senesi et al., 2003).
Analysis focuses on the aliphatic functional groups (peak 2930 cm™’;
chemically labile sugars from microbial cell components and plant wax
layers) and aromatic functional groups (peaks 1530 and 1620 cm™};
chemically recalcitrant compounds).

Spectra were obtained using an X,Y Autosampler (Pike Technologies
Inc., Madison, WI) coupled with a Nicolet iS50 spectrometer equipped
with a diffuse reflectance accessory (Thermo Fisher Scientific Inc.,
Waltham, MA). Four spectral readings (Deiss et al., 2020a) were taken
for each subsample using the random oversampling motion function of
the X,Y Autosampler (within a 3 mm diameter of the sample cup’s
centroid) configured in AutoProTM software (Pike Technologies Inc.,
Madison, WI). We used anodized aluminum plates that fit 24 poly-
styrene sample cups (5.5 mL volume and 10 mm top opening diameter),
each loaded with a soil subsample, dried for >48 h at 40 °C and 12-14%
relative humidity. All measurements were recorded from 4000 to 400
cm™! at 4 cm™! wavenumber resolution using 24 co-added scans (Deiss
et al., 2020b).

2.3.2. Amino sugar residue analysis

We determined the concentration of several amino sugars in soil
samples, including: Muramic acid (MurA), a specific biomarker for
bacteria in soil that appears exclusively in murein layers of bacterial cell
walls (Parsons, 1981); Glucosamine (GluN), which predominantly rep-
resents chitin of fungal cell walls, though is also present in bacterial cell
wall murein and some exudates (Parsons, 1981); and Galactosamine

Estimated mean annual carbon inputs. Inputs include unharvested aboveground biomass (AGB) residue-C
from corn silage and winter rye, estimates of belowground biomass (BGB)-C from corn silage and winter rye,
and manure-C, annually applied at a uniform rate across treatments (with standard error). Cover crop
treatment effect was significant (p < 0.001, repeated measures analysis).

Total C input Corn silage Winter rye Manure
AGB residue—C BGB-C AGB residue-C ~ BGB-C C
Cover Cropf ~ Mgha ' yr'! kgha ' yr!
NoCC  469(0.15)0b 710 (34) 2434 (117) na na 1546 (18)
RyeCC  538(0.14)a 721 (33) 2469 (114) 637 (116) 506 (92) 1546 (18)
RyeHarv 582 (0.12)a 591 (39) 2026 (117) 186 (11) 1475 (85) 1546 (18)

1 NoCC = No cover crop; RyeCC = winter rye as a cover crop; RyeHarv = winter rye harvested as a forage crop

prior to corn planting.
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(GalN), which is present in large concentrations and thought to
contribute to extracellular polymeric substances (Sradnick et al., 2013).
Some studies have also included mannosamine, though recent works cite
low overall concentration and unclear specificity as reasons to exclude
this amino sugar from analysis (Engelking et al., 2007; Joergensen,
2018; Sradnick et al., 2013). Bacterial-GluN was estimated by assuming
a 1:2 M ratio of MurA:GluN in soil bacteria, with fungal-GluN consti-
tuting the remainder of total GluN (Engelking et al., 2007; Joergensen,
2018).

Amino sugar concentration in soil samples was determined by con-
version to aldonitrile acetates followed by gas chromatography (Guer-
rant and Moss, 1984; Zhang and Amelung, 1996) as presented by Liang
et al. (2012). Briefly, oven-dry soil was hydrolyzed with 6 M HCl at 105
°C for 8 h to release the amino sugar monomers, which were then pu-
rified and derivatized. Internal standards myo-inositol and N-methyl-
glucamine were added to each sample prior to purification and
derivatization, respectively, to control for sample loss at each step. Ex-
tracts were analyzed with an Agilent 6890 GC (Agilent Technologies,
Wilmington. DE, US) with a DB5-UI fused silica capillary column (30 m
long, 0.25 mm i.d., 0.25 pm film thickness; Agilent Technologies, Inc.)
and a flame ionization detector (300 °C), using hydrogen as the carrier
gas. The injector was operated in split mode (90:1) at 250 °C; sample
injection volume was 1 pL. The individual amino sugar derivatives were
identified by comparison of retention time with those of standards.

2.3.3. Estimating legacy microbial biomass—C from amino sugar residues

The legacy microbial biomass—C (both fungal-C and bacterial-C) can
be estimated using the measured quantity of amino sugar residues,
which accumulate over time. To clarify, these legacy microbial bio-
mass-C estimates reflect the bygone microbial biomass from which
microbial residues accumulate, and thus do not serve as a snapshot of
contemporary soil microbial biomass—C. Legacy fungal-C was estimated
by multiplying fungal-GluN by a conversion factor of 9 (Appuhn and
Joergensen, 2006), which assumes that fungal biomass is 46% C (Jen-
kinson, 1988). Estimating legacy bacterial-C from MurA concentration
is more complicated due to the marked differences between MurA
concentrations in Gram-negative (Gr-) and Gram-positive (Gr+) bac-
terial cell walls, which range from 2.0 to 7.2 mg MurA g dry weight’1
(Gr-) and 1.7-42.2 mg MurA g~ ! (Gr+) in laboratory cultures (Appuhn
and Joergensen, 2006). In this study, we used the weighted average
values of 3.7 and 13.9 mg MurA g}, respectively (Appuhn and Joer-
gensen, 2006), combined with a ratio of Gr— to Gr+ bacteria in soil of
43:57. The Gr- to Gr+ ratio was determined using lipid biomarker
measurements from an adjacent study field of the same soil type and
similar management history (see Supplementary Section 2). Finally, we
assumed that bacterial biomass is 46% (Jenkinson, 1988) to arrive at a
conversion factor of 48.3 to estimate legacy bacterial biomass-C from
measured MurA concentrations.

Appuhn and Joergensen (2006) established a conversion factor of 45
for estimation of legacy bacterial biomass-C, using a ratio of 35:65 Gr—
to Gr+ bacteria in soil, based on a lab incubation using one soil (Joer-
gensen and Potthoff, 2005); this conversion factor has been uniformly
applied to various agricultural, grassland, and forest soils (e.g., Khan
et al., 2016). We used local lipid biomarker data in order to more
accurately represent the soil community in our study, though our
field-based conversion factor (48.3) and the commonly used conversion
factor (45) result in similar legacy bacterial-C estimates. However, Gr—
to Gr+ ratios can vary widely across management systems (Liang et al.,
20165 Oates et al., 2016), and therefore we underscore the opportunity
to improve the precision of legacy microbial biomass—C estimates using
system— and soil-specific bacterial-C conversion factors, where lipid
biomarker data are available.

2.3.4. Extracellular enzyme analysis
Selected potential extracellular enzyme activities were measured
using a fluorescence enzyme assay (Bell et al., 2013). Enzymes included

Soil Biology and Biochemistry 148 (2020) 107899

cellobiohydrolase, = p—xylosidase, = f-glucosidase, = phosphatase,
N-acetylglucosaminidase, and leucine aminopeptidase. Briefly, 1.0 g of
thawed soil was blended for 1 min in 100 mL of 50 mM sodium acetate
buffer (pH 6.0). Soil slurries were subsampled while in suspension using
a stir plate. In black 96-well plates, 200 pL of soil slurry was reacted with
50 pL of either 200 pM enzyme substrate or 0-100 pM fluorescence
standards. A standard curve was developed for each sample to correct
for soil-specific background fluorescence quenching (Freeman et al.,
1995). Plates were incubated in the dark at room temperature and
fluorescence was measured at 3, 4, and 5 h, at which point the reaction
was stable. Results are presented as potential activity per hour using the
data collected at 5 h of reaction time. Potential enzyme activity
measured on soil that has been frozen may not reflect the activity of
fresh soil, particularly for phosphatase and N-acetylglucosaminidase
(DeForest, 2009), but this assay was not feasible at the time when soil
was freshly sampled. Thus, we will only use these data for
cross-treatment comparison within this study, and not as absolute values
of the in-situ soil conditions. Further, potential extracellular enzyme
activity measurements must be interpreted with caveats because legacy
enzymes stabilized on clay or organic matter surfaces may mask
treatment-driven differences in the potential enzyme activities of active
microbial communities (Burns, 1982; Nannipieri et al., 2017).

2.4. Statistical analysis

All statistical analysis was done in R version 3.5.2 (R Core Team,
2018). Soil response data were subjected to the Quade test (Quade,
1979; Conover, 1999; function quade.test in the stats package in R; R
Core Team, 2018), which is an extension of the Wilcoxon signed ranks
test and is a non-parametric test specifically for complete block data that
is unreplicated within plot (i.e., N = 1 per plot; 4 soil cores per plot were
composited by depth). There were 3 replicates. Significant treatment
effects (p < 0.1) were subjected to the Quade pairwise post-hoc test for
multiple comparisons (function posthoc.quade.test in the PMCMR
package in R; Pohlert, 2014). Corn silage yield, total forage yield, and
total carbon inputs were each analyzed across all study years, using
repeated measures analysis with compound symmetry correlation
structure, « = 0.05 (Ime function in the nlme package for R; Pinheiro
et al.,, 2018). Yields were also analyzed within study years due to a
significant effect of year on total forage yield. Relationships were
determined between selected response variables using Pearson correla-
tion analysis (stat_cor function of ggpubr package for R and using
ggplot2; Kassambara, 2018; Wickham, 2016).

3. Results
3.1. Estimated carbon inputs and soil organic carbon

The estimated mean annual C input (unharvested AGB-C + esti-
mated BGB-C + manure-C; detailed in section 2.2) was 4.7, 5.9, and 5.8
Mg C ha~! yr ! in NoCC, RyeCC, and RyeHarv, respectively (Table 1).
Mean annual C inputs in RyeCC and RyeHarv treatments were >23%
greater than that of NoCC (p < 0.001). The mean annual C:N ratio of rye
AGB at termination in RyeCC treatment was 12.8 (SD = 2.1). The mean
annual C:N ratio of harvested rye in RyeHarv treatment was 20.7 (SD =
6.6). The C:N ratios of rye residue in RyeCC vs harvested rye in RyeHarv
were statistically different (p < 0.001, Wilcoxon rank sum test; Sup-
plementary Section 1.2).

Soil organic C decreased with depth and was significantly affected by
cover crop treatment at depths Al, B1, and B2 (p < 0.05; Fig. 1). Pair-
wise comparison of data at these depths demonstrated significantly
greater concentration of SOC in RyeCC relative to NoCC at depth Al
(22.5 and 20.5 mg g™, respectively; 10% greater) and B2 (6.9 and 6.1
mg g}, respectively; 13% greater), and significantly greater SOC in
RyeCC relative to RyeHarv at B1 (9.4 and 8.3 mg g *, respectively; 13%
greater); p < 0.05 for each significant pairwise comparison. SOC
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Fig. 1. Soil organic carbon (SOC) by depth and cover crop treatment. Each point
represents a single measurement, and lines connect each treatment and depth
combination for clarity. Cover crop treatment effect was significant at depths
Al, B1, and B2 (p < 0.05; indicated by asterisks). Letters within depth indicate
statistically significant pairwise treatment differences (o = 0.1, Quade post-hoc
test). Soil depths represent the top and middle of A and B horizons: A1 = 0-2
cm; A2 = 14-16 cm; Bl = 26-28 cm; B2 = 36-38 cm. (N = 3).

measurements at A2 represented the widest range of any depth with no
significant differences between cover treatments.

3.2. SOM characterization with Mid-DRIFTS

There was a significant cover treatment effect at Al in aliphatic C (p
= 0.020). Pairwise comparison demonstrated a higher concentration in
RyeHarv compared to NoCC (p = 0.024), with no differentiation be-
tween RyeCC and either other treatment (Table 2, Supplemental Fig.
S1). There was no effect of cover crop treatment on aliphatic C at any
other depth, nor any effect on aromatic C (Fig. 2) or any other functional
group at any depth (Table 2). The relative abundances of aromatic C and
aliphatic C were similar across treatments at A1. With increasing depth,
aromatic C increased and aliphatic C decreased (Fig. 2). There was a
positive relationship between SOC and aliphatic C (R*>=0.52, 0.65, 0.68
for depths Al, A2, and B2, p < 0.05; Fig. 3a), coupled with an inverse
relationship between SOC and aromatic C across cover treatments (RZ =
0.63, 0.48 for depths A2, and B2, p < 0.05; Fig. 3b). Slopes were steepest
at B2. SOC was also strongly correlated to the ratio of aliphatic C:aro-
matic C (R% > 0.39 for all depths, p < 0.1 at Al and B1, and p < 0.01 at
A2 and B2; Fig. 3c).

3.3. Amino sugar residues

There were no significant cover crop treatment differences in the
individual amino sugar residue concentrations (GluN, MurA, GalN) or
total amino sugar concentration at any measured depth. Total and in-
dividual amino sugar concentrations decreased with depth, with the
exception of MurA, which was highest at depth A2, followed by A1, B1,
and B2 (Table 3). Total GluN (both bacterial and fungal fractions)
comprised 72% of total amino sugars at each depth, with fungal-GluN
making up the majority (63-65% of total amino sugars across depths).
There was a positive relationship between total amino sugar concen-
tration and SOC, with R? of 0.57, 0.63, and 0.39 (p = 0.019, 0.011,
0.070) at A2, B1, and B2, respectively (Fig. 4).

Legacy microbial biomass-C, which is an estimate of microbial bio-
mass—C that turned over in the soil to leave behind the measured con-
centration of amino sugar residues, demonstrated a positive relationship
with SOC, with R? of 0.36, 0.59, and 0.82 (p = 0.086, 0.016, 0.0008) at
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Table 2

Soil organic matter functional groups by depth and cover crop treatment.
Aliphatic, aromatic, and C-O functional groups were determined using diffuse
reflectance infrared Fourier transform spectroscopy in the mid-infrared region
(mid-DRIFTS), and are presented as relative peak area. The effect of cover crop
on aliphatic C at depth Al was significant (p = 0.02); means followed by the
same letter are not significantly different. There were no other statistically
significant treatment effects (o« = 0.1).

Soil organic matter functional groups

Aromatic
Aliphatic C=C
C-H (1620 cm™ + c-o co
2930 cm™ 1530 em™) (1159 cm™) (1022 cm™)
--—-—-————- relative peak area, % ---—---———————-
Cover Crop T Depth Al {

NoCC 220b 323 438 40.9
RyeCC 25.6 ab 29.7 45 403
RyeHarv 263a 313 46 37.7

Depth A2
NoCC 17.0 31.9 46 464
RyeCC 194 32.1 5.0 435
RyeHarv 177 336 5.1 436

Depth B1
NoCC 8.7 438 5.7 417
RyeCC 8.5 414 5.6 445
RyeHarv 9.1 413 5.5 441

Depth B2
NoCC 40 57.5 6.8 31.7
RyeCC 79 474 6.4 38.4
RyeHarv 6.7 56.1 6.7 30.4

1 NoCC = No cover crop; RyeCC = winter rye as a cover crop; RyeHarv = winter
rye harvested as a forage crop prior to corn planting.

1 Soil depths represent the top and middle of A and B horizons: A1 = 0-2 cm; A2
= 14-16 cm; B1 = 26-28 cm; B2 = 36-38 cm. (N=3).

Aromatic C Aliphatic C
A4 a vVvw
Al - e® & No cover * ab ee-@
- @ Rye cover bea
\vAR v v Rye harvest v \vv4
A2+ @@ @
S o-m o-oa
&
(S] vV vw
B1 4 @—o @0
—a oo-a
v v v vV
B2 4 o—0-o 000
oo —a| oo
T T T T T T
30 40 50 60 700 10 20

Relative peak area, %

Fig. 2. Soil organic matter functional groups by depth and cover crop treatment.
Measured using diffuse reflectance infrared Fourier transform spectroscopy in
the mid-infrared region (mid-DRIFTS). Results are presented as relative peak
area of SOM functional groups: aliphatic C = 2930 cm™'; aromatic C = 1530 +
1620 cm ™. Each point represents a single measurement, and lines connect each
treatment and depth combination for clarity. Cover crop treatment effect was
significant for aliphatic C at depth Al (p < 0.05; indicated by an asterisk).
Letters within depth indicate statistically significant pairwise treatment differ-
ences (0. = 0.1, Quade post-hoc test). Soil depths represent the top and middle
of A and B horizons: A1 = 0-2 cm; A2 = 14-16 c¢cm; Bl = 26-28 cm; B2 =
36-38 cm. (N = 3).
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Fig. 3. Relationships between soil organic matter functional groups and soil organic carbon (SOC) by depth. (a) Aliphatic C relative peak area vs SOC; (b) Aromatic C
relative peak area vs SOC; (c) Ratio of aliphatic C:aromatic C vs SOC. Soil depths represent the top and middle of A and B horizons: A1 = 0-2 cm; A2 = 14-16 cm; Bl
= 26-28 cm; B2 = 36-38 cm. (N = 3).

Table 3

Amino sugar residue concentrations. Concentrations of total and individual amino sugars and estimates of
legacy microbial biomass-C by depth and cover crop treatment. There were no statistically significant
treatment effects (o« = 0.1).

Amino sugar Legacy microbial-C
Total Fungal-
amino Fungal- GluN:
sugarsf GluNf GaINi MurAj GIluN§ MurA  Fungal | Bacterial
—————————————— 4 g" SO~ e ———mg g™ soil -
Cover Crop 11 Depth Al i
NoCC 1855 1330 442 83 1212 147 109 4.0
RyeCC 2017 1427 502 88 1302 154 11.7 42
RyeHarv ~ 2028 1467 468 92 1337 14.6 12.0 44
Depth A2
NoCC 1909 1383 428 98 1244 12.7 112 4.7
RyeCC 1860 1339 417 104 1193 119 10.7 5.0
RyeHarv 1867 1356 421 89 1230 142 11.1 43
Depth B1
NoCC 1245 903 258 84 783 9.6 7.0 4.1
RyeCC 1280 928 274 77 819 11.6 74 3.7
RyeHarv 1185 860 249 77 751 10.1 68 3.7
Depth B2
NoCC 960 694 206 59 610 108 55 28
RyeCC 1087 786 246 55 709 132 6.4 2.6
RyeHarv 1003 724 213 66 631 9.8 5.7 32

t Total amino sugars = GluN + GalN + MurA.

i GluN = glucosamine; GalN = galactosamine; MurA = muramic acid.

§ Fungal-GluN = estimated glucosamine attributable to fungi.

4 Legacy microbial biomass-C from which the accumulated amino sugars originated was estimated using
MurA (for bacterial-C) and fungal-GluN (for fungal-C).

11 NoCC = No cover crop; RyeCC = winter rye as a cover crop; RyeHarv = winter rye harvested as a forage
crop prior to corn planting.

11 Soil depths represent the top and middle of A and B horizons: A1 = 0-2 cm; A2 = 14-16 cm; B1 = 26-28
cm; B2 = 36-38 cm. (N=3).
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Fig. 4. Total amino sugar concentration vs soil organic carbon (SOC) by depth.
Total amino sugar concentration is the sum of glucosamine, galactosamine, and
muramic acid residue concentrations in soil. Soil depths represent the top and
middle of A and B horizons: A1 = 0-2 cm; A2 = 14-16 cm; B1 = 26-28 cm; B2
= 36-38 cm. (N = 3). NoCC = No cover crop; RyeCC = winter rye as a cover
crop; RyeHarv = winter rye harvested as a forage crop prior to corn planting.
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Fig. 5. Estimated legacy microbial biomass—C vs soil organic carbon (SOC). Fun-
gal-GluN and MurA were used to estimate the amount of legacy microbial
biomass—C attributable to microbial residues from fungi and bacteria, respec-
tively. The gray 1:1 slope line represents a theoretical condition in which
estimated legacy microbial biomass-C is equal to SOC, and how the relationship
between these parameters shifts with depth. Soil depths represent the top and
middle of A and B horizons: A1 = 0-2 cm; A2 = 14-16 ¢cm; B1 = 26-28 cm; B2
= 36-38 cm. (N = 3). NoCC = No cover crop; RyeCC = winter rye as a cover
crop; RyeHarv = winter rye harvested as a forage crop prior to corn planting.

Al, A2, and B1, respectively (Fig. 5).

Fungal-GluN:MurA generally decreased with depth (Table 3, Sup-
plementary Fig. S4) and ratios of estimated legacy fungal-C:bacterial-C
were 2.8, 2.4, 2.0, and 2.1 at Al, A2, B1, and B2, respectively. However,
18S:16S gene copy ratios determined via quantitative PCR (see Sup-
plementary Section 4, Supplementary Fig. S5) demonstrated a wide
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range without a clear trend with depth.
3.4. Potential extracellular enzyme activity

At depth A1, there was a significant effect of cover crop treatment on
the potential activity for the following extracellular enzymes:
p—glucosidase (BG), cellobiohydrolase (CELL), p-xylosidase (XYL),
phosphatase (PHOS), N-acetylglucosaminidase (NAG; p = 0.02, 0.02,
0.07, 0.02, 0.02, respectively; Fig. 6). For each of these enzymes, RyeCC
exhibited higher potential activity relative to NoCC (p = 0.02, 0.02,
0.09, 0.02, 0.02, respectively). However, potential activity in RyeHarv
at depth Al did not significantly differ from NoCC or RyeCC. There was
no significant cover treatment effect on potential activity of leucine
aminopeptidase (LAP) at Al, and no treatment effect for any potential
enzyme activities at any other depths measured. Broadly, potential
enzyme activity declined with depth for all enzymes except PHOS, but
this decline was more pronounced with RyeCC, where potential enzyme
activity was greater at Al.

4. Discussion
4.1. Evidence for SOC accrual mechanisms

Following seven years of cover crop use, SOC concentrations
increased by up to 13% (Fig. 1). However, SOC increases were incon-
sistent throughout our sampling depth and across treatments. Specific
measurements of SOM fractions and microbial biomarkers failed to
identify the mechanisms that increased SOC, which demonstrates that
these parameters are well-buffered to the range of environmental and
management conditions in this study. For example, total and individual
amino sugar residue concentrations did not respond to either of the
cover crop treatments (Table 3), and aliphatic C was the only significant
SOM treatment response, which increased in the RyeHarv treatment at
the soil surface (Table 2 and Fig. 2). Despite slight or statistically
insignificant cover crop treatment-driven changes in carbon and mi-
crobial parameters, the data do indicate positive relationships between
SOC and easily degradable aliphatic C compounds (Fig. 3a) and between
SOC and microbial amino sugar residues (Fig. 4). These relationships
support the theory that chemically labile compounds contribute mean-
ingfully to SOC stabilization and persistence (Cotrufo et al., 2013; Leh-
mann and Kleber, 2015; Liang et al., 2017; Schmidt et al., 2011),
potentially via organo-mineral associations and microaggregate forma-
tion attributable to anabolic microbial activities (Hernandez-Soriano
et al., 2018; Lehmann et al., 2007; Six et al., 2006).

Slight changes in concentrations of amino sugars are fundamentally
difficult to detect in soil because this necromass persists over numerous
“generations” of microbial communities (Khan et al., 2016); this accu-
mulation may mute signals indicative of management or treatment
differences. For example, amino sugar concentrations measure about 2
orders of magnitude higher in soil than in microbial biomass extracts
(Glaser et al., 2004). Furthermore, the substantial rate of annual manure
application in this study, which comprised 26-33% of total C inputs yr !
(Table 1) and was applied uniformly across all treatments, could have
increased total amino sugar accumulation (Faust et al., 2017; Peltre
et al., 2017) and muted potential cover crop-driven signals in amino
sugar concentration between treatments. As further evidence for amino
sugar residue accumulation, we can note the positive relationship be-
tween SOC and legacy microbial biomass-C, which is estimated from
amino sugar residue concentrations (Fig. 5).

4.2. Effects of winter rye on soil carbon

Winter rye as a cover crop or winter rye harvested as a forage
increased estimated mean annual C inputs by >23% compared to NoCC
over seven years of continuous corn silage (Table 1). Estimates of C
inputs help delineate differences in aboveground vs belowground rye
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Fig. 6. Potential extracellular enzyme activity by depth and cover crop treatment. Each point represents a single measurement, and lines connect each treatment and
depth combination for clarity. Cover crop treatment effect was significant at depth Al for each enzyme except LAP. (p < 0.05; indicated by asterisks). Letters within
depth indicate statistically significant pairwise treatment differences (¢ = 0.1, Quade post-hoc test). BG = p-glucosidase; CELL = cellobiohydrolase; XYL =
p—xylosidase; PHOS = phosphatase; NAG = N-acetylglucosaminidase; LAP = leucine aminopeptidase. Soil depths represent the top and middle of A and B horizons:

Al = 0-2 cm; A2 = 14-16 c¢cm; B1 = 26-28 cm; B2 = 36-38 cm. (N = 3).

inputs as affected by management. For example, whereas the rye
biomass in the RyeCC treatment was terminated and left on the soil
surface, the aboveground rye biomass in the RyeHarv treatment was
mostly harvested and removed from the field. However, the RyeHarv
treatment had contributed substantially greater estimated belowground
inputs due to the extended rye growth period (Table 1). Similarly, Cates
and Jackson (2018) found that rye cover significantly increased total C
inputs when integrated into a corn silage system, mitigating a portion of
SOC loss that characterizes corn silage production (Johnson et al.,
2014).

Though important, the quantity of biomass and C input is only one
aspect of SOC building, and we must also consider the traits or general
quality of that biomass (Finney et al., 2016). The relatively low (i.e.,
favorable) rye C:N ratio in the RyeCC treatment (mean C:N = 12.8)
likely made this substrate more conducive to SOC building relative to
the rye in the RyeHarv treatment (mean C:N = 20.7). This may be
evident in the significantly greater SOC concentration in RyeCC
compared to NoCC, which was not apparent in RyeHarv (Fig. 1), despite
similar total C inputs in both rye treatments and greater estimated
BGB-C in RyeHarv (Table 1). Though previous work may suggest that
the greater root BGB-C inputs in RyeHarv would have increased SOC
(Lavallee et al., 2018; Rasse et al., 2005), SOC storage also depends on N
availability (Cotrufo et al., 2019), which was likely a limiting factor in
the RyeHarv treatment given that soil nitrate-N concentrations 0-30 cm
measured at preplant and in-season were significantly lower compared
to both NoCC and RyeCC (years 2012-2016; reported in West et al.,
2020). Nitrogen scavenging to balance an inundation of C would be
expected to lower CUE (Geyer et al., 2016), and thus the “top-down”
regulators of CUE (here, rye residue quality and quantity) were not
likely optimal for SOC accrual. In short, the microbial community failed
to translate substantial C inputs into stored SOC, particularly in the
RyeHarv treatment. Furthermore, the significantly higher C:N ratio of
the more mature rye biomass in the RyeHarv treatment compared to that
of the less mature rye biomass in the RyeCC treatment, through micro-
bial nitrogen immobilization, may have contributed to the lower corn
silage yields that were observed in the RyeHarv treatment compared to
NoCC in three of the seven study years (Supplementary Table S1).

Though the C inputs in the RyeHarv treatment did not increase SOC,
this management practice demonstrates potential for future accumula-
tion given the trend towards greater SOC at A1 and B2 (p = 0.141 at both

depths, posthoc Quade test for RyeHarv vs NoCC; Fig. 1). Furthermore,
there was a significantly higher concentration of aliphatic C at Al
relative to NoCC (Fig. 2), which can be viewed as an indicator of po-
tential SOC accrual given that we saw a positive relationship between
the relative aliphatic C and SOC concentrations in this study (Fig. 3a; R
> 0.5 and p < 0.1 for depths A1, A2, and B2). The relationship between
total C inputs and SOC evidently varies with input quality, cover crop
type, weather, and soil C storage capacity (Castellano et al., 2015; Kal-
lenbach et al., 2015; Ladoni et al., 2016; McDaniel et al., 2014a).

4.3. Effects of winter rye on potential extracellular enzyme activity

Only the RyeCC treatment showed evidence for increased microbial
activity, as indicated by increased potential extracellular enzyme ac-
tivities at Al (Fig. 6; also seen in Baldrian, 2014; Nevins et al., 2018).
Conversely, potential enzyme activities in the RyeHarv treatment were
not significantly higher than NoCC. This difference between RyeCC and
RyeHarv is notable because RyeHarv showed evidence for nutrient
immobilization (e.g., low soil nitrate and occasional corn silage yield
decreases), and also had higher estimated BGB-C inputs (Table 1); these
factors led us to hypothesize that RyeHarv treatment would demonstrate
increased potential extracellular enzyme activity, particularly at lower
depths. It is possible that this hypothesis was not supported due to
sub-optimal rye input quality in the RyeHarv system (i.e., high C:N ratio
of rye forage). Insufficient N availability may hamper extracellular
enzyme production and enzyme activities (Moorhead et al., 2012). The
rapid drop-off of potential extracellular enzyme activities that we saw at
lower depths across all treatments was also observed by Freeman et al.
(1995), and likely reflects depth-associated decreases in both
high-quality inputs and active microbial biomass (Eilers et al., 2012).

4.4. Amino sugar-based estimates of legacy microbial biomass—C

Legacy bacterial- and fungal-C can be estimated using amino sugar
residue concentrations and literature-based conversion factors (Appuhn
and Joergensen, 2006; Engelking et al., 2007). These estimates help to
interpret the accumulation of amino sugar residues over time. Higher
concentrations of amino sugar residues in soil translate to higher esti-
mates of legacy microbial biomass-C, and both concentrations and es-
timates were positively correlated to SOC concentration in this study
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(Figs. 4 and 5). These relationships underscore the persistence of amino
sugar residues in soil, and this trend becomes more prominent at depth:
The increased proportion of estimated legacy microbial-C relative to
SOC at depths B1 and B2 indicates an increasing accumulation, or lower
turnover, of microbial residues with increasing depth, as visualized
relative to the 1:1 slope line in Fig. 5. Alternatively, the apparent in-
crease in amino sugar accumulation at depth may be explained in part
by a shift in bacterial community composition towards Gr+ bacteria
(Fierer etal., 2003; Xiang et al., 2017). Taking this shift into account, the
conversion factor used to estimate legacy bacterial-C would decrease
and therefore these C estimates would also decrease, bringing the B
horizon points in Fig. 5 closer to or possibly below the 1:1 slope line.
Depth-specific lipid biomarker analysis would help to clarify the re-
lationships between community composition, amino sugar residues, and
depth. Without this information, interpretation of these types of esti-
mates should be restricted to within-study comparison due to inherent
limitations of using broad literature-based assumptions to estimate
legacy microbial-C.

4.5. Effect of winter rye on soil microbial community

There was no treatment-driven shift in fungal to bacterial ratios as
measured by fungal-GluN:MurA or 18S:16S gene copy number ratios
within any soil depth (Supplementary Figs. S4 and S5, respectively).
This finding is consistent with some previous work that found fungal to
bacterial ratios to be unaffected by winter rye use (Barel et al., 2019).
That said, this metric is dynamic, and other work indicates that the
microbial community responds variably to cover crop use. For example,
winter rye increased fungal to bacterial ratios determined by PLFA
analysis, but results were sensitive to sample timing (Finney et al.,
2017).

5. Conclusions

Winter rye demonstrated potential to increase total C input and SOC
when used for seven years in continuous corn silage, a high-production
cropping system often characterized by net C loss. However, the SOC
gains were only observed at some soil depths, and only when rye was
used as a cover crop. Gains in SOC were not observed when rye was
harvested as a forage double crop, despite some changes to SOM char-
acteristics compared to no rye. When comparing the rye treatments,
there were no differences in SOM characteristics (e.g., aliphatic and
aromatic C), amino sugar residue concentrations, or potential enzyme
activities. Overall, winter rye use appears to be a viable option for
mitigating C loss in continuous corn silage, though an inefficient means
of C building in this system.

The strong relationships observed between SOC and both relative
aliphatic C concentration and total amino sugar residue concentration
underscore the importance of microbial pathways to SOC accumulation,
and support the use of these evidently stable and slow-to-change re-
sponses as indicators of potential SOC accrual. Our results suggest that
SOC can be increased in high-removal agronomic systems by focusing on
C inputs that specifically promote aliphatic C and microbial residue
accumulation. Annual manure applications may have forestalled winter
rye-driven increases in SOC, or otherwise masked detection of possible
treatment effects on the measured parameters. Future research could
explore the potential for SOC building with cover crops of various res-
idue qualities, or in agronomic systems with lower rates of biomass
removal. Additionally, isotopic tracing studies would also be valuable
for conclusively determining the fate of biomass—C as it moves through
the system from plants to living microbial biomass, and, ultimately, to
microbial necromass.
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