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Abstract

Cover crops (CCs) and tillage practices influence C and N pools in soil, which can
affect dissolved organic C (DOC) and N leaching from agricultural fields. Previous
studies on cover crops have focused mostly on nitrate leaching and total C (TC).
Therefore, a study was conducted in southern Illinois from 2015 to 2018 to evaluate
the effects of tillage systems (conventional till [CT] and no-tillage [NT]) and CCs
on C and N pools including water-extractable C (WEC), permanganate oxidizable C
(POXC), TC, water-extractable N (WEN), and total N (TN) in soil and on TN and
DOC leaching collected with zero-tension lysimeters. Crop rotations included were
corn (Zea mays L.)-soybean [Glycine max (L.) Merr.] rotation without winter CC
(C-S), corn—cereal rye (Secale cereale L.)-soybean—hairy vetch (Vicia villosa Roth)
(C-R-S-HV), corn—cereal rye—soybean—oat + radish (Avena sativa L.+ Raphanus
sativus L.) (C-R—S—OR). The WEC decreased over time under CT system at a depth
to 0—15 cm in rotation C-R—S—OR having cereal rye and oat + radish CCs. The POXC
at depths of 15-30 and 3045 cm increased significantly over time from fall 2015 to
spring 2018 for all rotations under both tillage systems. The cumulative DOC leach-
ing was greater in C—R—S—HYV rotation than in C-S rotation in fall 2015 and spring
2018. Inclusion of cereal rye in C-R—S—HV and C—R—S—OR rotations reduced cumu-
lative TN leaching compared with the C—S having no CC in spring 2018. Increased
DOC leaching losses with the introduction of CC should be addressed and need fur-

ther evaluation for its impact on C cycling in surface and subsurface waters.

ity (Brejda et al., 2000) as it affects soil properties (Weil
et al., 2003), that affect crop productivity, and environmen-

Soil organic C (SOC) is the dominant chemical constituent
of soil organic matter. It is a sensitive indicator of soil qual-

Abbreviations: C-R-S-HYV, corn—cereal rye—soybean—hairy vetch;
C-R-S-OR, corn—cereal rye—soybean—oat + radish; C—S, corn—soybean;
CC, cover crop; CT, conventional till; DOC, dissolved organic carbon; NT,
no-tillage; POXC, permanganate oxidizable carbon; SOC, soil organic
carbon; TC, total carbon; TN, total nitrogen; WEC, water-extractable
carbon; WEN, water-extractable nitrogen; ZTL, zero-tension lysimeters.

tal quality. Carbon and N pools in soil play various functional
roles in soil organic matter dynamics and nutrient cycling
(Doran & Parkin, 1994; Scharpenseel & Neue, 1992; Sher-
rod et al., 2005). The labile fractions of the SOC or active
C pool includes microbial biomass C (Islam & Weil, 2000;
Kennedy & Papendick, 1995), soil carbohydrates (Saviozzi,
Biasci, Riffaldi, & Levi-Minzi, 1999), and particulate organic
matter (Janzen, Campbell, Brandt, Lafond, & Townley-Smith,
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1992; Wander & Bidart, 2000). The permanganate oxidizable
C (POXC) test is a fast and affordable soil testing method,
which is used for quantifying the labile pool of C in soil (Cul-
man et al., 2012; Weil et al., 2003). The POXC is related to soil
quality indicators including microbial biomass C, smaller size
and heavier particulate organic C fractions, microbial biomass
C, and SOC (Culman et al., 2012; Mirsky et al., 2008; Weil
et al., 2003). These studies have also shown that POXC is
highly sensitive to changes in management and environments
(Culman et al., 2012; Weil et al., 2003). Scharpenseel and
Neue (1992) reported that soil factors including temperature,
texture, and water content influence the biological transfor-
mations among different C pools in soil. The C and N pools
in soils can be influenced by topography (Burke, Elliott, &
Cole, 1995; Singh, et al., 2018), climate (Burke et al., 1995;
Burke et al., 1989), cropping systems (Singh et al., 2018), and
management practices such as tillage, cover crops (CCs), N
fertilization, and residue management (Doran, 1987; Sainju
et al., 2002).

Tillage increases aeration, breaks aggregates, incorporates
crop residues, and thus accelerates the mineralization of
organic C in the soil (Sainju et al., 2002). Tillage places crop
residues in the soil, where conditions for the decomposition
of residues are more favorable than on the surface of the soil
(Christensen, 1986; Douglas et al., 1980; Reicosky & Lind-
strom, 1993; Roberts & Chan, 1990). Tillage exposes physi-
cally protected SOC while breaking soil aggregates and dis-
rupting soil structure. Tillage also increases losses of SOC
via soil erosion and runoff (Paustian et al., 1995). In contrast,
conservation tillage practices such as no-till allow retention of
crop residues on the soil surface and reduce the loss of C and
N by reducing residue decomposition, soil erosion, and runoff
(Blanco-Canqui et al., 2013; Varvel & Wilhelm, 2010). Based
on areview of the global database of 67 long-term agricultural
experiments, West and Post (2002) reported that converting
conventional tillage (CT) to no-tillage (NT) can increase C
sequestration by 57 + 14 g C m~2 yr~!. Carbon sequestration
rates can be expected to reach a peak in 5-10 yr, whereas the
SOC will reach a new equilibrium in 15-20 yr (West & Post,
2002). Many previous studies have shown greater organic C
and total N (TN) in top soil layers under NT vs. CT systems
(Alvarez et al., 1995; Sainju et al., 2010), whereas NT showed
mixed results for changes in organic C and N in subsoil lay-
ers or whole soil profile (Baker, Ochsner, Venterea, & Griffis,
2007; Blanco-Canqui & Lal, 2008).

Among conservation practices other than conservation
tillage, CCs increase SOC content by the addition of biomass
inputs to soil (Blanco-Canqui et al., 2013). Cover cropping
provides multiple benefits including reduction of weed pop-
ulations, soil erosion and nutrient leaching, and addition
of organic matter (Blanco-Canqui et al., 2015; Meisinger
& Ricigliano, 2017; Singh, Williard, & Schoonover, 2018;
Singh, Thilakarathne, et al., 2020). However, the benefits

Core Ideas

e Hairy vetch increased cumulative dissolved
organic C leaching.

* Cereal rye reduced cumulative total N leaching in
spring.

* WEC decreased over time under CT system at
depth of 0-15 cm.

of CCs on soil properties and crop yields depend on CC
species, amount of biomass produced, length of CC grow-
ing season, cropping system, and precipitation input (Blanco-
Canqui et al., 2013; Singh, Williard, & Schoonover, 2018;
Singh et al., 2019). For example, multiple studies have shown
that cereal rye (Secale cereale L.) CC reduces nitrate leaching
to groundwater and surface waters by scavenging residual N
from the soil after harvest of cash crop (Brandi-Dohrn et al.,
1997; Meisinger & Ricigliano, 2017; Staver & Brinsfield,
1998). However, mixed results have been reported by previ-
ous studies on the efficacy of CCs in reducing nitrate leach-
ing (Lewan, 1994; Meisinger & Ricigliano, 2017; Meisinger,
Hargrove et al., 1991; Meisinger et al., 1990). Multiple fac-
tors affect N scavenging by CCs including the amount of rain-
fall received during the CC growing season (Meisinger &
Ricigliano, 2017), amount of residual N after harvest of cash
crop (Kuo & Jellum, 2002), type of CC species (legume vs
grasses), and CCs planting and termination timing (Mirsky,
Ackroyd, et al., 2017; Mirsky, Spargo, et al., 2017). Simi-
larly, CCs have shown mixed results for their impact on soil
C and N pools. Rorick and Kladivko (2017) and Beehler, Fry,
Negassa, and Kravchenko (2017) reported that cereal rye did
not cause any significant changes in SOC and TN. However,
Sainju et al. (2002) found that rye increased organic C and N
by 3-4%, whereas the hairy vetch (Vicia villosa Roth) reduced
organic C and N by 1% in a 7-yr period from 1994 to 2000
in a study conducted in Georgia, USA. In their study, Sainju
et al. (2002) reported that the use of hairy vetch and cereal rye
CCs increased organic C and N concentrations as compared
with treatments without CCs. In California, increasing the fre-
quency of legume-rye CC mix (annual vs. quadrennial) in a
rotation led to an increase in SOC by 3.4 Mg ha~! and POXC
by 26% after 8 yr of study (White, Brennan, Cavigelli, &
Smith, 2020). Tautges, Chiartas, Gaudin, O’Green, Herrera,
and Scow (2019) found that winter CC mix including hairy
vetch, field pea (Pisum sativum L.), faba bean (Vicia faba L.),
and cereal oat (Avena sativa L.) increased the SOC stocks in
the top 30-cm soil profile by 3.5% but reduced SOC stocks
by 10.8% in the soil profile at 30-to-200-cm depth in a period
from 1993 to 2012. In a global meta-analysis of 30 studies,
Poeplau and Don (2015) found that soil C stocks increase by
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0.32 Mg C ha~! yr~! by CCs in the top 22-cm soil depth. Ye
and Hall (2020) reported that decomposition of slow-and fast-
cycling C pools was increased by rye CC, which reduced the
size of the pools across all soil depths compared with treat-
ments without any CC. The authors concluded that CC did not
result in faster C sequestration than the conventional annual
bioenergy systems in their study (Ye & Hall, 2020). It is dif-
ficult to detect the impact of CCs on SOC, with reports of
positive, negative, and neutral effects on SOC stocks (et al.,
2010; Poeplau & Don, 2015).

Previous studies have mostly focused on individual effects
of CCs or tillage on SOC content or POXC. However, lit-
tle is known about the effects of CCs and tillage on dis-
solved organic C (DOC) and water-extractable C (WEC).
Organic matter usually consists of <1% WEC and DOC
(Chantigny, 2003; Zsolnay, 1996). Water-extractable C is the
most labile pool of soil organic matter and is readily decom-
posable material available to soil microbes (Gregorich et al.,
1994). In northeastern Illinois on Drummer (fine-silty, mixed,
superactive, mesic Typic Endoaquolls) and Elpaso (fine-silty,
mixed, superactive, mesic Typic Endoaquolls) silt clay loam,
cereal rye—daikon radish (Raphanus sativus L.) CC in contin-
uous corn (Zea mays L.) cropping system showed no signifi-
cant differences in WEC compared with no-CC treatments at
soil depths of 0-5 and 5-20 cm (Grebliunas, Armstrong, &
Perry, 2016). However, the authors observed greater water-
extractable organic C after the termination of CCs as com-
pared with the sampling date before the CC termination.
Cereal rye—Daikon radish did not alter the quantity and qual-
ity of water-extractable organic C after 3 yr of study (Grebliu-
nas et al., 2016). White et al. (2020) found that increasing the
frequency of CCs (annual vs. quadrennial) altered the SOC
composition through an increase in labile C proportions.

Excess labile C can be detrimental to N in soil as it pro-
motes bacterial activity and can lead to increased denitrifica-
tion rates in soil as well as in receiving waterways (Grebliunas
et al., 2016; Vinther, Hansen, & Eriksen, 2006). In addition,
leaching of DOC from agricultural landscapes due to changes
in management practices can have wide impacts on surface
and groundwater quality, aquatic ecosystems, and upland C
balances (Evans, Monteith, & Cooper, 2005). Greater DOC
leaching under the CCs as compared with bare soil or treat-
ments with no CCs has been reported by Vinther et al.
(2006) and Steenwerth and Belina (2008). However, dissolved
organic N was lower under CCs, which resulted in lower TN
losses (Vinther et al., 2006). Dissolved organic C can act as a
source of energy for the denitrifying bacteria in the soil, which
will reduce nitrate leaching losses to groundwater (Vinther
et al., 2006). Soil water content and the C inputs to soil deter-
mine the leaching of C (Steenwerth & Belina, 2008; Vinther
et al., 2006). Kindler et al. (2011) reported that the amount
of DOC leaching in the topsoil layers was positively related
to their C/N ratio, whereas in subsoils, DOC retention was
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inversely related to the ratio of organic C to Fe + Al hydrox-
ides. The DOC can provide C for microbial respiration and can
be positively related to soil C dioxide efflux (Steenwerth &
Belina, 2008). There is limited research available on the inter-
active effects of tillage and CCs on water-extractable forms
of soil C and N in corn-soybean [Glycine max (L.) Merr.]
rotation systems. Previous research mostly focused on CCs’
impact on nitrate leaching. However, it is also important to
understand the impact of CCs under different tillage systems
on leaching of DOC in a corn—soybean rotation.

Therefore, the objective of this study was to evaluate the
effect of tillage and CCs on soil C and N pools including
POXC, WEC, water-extractable N (WEN), total C (TC), and
TN, as well as on leaching of DOC and TN. We hypothesized
that corn—soybean rotation with CC and NT systems will help
build active pools of C and N in soil by adding more biomass
inputs in the soil, and that it can lead to increased losses of
DOC. However, the TN leaching losses might be reduced with
use of nonlegume CCs compared with legume CCs.

2 | MATERIALS AND METHODS
2.1 | Experiment layout and crop
management practices

The study site was established in fall 2013 with three crop
rotations and two tillage systems at Southern Illinois Univer-
sity Farm in Carbondale, IL (37°71'06"" N, 89°27'33"" W).
The experimental design was a completely randomized design
with three replications. Three crop rotations included in this
study were: corn—cereal rye—soybean—hairy vetch (C—R—S—
HV), corn—cereal rye—soybean—oat + radish (C—R-S—OR),
and corn—soybean rotation without winter CC (C-S). The two
tillage systems included were CT and NT. Crop rotations were
setup as a 2-yr rotation to complete one cycle of a rotation with
aplot size of 18 X 120 m for each treatment. The dominant soil
series at the study site was Hosmer silt loam (fine-silty, mixed,
active, mesic Oxyaquic Fragiudalfs). The mean 20-yr (1994—
2013) annual total precipitation was 1,135 mm with a mean
annual temperature of 13 °C at the study site (Illinois Climate
Network, 2019). This study was not irrigated, and the field
was not tile drained.

The field used for this research was under CT before the
start of this experiment until fall 2013. Details of field oper-
ations, planting dates, harvesting or termination dates, and
sample collection dates are provided in Table 1. Cover crops
were planted after harvesting cash crops in fall and terminated
in spring using Roundup Weathermax (glyphosate) at 1.26 kg
acid equivalent ha=!, 2,4-D (2,4-dichlorophenoxyacetic acid)
at 0.80 kg ae ha~!, and ammonium sulfate (AMS) 2.5%
(v/v). Tillage treatments were performed in the spring after
the termination of CCs (Table 1). Cover crop residue was
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TABLE 1
and tillage study
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Crop sequence for different rotations from 2014 to 2018 and dates for field operations and data collection for the cover crop (CC)

Oct.2014-  May 2015~  Sept.2015- May 2016~  Oct. 2016~  Apr.2017-  Oct. 2017-

Crop rotation Apr. 2015 Sept. 2015 Apr. 2016 Oct. 2016 Apr. 2017 Sept. 2017 Apr. 2018
C-S No CC Corn No CC Soybean No CC Corn No CC
C-R-S-HV Hairy vetch Corn Cereal rye Soybean Hairy vetch ~ Corn Cereal rye
C-R-S-OR Oat + radish ~ Corn Cereal rye Soybean Oat 4+ radish ~ Corn Cereal rye
Field operations Dates
Tillage - 8 May 2015 - 3 June 2016 - 25 Apr. 2017 -

N fertilizer application = 20 May 2015 - = = 9 May 2017 -

Planting 9 0Oct. 2014 3 June 2015 28 Sept. 2015 10 June 2016 17 Oct. 2016 9 May 2017 6 Oct. 2017

Termination/harvest 24 Apr. 2015 18 Sept. 2015 28 Apr. 2016 10 Oct. 2016 13 Apr. 2017 27 Sept. 2017 28 Apr. 2018

End of season Spring 2015 Fall 2015 Spring 2016  Fall 2016 Spring 2017  Fall 2017 Spring 2018

Soil Sampling 24 Apr. 2015 28 Sept. 2015 27 Apr. 2016 13 Oct. 2016 20 Apr. 2017 2 Oct. 2017 18 Apr. 2018

Soil solution collection events — 7 14 6 12 4 9

Note. C=S, corn—soybean; C-R-S-HV, corn—cereal rye—soybean-hairy vetch; C-R-S—OR, corn—cereal rye—soybean—oat + radish. Cover crop was terminated using
Roundup Weathermax (glyphosate) at 1.26 kg acid equivalent (a.e.) ha™!, 2,4-D (2,4-dichlorophenoxyacetic acid) at 0.80 kg a.e. ha~!, and ammonium sulfate (AMS) 2.5%

(v/v). Soil solution collection events are the total number of water sampling events per season (if the end of the season is spring 2018, then the number of soil solution

collection events between planting and termination of cover crops was nine).

incorporated in the soil after burndown application with two
passes of disking, followed by a single pass of the roller before
planting of the cash crops in the CT treatments. No such
tillage operations were performed in the NT treatments. Soy-
bean and corn were planted with a John Deere seed drill at a
row spacing of 76.2 cm using seeding rates of 395,000 and
71,000 seeds ha™!, respectively. Soybean received a pre-plant
application of 23 kg Pha~! as diammonium phosphate (DAP).
Corn received a pre-plant application of 179-34-53 N-P-
Kkg ha~! as urea, DAP, and muriate of potash (KCI), respec-
tively. All fertilizers were broadcast applied. Cover crops were
planted after the harvest of grain crops using a grain drill at
a row spacing of 19.1 cm. Cereal rye, hairy vetch, and oat +
radish were planted at a seeding rate of 87, 28, and 39 kg ha™!,
respectively. A ratio of 16:1 was used for the oat + radish mix.

2.2 | Zero-tension lysimeter installation

Zero-tension lysimeters (ZTLs) were installed in the transi-
tion horizon of soil at a depth varying between 23 and 30 cm
in all CC and tillage treatments in February 2015. Hosmer
soils have a distinct A horizon with a restricting subsurface B
horizon. Restricting subsoil creates a perched water table dur-
ing spring precipitation events; therefore, ZTLs were installed
above the restricting layer to prevent potential groundwater
or perched water movement in the lysimeters. Zero-tension
lysimeters had a surface area of 0.086 m? and were installed
in an undisturbed soil by excavating pit and digging the side-
wall of the soil pit to install soil solution collection pans.
Lysimeters were connected to a conical collection container of
22.7 L (0.0227 m?) capacity. Details of ZTLs installation and

design were discussed in Singh, Kaur, Williard, Schoonover,
and Kang (2018). After installing ZTLs, excavated soil pits
were backfilled and two tubes—the soil solution sample col-
lection tube and the zero-tension tube—were the only tubes
that were exposed to the soil surface. Zero-tension lysimeters
were left for 17 wk for calibration in the field. Soil solution
samples collected after installation until the beginning of June
2015 were not used for any analysis.

2.3 | Data collection and analysis

Soil samples were collected twice a year that is after the har-
vest of grain crop but before planting of CC and after the
termination of CC but before tillage and grain crop planting
(Table 1). A total of six soil sampling events occurred starting
fall 2015 until spring 2018. The soil samples from spring 2015
were not archived to be used later for the C and N pools analy-
sis for the current study. Soil samples were collected within a
5-m? area of ZTLs to a depth of 45 cm in increments of 15 cm
(0-15, 15-30, and 30—45 cm) using a push probe (JMC soil
samplers). In total, seven soil cores were collected for each
depth around ZTLs and composited for sample analysis. Col-
lected soil samples were air dried, ground using a soil grinder
(Gilson Company), passed through a 2-mm sieve opening,
and analyzed for TC and TN using a CNS analyzer (Thermo
Fisher Scientific). For WEC and WEN extraction, 10 g of
soil sample was shaken with 40 ml of deionized water for
60 min using an oscillating shaker at 120 rpm. The extracted
soil solution was filtered using MF-Millipore membrane fil-
ter (0.45-pm pore size) and analyzed for WEC and WEN
on a Shimadzu TOC-L analyzer (Shimadzu Corporation)



SINGH ET AL.

(Burford & Bremner, 1975). The POXC was analyzed using
the method described by Weil et al. (2003) with some modifi-
cations to account for the elevated quantities of C that might
occur in soil samples from CC treatments (Singh et al., 2018).
The shaking time was increased from 2 to 15 min, and the
volume to weight ratio of 0.02 mol L~! KMnO, was changed
from 8:1 to 16:1. Soil samples for bulk density were also col-
lected to a depth of 45 cm in 15-cm increments and were used
for converting C and N concentrations to a Mg ha™! or kg ha™!
basis. The cash crop and CC biomass was also collected from
each plot to determine biomass yield, C/N ratio, and N uptake
in this study (Singh, Thilakarathne, et al., 2020; Supplemental
Tables S3 and S4).

Soil solution samples after corn planting in June 2015 until
cereal rye termination in April 2018 were collected after every
significant rainfall event (>20 mm) from ZTLs. In total, soil
solution samples were collected 52 times over the study period
from June 2015 to April 2018 (Table 1). Soil solution sam-
ples were collected through the exposed sample collection
tubes using a self-priming pump. Collected soil solution sam-
ples were measured for their total volume. A subsample of
soil solution of ~500 ml was collected in a bottle and trans-
ferred to Southern Illinois University water quality labora-
tory. In the water quality laboratory, subsamples were vac-
uum filtered using 0.45-pm filter disks. Filtered soil solution
samples were analyzed for DOC and TN using a Shimadzu
TOC-L analyzer (Shimadzu Instruments). The nonpurgeable
organic C (NPOC) was measured and samples were acidified
and sparged for analysis of DOC. All soil solution data in con-
centration (mg L~!) were converted to DOC and TN loads (kg
ha™!) based on recorded volume from ZTLs in the field and
the area of ZTLs (0.086 m?) as

DOC (mg L‘l) X volume (L)

DOC (kgha™') = % 0.01
(kg ha™) 0.086 (m?)
TN L-! 1 L
TN (kgha™') = (mgL”) xvolume (@) % 0.01
0.086 (m2)
2.4 | Statistical analysis

The UNIVARIATE procedure in SAS version 9.4 (SAS Insti-
tute) was used for testing the normality of data. Based on
Shapiro—Wilk and Kolmogorov—Smirnov tests used for deter-
mining the normality of data, several variables were log-
transformed for analysis and were back-transformed for the
presentation of results. The experimental design was a com-
pletely randomized design with three replications. All soil
and water data were analyzed by season using the GLIMMIX
procedure in SAS. For analyzing soil data, the independent
variables were crop rotation, tillage, depth, and their inter-
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action and the dependent variables were WEN, TN, WEC,
POXC, and TC. Replications for the treatments were treated
as a random factor. The three-way interaction between crop
rotation, tillage, and depth was not significant. However, the
two-way interaction between crop rotation and tillage as well
as between crop rotations and depth were significant for at
least a season. For comparison of means, all variables were
analyzed using the T-grouping and least-squares means were
calculated at o = .1 (Tables 2 and 3). Additionally, to analyze
the trends for building labile or bulk pools of C and N, we split
out the crop rotation and tillage based on depth or combined
over depths and regressed the data over time (six soil collec-
tion events). The regression analysis was performed using the
REG procedure in SAS at o0 = .1.

The crops grown in a season changed over a 2-yr crop rota-
tion period, therefore, soil solution data were split by season
for soil solution analysis. For example, cereal rye CC planted
after corn harvest in fall 2015 had 14 soil solution collec-
tion events (Table 1). The 14 soil solution collection events
were analyzed together, and the mean values from the anal-
ysis given in Table 5 were called cover crop spring 2016.
Similarly, there were six soil solution collection events col-

lected between planting and harvesting of soybean in 2016
and the end of the season was called fall 2016. Again, the six
soil solution collection events were analyzed together for soy-
bean fall 2016. Soil solution samples were analyzed using a
repeated measure model in SAS using the GLIMMIX proce-
dure. The independent variables were crop rotation, tillage,
and their interaction and dependent variables were DOC and
TN. A repeated measure statement for collection events was
added having an exponential spatial or temporal covariance
structure type = SP[EXP(c-list)]. The significant differences
between the mean values were determined using a post hoc
T-grouping analysis at the a level of .1. Cumulative DOC and
TN loss from the ZTLs for a season were calculated by the
summation of loads for a season. Cumulative DOC and TN
loss were analyzed using the GLIMMIX procedure and post
hoc T-grouping analysis was used for determining the signif-
icant differences.

3 | RESULTS
3.1 | Carbon pools
3.1.1 | Soil

The WEC, POXC, and TC mostly decrease with depth for all
rotations and tillage systems (Tables 2 and 3). The WEC was
affected by the interaction of crop rotation and depth during
the corn growing season in fall 2015 and 2017 (Table 2, Sup-
plemental Table S1). When data was averaged over tillage
systems, rotations with CCs (C-R-S-HV and C-R-S-OR)
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Linear regression between permanganate oxidizable C (POXC, summed by depth) and time of collection of soil samples. The three

squares indicate three replicates for each crop rotation and tillage treatments at an individual soil collection time. Rotations were corn—soybean (C-S),

corn—cereal rye—soybean—hairy vetch (C-R-S-HV), and corn—cereal rye—soybean—oat + radish (C—R—-S—OR). Tillage treatments were conventional

tillage (CT) and no-tillage (NT)

resulted in 49 to 51 kg ha™! greater WEC than the C-S rota-
tion at a depth of 0—15 cm in fall 2015 during the corn growing
season. Within each rotation, the WEC was greater in surface
soil depth (0-15 cm) than at deeper soil layers (15-30 and
3045 cm) during corn growing season in fall 2015 and 2017.
No differences were obtained due to rotations and tillage for
WEC and POXC in 2016. During the CC growing season in
spring 2017, the CT system increased the POXC and TC by
103 kg ha~! and 0.9 Mg ha~! compared with the NT system,
when data were averaged over rotations and depth (Tables 2
and 3).

During the corn growing season in fall 2017, the interac-
tion of crop rotation and tillage significantly affected the WEC
and POXC content in soil (Table 2, Supplemental Table S1).
The NT increased WEC by 27 kg ha~! than CT for C-R-S—
OR rotation, whereas it reduced the POXC by 191 kg ha™!
than CT for C-S rotation without any CCs. The C-S rota-
tion having no CCs had 112 and 144 kg ha~! higher POXC
than the C-R-S-HV and C-R-S-OR rotations, respectively,
under the CT system in fall 2017 during the corn growing sea-
son (Table 2). However, the trend was opposite for the POXC
under the NT system in fall 2017, where rotations with CCs
had greater POXC than the C-S rotation under NT system.

The WEC decreased over time at a depth of 0—15 cm from
fall 2015 to spring 2018 under the CT system in C-R-S—-OR
rotation having cereal rye and oat + radish CCs, as indicated
by the linear regression between WEC and collection timing
of soil samples (Table 4). However, WEC increased with time
at a depth of 30-45 cm under the NT system in C-S rotation
without any CCs, as well as in C-R—-S—OR rotation having

cereal rye and oat + radish CCs. The POXC in soil depths
15-30 and 30-45 cm increased significantly over time from
fall 2015 to spring 2018 for all rotations under both tillage
systems (Table 4, Figure 1). Total C in soil showed no changes
over time in this study from fall 2015 to spring 2018, except
a decrease with time at depth 30—45 cm under CT system in
C-R-S-OR rotation having rye and oat + radish CCs.

3.1.2 | Water

The mean DOC leaching loss as measured by the ZTL was
affected by the interaction of tillage and crop rotation in all
seasons, except in fall 2017 and spring 2018 (Table 5). No-
tillage increased mean DOC leaching compared to CT by 4
and 3.8 kg ha~! for C-R-S-HV and C-R-S-OR rotations
having hairy vetch and oat + radish CCs, respectively, in fall
2015 during the corn growing season. Within the NT system,
hairy vetch CC in C-R-S-HYV and oat + radish CC in C-R-
S—OR increased mean DOC leaching by 6.2 and 4.4 kg ha™!
than C-S rotation without any CCs, respectively, in fall 2015.
In spring 2016 during the CC growing season within the NT
system, the cereal rye CC in C—R—S—OR rotation resulted in
4.6 kg ha~! greater mean DOC leaching than the C-S rota-
tion without any CCs. Mean DOC leaching was 3.6 and 6.6 kg
ha~! greater under the CT system than under NT in C-S and
C-R-S-HV rotations, respectively, in fall 2016. Under the NT
system in fall 2016 during the soybean growing season, the C—
R-S-HV had 6.6 and 3.9 kg ha~! lower mean DOC leaching
than the C—-R-S—OR and C-S, respectively. In spring 2017



9 of 20

Vadose Zone Jc

SINGH ET AL.

90 evee 81°0— 9 9 1000"> 89'89 LTEI— LT 8880° ¥8°C1 89
€0’ YSLY 0C0— L8 oW 6£00° €896 §S9¢€T I 8¢8I SoCl 89°L8
148 seer §S0— €6'1C 0 Sy ¥T9C 09vre'l 60’ 8LET LO0T— SE'LIT
Y0 LSTY 110— 009 129 S000° 69'69 61°1C ST LLOT Ly'91 6 1L
10° LTEY 0T0— £8'6 LT 6160 §9°09 12°66C 149 gecr 80°¢l IL'T6
00 VLI6 (AN ¥S¥e ¥0° 9eSY 8¥'IS 19°CIST 10° YI8L ILc 11°9¢2
10° 9oL’ 800 8¢'¢ 8L 1000™> 61°08 G8'9— el yeer 20°S1 01°08
00° LLTY €0°0— 108 8¢ 2000’ 6L'8L LL'861 LT €060 17'Cl 99°L8
00 8888" 700 16°0C 00° 0606’ (4 N% Sreesl or seol” 9I'I1— 66'€6C
€0’ YLy L00 6 €8 1000"> °L98 oV Iv— or 0L0T eyl 0L°08
00 1L98° S0'0 0or'e Ly 8100° 0€°68 SO'¥LT ST LIT YLET P€'68
00 9€L6 100 11°2C 00 66 1°0 LOOTS'T 90 ovie 8L'L— 08'98¢
10° ILyL 900 9¢’¢ su 1000> YL'T6 8EVS— 61 00L0 ¥8°61 6S°L9
00° Yy ¥0°0— LO'6 LS €000 $6'68 29°61¢C Sr 6511 L9°CI 8L°68
€0’ Syes €0~ ye1c 10° 099’ 6¢SI— 0S¥8¥°1 90 LITE 87'8— 66'79C
1T 26507 0C0— L9°S %) 1000™> L8°T9 60°¢E cr 8¢91" LYl 11°89
10° oL 00— 756 Ly 9100° 1g6¥ 99°08¢ 9T 001" 6671 SeeL
148 SIer 0L°0— SI'vC 70’ 005t S 0e— L6'€TYT 4 6200° 6T~ 1°82¢
) |-y 3 -8y 3

4 A <Id adors 1dadaaug 4 A <Id adors 1dadaaug 4 A4 <Id adors 1dada9yug
SI[qeLIBA SI[qeLIBA Sa[qerIeA

JL JXO0d JUM

*95e[[I-0u ‘LN (95R[[N [BUONUIAUOD ‘1)) :9FR[[ILq
“USIPRI + 1B0—UBIQA0S—AT [BRIQI—UI0D “YO—S—Y—D) Y010 AITRY—UBIqAOS—aAI [BRI90-UI0D ‘AH-S—Y—D ‘Ueaqhos—uIod ‘S—)) :uonejor dor),

Sy—0¢
0e=¢C1
S1-0
Sr—0¢
0e=¢1
S1-0
Sy—0¢
0e=SI
S1-0
Sr—0¢
0e=¢1
SI=0
Sr—0¢
0€=¢1
S1-0
Sy—0¢
0e=CI
S1-0

ypdaq

IN

1D

IN

LD

IN

LD

(PSeqILL

AH-S—4-D

JO—S—dD

LJuonejox dox)

sordwes 108 Jo awn uonod[[od pue sjood ([DI] D 18101 pue ‘[DX0d] D 21qeziprxo euesuewrad ‘(DFM] D d[qrIoenxo-19jem) D udomlaq uorssardar eaurf osim-pdoq ¢ A 19V L



SINGH ET AL.

*98e[[I-0U ‘LN (9FR[[1} [EUONUIAUOD ‘1)) :9FB[[LLq
“YSIPRI + 1B0—UBIQA0S—AI [BAIO—-UI0D “YO—S—Y—D) ‘YoIoA AITRY—UBIqAOS—aKI [BaI90-UI0D ‘AH—S—Y—D ‘Ueaqhos—uIod ‘S—)) :uonejor dor),

Vadose Zone Jc

10 of 20

a3e[n

18%0°  9TIT 80c  THOI’ 6¥L0°  1000> 9LS’ LSO’ 896¢"  1000° LELT 6810 4 X uoneI0y

191" €TI6 9849 80ST° vTeo €100’ 970" 1000> T960° 000" 6P €L0O° I ageqIIL

SLET  T1¥SO° 9LLT  #£09° SLEE STen ¥Tss 9¢€S LY8Y 1010 LEYO"  TE00" T uoneioy

uoneLIeA

anJeA d p Jjo oo.:aom

qe'18 T8 L0 €0 qe9' v 980 o aeeel vIL eLG I'Se  qerg IN A0-S—4-O0

qey'89 L9 S0 T0 eIl eyl 6'7S eL Gl SE8  aEGh LT og'g 1D ¥O-S—4-0

qes's9 $9 60 S0 qe9'ee 260 YL o1'9 S0S  aELT 6'8S 6’8 IN AH-S—¥-D

eg'0C1 €Tl Sv €€ qeg'$9 280 €vy  qeLel TPe  qQerg 80¢ 296 1D AH-S—¥-D

a'LE 8T S0 T0 qsc °¢'0 £9¢ Qo1 T6L QI YL oLT IN S-0

qeg'9 8¢ I'e Sl ey el €9'g 89 e9'¢l 1'9C  Qqe9'§ L'1T o'¢ 1D o)
7’19 8¢ L0 €0 Qe qa5°0 a$'8¢C ar'6 a6'Ly a8'c I'LE €z'9 IN
L8 €8 LT 91 eI H01 €9'G €L gy el ©.9 eg'y 154 q6°¢ 1D

8YL  AEpL 90 €0 ¥'6L el S8t 4! v'LL Bg'S qe6'8C A AO-S—4-0

6 ey'6 LT 61 T6v 190 8°0¢ 7’6 YTy aEpe e6'th 269 AH-S—9-D

'S acy 81 80 T6L 97 $'9¢ 811 LTS ar'e q5°61 '€ S-0

|-y 3
dAnemun)) UBIIAI dAnemun)) UBIAl dAnemun)) UBIAl dAneuIn)) UBIIAI dAnenuIN)) UBIAI dAnemun)) UBIIAI PRt | (4 ) LJuonejox dox)
810¢ Surids LT0T I1eJ ‘u1o) L10T Surads 9102 910g Surids STOT I1ej ‘uro)
‘doad 340D ‘doad 19A0) e} ‘ueaqios ‘doxd 190D

D AI}OBAI PAA[OSSI(T

(T° = ) JUaISPIP AT[EONSHE]S 10U T8 I3YI] dwes Y} £q PIMO[[O]

SUBOW ‘s10J0BJ JO UONBUIQUIOD JO JOJOB] UQAIS B UIIIM PUEB UWN[OD B UIYIAN "UOZLIOY Y MO[oq PI[[BISUI SIOIQWISA] UOISU)-0I9Z JuIsn PJod[[0d D) JIULTIO PIA[OSSIP dAne[nWNd pue uBdlN S HTdV.L



SINGH ET AL 1ot20
& N & R & & x‘d‘ & & & & & ‘\?* R v."q & & \\6‘ & ¥ & ¢ 79‘ \“'5‘ §
T’” ]r | r[lr‘lll Ty I'YH|I|' | T o3 =

603 B
o
s0{(a) _|(b) 5 3 % 5 % >
e Corn § Cover crop § £ Soybean | $ Covercrop 3| @
® 40 2015 |§ 2015/2016 £ < 2016 |2 20162017 €| , luo 8
&= 8 s [ -
gao S 3 ii £ g & s
S » 3 = 40 0%
8 5 . 5|+ @
° 3 ; 3l e -
020 RO ;] ol% f20 g
L1 ag | _a
g = o A . = ~
10{ = ¢ u & w110
i * N B 2 o B 4 @©
SITER NIRRT TR RN THE E & 1
0 s » B308 2 a aR83 Bt 2l B e 0
S £ & > DU < &
=~ Y W R TS FE TR @Y AN RGP N PN &
S S @ L P FEEE .
LT T r b 19 & Zh ITT“’"r1“]T 30,§§.
60 3 §
a b H 2=
- s0/(2) Corn () Covercrop %|e % S C-s
S 40 2017 2017/2018 £ o C-R-S-HV _No-tillage
.; s 0 O C-R-S-OR
ol (¢}
=< 30 gl= =
8 5 B 2
S -
20 3 4 C-S .
° : * 5 ; Coventional
2 = ~ C-R-S-HV tillage
- " Go MM B[ 0 s C-R-S-OR 9
e T
o|% & o & f & ot 5 0
“6‘ ) © \»“o" R T &
FIGURE 2 Mean dissolved organic C (DOC) leaching across sampling dates for cover crop and no-cover crop rotations under no-tillage and

conventional tillage system. Blue bars represent the average daily precipitation received at the research site. Note the scale on y axis changes on the

figure from left to right and on the bottom. Rotations were corn—soybean (C-S), corn—cereal rye—soybean—hairy vetch (C—R-S-HV), and corn—cereal

rye—soybean—oat + radish (C—-R-S-OR)

during the CC growing season, CT resulted in greater mean
DOC leaching by 8.3 and 6.6 kg ha~! than the NT under the
C-S rotation having no CCs and C—R—S—OR rotation having
oat + radish CC, respectively. Within the CT system in spring
2017, hairy vetch in C—-R—-S—HV rotation reduced mean DOC
leaching compared with the C—R—S—OR rotation having oat
+ radish CCs and C-S rotation having no CCs by 6.6 and
7.8 kg ha™!, respectively. The mean DOC leaching in spring
2018 was 5.1 kg ha™! greater in C-R—S—HV rotation hav-
ing cereal rye CC compared with C-S rotation having no CC.
Mean DOC leaching across sampling dates for CC and no-CC
rotations under NT and CT is presented in Figure 2.

Crop rotation resulted in differences in cumulative DOC
leaching during the cash crop growing season only in fall
2015, whereas no differences were obtained among rotations
during the soybean and corn growing season in 2016 and 2017
(Table 5). In fall 2015, the C-R—S—HYV rotation having hairy
vetch CC planted in previous spring resulted in 25.4 kg ha™!
greater cumulative DOC leaching loads than C-S rotation that
had no CC planted (Table 5). Cumulative DOC leaching dur-
ing the CC growing season was affected by the interaction of
crop rotation and tillage in spring 2017 and 2018, but not in
spring 2016. Conventional tillage increased cumulative DOC

leaching compared with NT by 19.1 and 20.2 kg ha™! in spring
and fall of 2016, respectively. Conventional tillage increased
cumulative DOC leaching compared with NT by 108.4 kg
ha~! only in rotation without any CCs (C-S) during spring
2017.

3.2 | Nitrogen pools

3.2.1 | Soil

Similar to C pools, the WEN and TN decreased with soil
depth in all crop rotations and tillage systems (Table 6). The
WEN was significantly affected by the interaction of crop
rotation and depth during the corn season in fall 2015 and
2017 (Table 6, Supplemental Table S2). In fall 2015 during
the corn season, the CT system increased WEN by 2 kg ha™!
compared with the NT system, but it reduced TN content
by 0.07 Mg ha~! compared with NT. Differences in WEN
between crop rotations were only seen at the depth of 0—15 cm
in fall 2015, where C—R—S—HV rotation with hairy vetch CC
had 7 kg ha~! greater WEN than the rotation without CC
(C-S). During the CC growing season in spring 2016, the
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TABLE 7 Depth-wise linear regression between soil N (water-extractable N [WEN] and total N [TN]) pools and collection time of soil samples
WEN TN
Variables Variables
Crop rotation® Tillage” Depth Intercept Slope Pr>F R? Intercept Slope Pr>F R?
cm kg ha™! Mg ha!
C-R-S-OR CT 0-15 34.33 -0.95 .3504 .05 2.45 -0.02 .6367 .01
15-30 8.19 0.56 .0704 .19 1.18 0.03 4175 .04
30-45 5.51 0.06 .0129 .33 0.82 0.02 2691 .08
NT 0-15 29.73 —-0.96 2544 .08 2.37 -0.02 .5967 .02
15-30 8.19 0.67 1224 .14 1.37 -0.02 4692 .03
30-45 6.00 0.79 .0038 42 1.01 -0.01 7963 .00
C-R-S-HV CT 0-15 33.00 0.20 .8750 .00 2.44 0.03 4365 .04
15-30 8.99 0.74 .2990 .07 1.26 0.02 .6281 .02
30-45 6.13 0.83 .0227 28 0.91 0.01 .5647 .02
NT 0-15 33.97 -0.19 .8952 .00 2.37 -0.01 .6854 .01
15-30 8.28 1.06 .0814 17 1.20 -0.01 .6241 .02
30-45 6.18 0.86 .0241 28 1.00 0.01 7665 .01
C-S CT 0-15 30.34 0.99 4983 .03 2.54 0.03 .7999 .00
15-30 11.02 0.44 3777 .05 1.30 -0.01 9071 .00
30-45 6.17 1.81 .0392 24 1.02 -0.01 .5228 .03
NT 0-15 29.08 -0.53 .5629 .02 2.56 -0.06 .0505 22
15-30 7.49 0.85 .0155 31 1.46 —0.06 .0205 .29
30-45 4.47 1.18 .0007 52 1.13 -0.03 2213 .09

2Crop rotation: C-S, corn-soybean; C—-R—-S—-HV, corn—cereal rye—soybean-hairy vetch; C-R-S—-OR, corn—cereal rye—soybean—oat + radish.

bTillage: CT, conventional tillage; NT, no-tillage.

inclusion of cereal CC in C-R-S-HV and C-R-S-OR
reduced WEN in soil by 1-2 kg ha~! as compared with C—
S rotation having no CC.

During the soybean growing season in fall 2016, no dif-
ferences were obtained due to rotation and tillage systems for
WEN and TN. In the spring of 2017 during the CC season, the
CT resulted in 9 kg ha~! greater WEN than NT system only
in C-S rotation having no CC (Table 6). Under the CT system
in spring 2017, the oat + radish CC in C-R—-S—OR rotation
reduced soil WEN content by 7 kg ha~! compared with C-S
rotation with no CC planted. However, the TN was 0.18 Mg
ha~! greater under CT than under NT in spring 2017, when
data were averaged over rotations and depth. In fall 2017, the
C-R-S-HV rotation that had hairy vetch CC in spring sea-
son resulted in 16 and 12 kg ha~! greater WEN than the C—
S and C-R-S-OR rotations, respectively, at a depth of 0-
15 cm. During the CC season in spring 2018, CT had 3 kg
ha~! greater WEN in soil than NT, and cereal rye CC in the
C-R-S-HV and C-R-S-OR rotations reduced WEN content
in soil by 4-5 kg ha~! compared with C—S rotation having no
CC.

The WEN increased significantly (P < .1) over time from
fall 2015 to spring 2018 in all crop rotations under both tillage
systems at a depth of 30-45 cm, as well as in C-R-S-HV

having cereal rye and hairy vetch CCs and C—S having no CCs
under NT at a depth of 15-30 cm (Table 7). However, TN
decreased over time from the fall of 2015 to spring 2018 under
the NT system in the C—S rotation having no CC at depths of
0-15 and 15-30 cm.

322 | Water

The mean TN leaching during the corn growing season was
affected by main effects of crop rotations and tillage in 2015
and by their interaction in 2017, whereas differences in mean
TN leaching were only due to tillage systems during the soy-
bean season in fall 2016. Inclusion of CCs in the C-R-S—
HV and C-R-S-OR rotations resulted in higher mean TN
leaching compared with C-S rotation without any CC during
the corn growing season in fall 2015 (Table 8). Conventional
tillage increased mean TN leaching than NT by 4.3 and 1.6 kg
ha~! in fall 2015 and fall 2016, respectively. In spring 2016,
mean TN leaching was significantly affected by the interac-
tion of tillage and crop rotation. Conventional tillage system
increased mean TN losses compared with NT only in the C—-
S rotation, which had no CC planted, during spring 2016.
Under the CT system, cereal rye CC in the C—-R-S—HV and
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C—R-S-OR rotations reduced mean TN leaching losses com-
pared with the C-S rotation having no CC by 0.7-0.8 and 7.9—
8.8 kg ha™!, respectively, in spring 2016. In spring 2016, no
differences were observed for TN due to tillage for two rota-
tions having CCs (Table 8).

The mean TN leaching during the CC season was influ-
enced by the interaction of crop rotation and tillage systems in
spring 2016, 2017, and 2018 (Table 8). In spring 2017, the oat
+ radish CC in C-R—S—-OR rotation resulted in 3.2 and 4.1 kg
ha~! greater mean TN leaching loss than C—-R-S—HV rotation
having hairy vetch CC and C-S rotation having no CC, respec-
tively, within the NT system (Table 8). Mean TN was 21.2 kg
ha~! greater under CT than under NT in fall 2017, only in
the C-R-S-HYV rotation. Under the CT system in fall 2017,
C-R-S-HV rotation that had hairy vetch CC plated during
the previous spring had 18.6 and 22.4 kg ha~! greater mean
TN losses than C—S and C-R-S—-OR rotations, respectively.
In spring 2018 under the CT system, the mean TN leaching
loss was 3.4 kg ha~! greater from C—S than from C—-R-S—OR
rotation that had cereal rye CC.

Planting of hairy vetch CC in the preceding spring in the
C-R-S-HV rotation increased cumulative TN leaching loads
compared with the rotation without any CC (C-S) by 118.9 kg
ha~! during fall 2015 (Table 8). Cereal rye CC in the C-R-S—
HYV and C-R-S-OR rotations reduced cumulative TN leach-
ing by 7.9-8.8 kg ha~! compared with C-S rotation that had
no CC planted during the spring 2016 under the CT system
only. Averaged over rotations, the CT system increased cumu-
lative TN leaching compared with the NT by 7.3 kg ha™!
in fall 2016. When data were averaged over tillage systems
in spring 2017, oat + radish CC in the C-R—S—OR rotation
led to 14.6 and 19.4 kg ha~! greater cumulative TN leach-
ing compared with C-R—-S—HV rotation having hairy vetch
CC and C-S rotation having no CC, respectively. Conven-
tional tillage resulted in 27.3 kg ha~! greater cumulative TN
leaching than the NT system in fall 2017 only in the C-R-S—
HYV rotation that had hairy vetch CC planted in the preceding
spring. Within the CT system in fall 2017, the C-R-S-HV
rotation had 19.5 and 29.4 kg ha~! greater cumulative TN than
C-S and C-R-S-OR rotations, respectively. Cereal rye CC in
the C-R-S-HV and C-R-S-OR rotations reduced the cumu-
lative TN by 6.5 and 13.4 kg ha™!, respectively, as compared
with the rotation without any CC (C-S) in spring 2018.

4 | DISCUSSION

4.1 | Soil C and N pools

Carbon pools decrease with soil depth from the surface to
45 cm in our study. The upper soil layers receive more leaf
litter and root biomass than the deeper soil layers. Greater
biomass return to upper soil layers results in more organic
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matter additions to soil and, consequently, higher C and N
pools in these topsoil layers. Similar to our study, Grebliu-
nas et al. (2016) reported greater water-extractable organic C
in the upper soil depth (0-5 cm) than in the lower soil profile
(520 cm). Cover crops such as tillage radish and cereal rye
usually have lower C.N ratio than the corn (>60:1) and soy-
bean crops (30:1), which promotes faster decomposition and
higher C and N content in upper soil layers (Olson et al., 2010;
Peregrina et al., 2010; Steenwerth & Belina, 2008).

In our study, CT had lower WEC than NT for rotation C—R—
S—OR in fall 2017, when data were averaged over crop rota-
tions and depth. Similarly, Linn and Doran (1984) reported
lower WEC under CT compared with NT in the topsoil depth
from 0-7.5 cm but found no differences between tillage sys-
tems in deeper soil depths. Greater C and N concentrations in
soil under NT in surface results from the reduced decompo-
sition of residues due to less contact of residues with the soil
particles and microbes (Blanco-Canqui et al., 2013; Varvel &
Wilhelm, 2010). However, greater POXC content was present
under CT than NT in the spring 2017 and in C-S rotation
during fall 2017. Gregorich, Liang, Drury, Mackenzie, and
McGill (2000) found that the incorporation of crop residues
by tillage increases water-extractable organic C via stimulat-
ing the microbial decomposition of residues. Higher POXC
with NT compared to CT at 0-to-2.5-cm soil depth was also
reported by Jagadamma, Essington, Xu, and Yin (2019).

Differences in soil C pools were observed due to rotations
in fall 2015 and 2017. Inclusion of hairy vetch and oat +
radish CCs increased WEC in fall 2015 and POXC in fall 2017
under the NT system compared with no CC control contain-
ing winter weeds. Similarly, Mukumbareza, Muchaonyerwa,
and Chiduza (2016) reported that the inclusion of hairy vetch
CC resulted in higher water-soluble C by 0.24 and 0.23 mg
¢! soil at depths of 0-5 and 5-20 cm, respectively, when
compared with weedy fallow. Greater C and N concentra-
tions in CC treatments such as rye, hairy vetch, crimson clover
(Trifolium incarnatum L.), when compared with no CC con-
trol, were also reported by Sainju et al. (2002). However, the
POXC was lower in CC rotations compared with no CC rota-
tion under the CT system. For the C-S rotation, the NT had
lower POXC than CT in fall 2017. Plant species in crop rota-
tion affect the amount and type of C inputs, as well as the
released material via root exudates and consequently, affect
the labile and bulk fractions of C in soil (Chantigny, 2003).
An increase in C and N pools in soil with CCs compared with
no CC control can be attributed to greater C and N inputs from
CC biomass than from the winter weeds. Few studies have
shown that including legumes in a crop rotation increases the
amount of WEC in soil (Campbell et al., 1999; Mazzarino
et al.,, 1993). However, a study conducted by Sainju et al.
(2002) found that rye resulted in greater organic C and N con-
centrations than hairy vetch due to its greater biomass yield,
C concentration, and C/N ratio. Sainju et al. (2002) found
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that soil organic C and N concentrations can be conserved
by using NT along with CC, with nonlegumes being better
than legumes for increasing the SOC and N content in soil
(Sainju et al., 2002). Legume CCs can undergo faster decom-
position after termination due to their lower C/N ratio and
release N quickly during the cash crop growing season, result-
ing in higher N leaching. No differences were obtained for C
pools between CC rotations containing hairy vetch or oats +
radish in our study.

The TN content in soil is controlled by the climate and veg-
etation type, and it affects the decomposition of organic mat-
ter and humification rates (Guimaraes et al., 2013). Lower TN
content in soil under NT in spring 2017 might have resulted
from higher N accumulation in aboveground biomass in NT
(51kg ha~!) than the CT (39 kg ha~!) as found in our previous
work (Singh, Thilakarathne, et al., 2020; Supplemental Table
S3). Lower soil WEN in corn—soybean rotation with CCs (C—
R-S-HV and C-R-S-OR) than in C-S without any CC dur-
ing spring 2016 and 2018 might be due to higher C/N ratio
and greater N uptake by cereal rye in the C-R—-S—HV and C—
R-S-OR compared with weeds in C-S (Singh, Thilakarathne,
et al., 2020; Supplemental Table S4). In our previous study, N
accumulation in aboveground biomass (cereal rye + weeds)
in C-R-S-HV and C-R-S—-OR was 19 and 16 kg ha™! higher
than the C-S in 2016 (Singh, Thilakarathne, et al., 2020; Sup-
plemental Table S4). In fall 2017, C-R-S-HV had greater
WEN than the C—S and C—R—S-OR at depth of 0—15 cm (Sup-
plemental Table S3). Hairy vetch (10:1) grown in C-R-S-
HYV during spring 2017 had a lower C/N ratio than the oat
+ radish (20:1) in C-R-S—OR and weeds (22:1) in C-S and
consequently resulted in faster decomposition of hairy vetch
after termination and N release during the corn growing sea-
son (Singh, Thilakarathne, et al., 2020; Supplemental Table
S3).

The WEN and TN decreased with depth in our study. Sim-
ilarly, a decline in TN with an increase in soil depth has been
reported by multiple studies (Guimaraes et al., 2013; Singh
et al., 2018). A decrease in N pools with depth might be due
to a reduction in root biomass and density in subsoil layers
(Singh et al., 2018). It is possible that greater presence of
labile N in surface soil might lead to N losses via runoff and
erosion, ultimately contributing to poor water quality in the
downslope water streams.

4.2 | DOC and TN leaching

Inclusion of cereal rye CC in the C-R-S-HV and C-R-S-
OR rotations resulted in lower cumulative TN leaching losses
compared with C—S under the CT system in spring 2016 and
2018. Previous studies have reported that CCs such as cereal
rye reduce nitrate leaching after harvest of cash crops by scav-
enging residual N from the soil, and consequently reduce TN

leaching in groundwater (Brandi-Dohrn et al., 1997; Dozier
et al., 2017; Meisinger & Ricigliano, 2017; Meisinger et al.,
1991; Staver & Brinsfield, 1998). Cereal rye grows faster
and has greater root density, which results in reducing nitrate
leaching to groundwater and surface water (McCracken et al.,
1994). However, not all CCs are equally efficient in N scav-
enging, since the N scavenging depends on many factors
including precipitation received (Ball-Coelho & Roy, 1997;
Meisinger & Ricigliano, 2017), CC species (legume vs. non-
legume), CC biomass production, planting and termination
timing of CCs (Mirsky, Ackroyd, et al., 2017; Mirsky, Spargo,
etal., 2017), and amount of residual N in the soil after harvest
of cash crop (Kuo & Jellum, 2002).

Greater cumulative TN leaching losses in the C—-R—S—OR
compared with the other two rotations in spring 2017 might
have resulted from lower biomass production and N accu-
mulation in oats (Singh, Thilakarathne, et al., 2020; Sup-
plemental Table S3). The N accumulation in CC + weeds
aboveground biomass during spring 2017 in C-R—-S-OR was
34.99 kg ha=! as compared with 73.33 and 26.66 kg ha™!
in C-R-S-HV and C-S rotations, respectively, in our study
(Singh,Thilakarathne, et al., 2020; Supplemental Table S3).
Oat are winter killed, which might have caused faster decom-
position of biomass, thus releasing N in the soil. However,
the use of hairy vetch as a CC in C-R—-S—HYV rotation did not
result in lower cumulative TN loads in soil water as compared
with C-S rotation without any CC in spring 2017. Hairy vetch,
being a legume, fulfills its N requirement by biological N fix-
ation when compared with nonlegumes CCs, which uptake
N from the soil. Previous studies have reported that legumes
are not as efficient as nonlegumes in reducing nitrate leach-
ing (McCracken et al., 1994; Tonitto, David, & Drinkwater,
2006).

The variation in mean DOC leaching losses due to CC and
tillage were observed during cash crop and cover seasons from
2015 to 2018 except in fall 2017. The cumulative DOC leach-
ing was greater in the CT than in NT in spring 2016, fall 2016,
and in spring 2017, only in rotation C-S. Crop residues con-
tribute to DOC loss, as they are potential sources of C and
nutrients (Bertol, Engel, Mafra, Bertol, & Ritter, 2007; Lal,
Logan, Eckert, Dick, & Shipitalo, 2017). Conventional tillage
mixed up crop residues in the tilled soil layers, whereas the
residues are left on the soil surface in NT. Mixing of soil
residues in the soil makes them more susceptible to decom-
position due to more contact with soil particles. The decom-
position of residues will produce more labile C fractions in
soil and, consequently, result in more DOC loss under the CT
system. Cumulative DOC leaching was greater under C—R—
S—HV than the other two rotations in spring 2018, whereas
DOC leaching during the cash crop season was greater under
C-R-S-HV than under C-S in 2015. Greater DOC leaching
under CCs compared with no CC and tilled plots was also
reported by Steenwerth and Belina (2008). Hairy vetch and oat
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+ radish have different growing patterns, resulting in differ-
ences in aboveground and belowground biomass production.
In our previous study, the aboveground biomass produced by
hairy vetch CC + weeds in the C—-R—-S—-HYV rotation (900 kg
ha~!) was 670 kg ha~! greater than the biomass produced in
the C-R—S—OR rotation (230 kg ha~!) by oat + radish CC and
weeds in 2015 (Singh, Thilakarathne, et al., 2020; Supplemen-
tal Table S3). Greater aboveground and belowground biomass
production probably resulted in greater labile C content and,
consequently, greater DOC losses under the hairy vetch sys-
tem in 2015. Seasonal differences in DOC losses might be
attributed to changes in soil water content, which is depen-
dent on the amount of precipitation received (Steenwerth &
Belina, 2008). In summary, our study shows that the DOC
leaching by CCs can depend upon their biomass production
and CC species used in rotation. Cover crops and NT might
increase labile C pools in soil over time, but the labile pools of
C and N vary among these systems depending upon the grow-
ing season conditions whether it is CC season or cash crop
season.

5 | CONCLUSIONS

Our study evaluated the impact of CCs under different tillage
systems on water-extractable forms of soil C and N in the
corn—soybean rotation system, as well as DOC and TN leach-
ing. Seasonal differences were observed due to CCs and
tillage for WEC and WEN. Cover crops and tillage did not
change TC over the 4 yr of this study from 2015 to 2018,
except in rotation C—-R—S—OR rotation under CT at subsur-
face depth. Tillage affects the decomposition of organic mat-
ter in soil and consequently, changes the concentrations of
labile C fractions in soil, depending on the crop rotation.
Hairy vetch and cereal rye CCs reduced N leaching during the
CC season—however, cereal rye increased cumulative DOC
leaching in the 2018 CC season. The mean and cumulative
DOC concentrations over different crop seasons do not always
follow the same trend. Cereal rye (spring 2016 and 2018) and
hairy vetch or oat + radish CCs (2015, 2017) came twice in 4
yr of our study. A more long-term study might be needed to
get a better understanding of the DOC and TN leaching trends
under CC systems in a corn—soybean rotation.
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