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Abstract: Increasing soil organic carbon (SOC) stocks in agricultural soils can contribute to stabilizing
or even lowering atmospheric greenhouse gas (GHG) concentrations. Cover crop rotation has
been shown to increase SOC and provide productivity benefits for agriculture. Here we used a
split field design to evaluate the short-term effect of cover crop on SOC distribution and chemistry
using a combination of bulk, isotopic, and spectroscopic analyses of size-and density-separated soil
aggregates. Macroaggregates (>250 µm) incorporated additional plant material with cover crop as
evidenced by more negative δ13C values (−25.4%� with cover crop compared to −25.1%� without
cover crop) and increased phenolic (plant-like) resonance in carbon NEXAFS spectra. Iron EXAFS
data showed that the Fe pool was composed of 17–21% Fe oxide with the remainder a mix of primary
and secondary minerals. Comparison of oxalate and dithionite extractions suggests that cover crop
may also increase Fe oxide crystallinity, especially in the dense (>2.4 g cm−3) soil fraction. Cover crop
δ13C values were more negative across density fractions of bulk soil, indicating the presence of less
processed organic carbon. Although no significant difference was observed in bulk SOC on a mass
per mass basis between cover and no cover crop fields after one season, isotopic and spectroscopic
data reveal enhanced carbon movement between aggregates in cover crop soil.
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1. Introduction

Efforts to sequester carbon (C) in soil, such as the four per mille soil carbon campaign [1], utilize
agricultural soil management practices to increase soil organic C (SOC) stocks and offset some portion
of greenhouse gas (GHG) emissions. Central to this strategy is planting cover crop (CC), which may
increase SOC stocks and is estimated to potentially compensate for up to 8% of direct agricultural
GHG emissions [2]. Recent calculations show that agricultural land management, of which CC plays
a key role, has the potential to lower Earth’s surface temperatures by 0.1–0.26 ◦C under various
implementations and climate projection scenarios [3].

A critical component of overall soil health, and especially increasing SOC storage, is soil
aggregation. Aggregation affects the capacity of soils to retain carbon, nutrients, and water, and CC
rotation is one strategy to promote soil aggregation and structure while providing C inputs to soil [4].
For example, growth of CC has been shown to increase wet soil aggregate mean weight diameter
(MWD) by 55% (0–10 cm) after four years in no-till corn fields [5]. Previous studies of aggregation
and CC have largely focused on changes in the distribution of size-defined water stable aggregates
following a change in management. For example, winter wheat and dandelion led to similar increases
in water stable soil aggregates compared to fallow soil after a single season of CC [6], and two seasons
of grass CC led to decreased slaking of macroaggregates [7]. However, little is known about the
mechanisms and time frames of aggregate formation, destruction, and reformation or how CC or other
management practices impact this cycle.

Carbon addition to soil with CC is achieved both through increased root growth and incorporation
of above-ground biomass into soil during tillage. A study using 13C-labeled hairy vetch showed
that root-C contributed >10 times more C to soil than residue-C at the end of the growing season [8].
A subsequent study highlighted the importance of microbial communities and their microenvironments
(e.g., soil aggregate size) on rhizodeposition of C [9].

Carbon and iron (Fe) are essential soil nutrients that play key roles in formation and stability of
soil aggregates [10,11]. For example, organic matter associated with poorly crystalline Fe minerals
has been shown to be more resistant to microbial degradation [12], and poorly crystalline Fe oxides
are more effective than crystalline oxides at stabilizing soil aggregates [13]. The concentrations and
chemical composition of C and Fe species in different soil aggregate fractions and their role in driving
aggregate formation and stability remain poorly understood, especially in agricultural soils where CC,
especially CC roots, may provide a “pipeline” for C incorporation into soil.

If cover crops support C incorporation into aggregates, it may serve as an efficient C sink because
decomposition rates of C are reduced within aggregates [14]. However, root addition has also been
shown to destroy protective mineral-organic associations [15]. Therefore, the objective of this study was
to analyze the chemical distribution and composition of C and Fe in soil aggregates from a short-term
(1 year) field experiment that differed only by the presence of CC. Samples in this study were taken
prior to CC incorporation to isolate the effect of CC roots on SOC and aggregate changes.

2. Materials and Methods

2.1. Field Setting and Sample Collection

Soil samples were collected at the Russell Ranch Sustainable Agricultural Facility from fields
developed on Rincon silty clay loam (fine, montmorillonitic, thermic Mollic Haploxeralf). Fields were
irrigated using subsurface drip application and planted with processing tomatoes in 2015, left fallow,
then planted with processing tomatoes again in 2016. Following harvest in 2016, the field was divided
so that half was left fallow and the other half planted with cover crop consisting of a mix of vetch
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(Vicia villosa), bell bean (Vicia faba), and Austrian pea (Pisum sativum). Planting cover crop resulted
in an additional mechanical disturbance compared to no cover crop. Soil samples were collected
from the top 10 cm of both fallow and cover crop fields in March 2017 prior to incorporation of cover
crop. Four locations in each field were selected for sampling, and at each location four soil cores were
composited to create a single field replicate sample at each location. The two treatments are referred
to as NCC (no cover crop) and CC (cover crop). Soil pH measured at the time of soil collection was
7.04 ± 0.02 for CC and 7.43 ± 0.02 for NCC.

2.2. Aggregate Size Separation

Samples were separated into size classes of water stable aggregates following the method of
Six [16]. Briefly, field-moist samples were passed through an 8 mm sieve to remove gravel and large
plant material then air dried before aggregate size separation. Subsamples of field fresh samples were
weighed and oven dried to obtain their water contents. Aggregates were then submerged (slaked) and
moved in and out of water at a rate of 25 cycles min−1 for two minutes in a 2 mm sieve. The process
was then repeated using 250 µm and 53 µm sieves on the soil that passed through the 2 mm sieve.
Fractions retained on sieves were dried in an oven at 50 ◦C, weighed to determine mass proportions
of each size fraction, and stored in glass vials for further analysis. Mass recovery as calculated by
comparing the sum of fraction masses to the initial soil mass was typically 98–100%.

2.3. Aggregate Density Separation

Bulk soil samples and micro-(<53 and 53–250 µm) and macro-aggregates (250–2000 µm) from
the 0–10 cm sampling interval were separated into density fractions of <1.65, 1.65–2.4, and >2.4 g
cm−3 using sodium polytungstate (SPT) solutions [17–19]. Briefly, 3 g of sample was suspended in
12 mL of 1.65 g cm−3 SPT solution and gently dispersed on a shaker table operating at 60 rpm for
2 h. The suspension was then centrifuged at 2000 × g for 30 min. The material that did not settle
(i.e., material with a density <1.65 g cm−3) and the solution were removed with a transfer pipette
and filtered through a pre-weighed mixed cellulose ester (MCE) filter (pore size 0.45 micron) using a
vacuum filtration apparatus. Each sample was washed with >40 mL of DI water to remove excess SPT.
The remaining material (density >1.65 g cm−3) was resuspended in 12 mL of SPT solution with density
of 2.4 g cm−3, shaken at 60 rpm for 2 h, and centrifuged at 2000 × g. The non-settling fraction was
removed, filtered, and washed. The settled fraction (2.4 g cm−3) was washed three times with DI water
to remove excess SPT. Fractions were then freeze dried and weighed to determine mass distribution
in each fraction. The particles separated into these fractions are termed “light”, “intermediate”,
and “heavy” fractions and represent free particulate organic matter (POM), OM co-precipitated with
metal (hydr) oxides, and OM coated on mineral surfaces, respectively [17–21].

2.4. Elemental and Isotopic Analysis

Bulk elemental analysis for samples with sufficient mass available was determined using energy
dispersive X-ray fluorescence (ED-XRF) spectroscopy (Spectro XEPOS). A finely ground sample
(~2 g) was placed in a plastic cup fitted with a thin layer of polypropylene Prolene film (Chemplex).
X-rays were generated with a 50-watt X-ray tube and fluorescent X-rays were detected on five energy
targets to cover the elemental range from sodium to uranium. Measurements were performed in a He
atmosphere to minimize X-ray attenuation between the sample and target. Bulk elemental abundance
was calculated based on the intensity of the characteristic fluorescent X-rays of each element.

Carbon and nitrogen content and δ13C and δ13N values of samples were determined by combusting
the finely ground sample using a Costech ECS 4010 CHNSO Analyzer coupled to a Thermo Scientific
Delta V Advantage Isotope Ratio Mass Spectrometer at the UC Riverside EDGE Institute stable isotope
laboratory. Depending on the carbon content of the soil, 10 to 25 mg of sample was weighed into
5 × 9 mm tin capsules and measured relative to acetanilide, glycine, peach leaves (NIST1547) and an
internal soil laboratory standard as reference materials. The stable isotope ratios are presented using
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the δ notation (per mill, %�) as δ13C and δ15N calculated as: δ = [(R_sample − R_standard)⁄R_standard]
× 1000%�; where R is ratio of 13C⁄12C for δ13C, and 15N⁄14N for δ15N. The international measurement
standards used in the δ notation are atmospheric N2 for δ15N and Vienna Pee Dee Belemnite (VPDB)
for δ13C. Precisions for δ15N and δ13C are 0.2 and 0.1 %�, respectively.

2.5. X-ray Absorption Spectroscopy

Bulk C 1s near edge X-ray absorption fine structure (NEXAFS) spectra were collected at the
high resolution spherical grating monochromator (SGM) beamline (11ID-1) at the Canadian Light
Source (CLS) [22]. Subsamples of dried material (<50 mg) were suspended in ~1 mL of deionized
water in a microcentrifuge tube and briefly mixed on a vortex mixer. Following homogenization,
10–30 µL of the suspension was dropped onto gold-coated Si wafers and allowed to dry. Samples were
affixed to an aluminum holder using carbon tape and inserted into the beamline under vacuum
(~10−7 torr). Samples were scanned from 270 to 320 eV in continuous (fast) scan mode. Each scan
lasted 60 s and typically 30 scans were collected per sample. The beam was moved to a fresh area of the
sample between each scan to minimize data artifacts associated with beam damage to the sample [23].
Fast scan data were averaged and binned into 1 eV steps using macros (SGMPy) developed at SGM
implemented in NeXpy software (http://nexpy.github.io/nexpy/). Effects of X-ray scattering were
removed by normalizing to the scattering spectrum of a blank gold-coated Si wafer, and energy was
calibrated to the carboxylic peak of citric acid set to 288.5 eV. Spectra were normalized to an edge
jump of unity by fitting functions to pre-and post-edge regions of the spectra in Athena Software [24].
Spectral deconvolution was performed on normalized spectra by fitting an arctangent function with
fixed height of 1 to the ionization threshold at 290 eV, and fitting Gaussian peaks to spectral features
with known energies. Gaussian energy positions and full width at half maximum (FWHM) values
were fixed, and only peak height was allowed to float. Fits were optimized by minimizing the residual
least-squares function within these constraints.

Bulk Fe K-edge extended x-ray absorption fine structure (EXAFS) spectroscopy was performed at
the Stanford Synchrotron Radiation Lightsource (SSRL) Beamline 4-1. Energy was calibrated to the
first inflection point of Fe foil and set to 7112 eV. A small amount of finely ground sample was packed
into an aluminum sample plate between two pieces of 0.5 mil Kapton tape and placed at 45 degrees
relative to the beam path under liquid nitrogen cryostat conditions (~77 K and 10−7 torr). Spectra were
collected in 5 eV steps below the edge (6802–7092 eV), in 0.25 eV steps at the edge (7092–7142 eV),
and in steps equivalent to 0.05 Å–1 above the edge to k = 13 Å–1. Fluorescent X-rays were detected
with a passivated implanted planar silicon (PIPS) detector. Soller slits and a 3 absorption length Mn
filter were used to reduce scattering and background signal.

Pre-and post-edge features were fit with linear and 3rd order functions, respectively,
and background was fit using the Autoback function in Athena software. Data were transformed
into k-space, weighted by k3, and fit in the range 3–12 Å−1. Experimental data were fit using a linear
combination of standard spectra to minimize the least squares error. An initial set of 24 standards
was used including Fe in oxides, hydroxides, oxyhydroxides, and sulfides; primary and secondary
silicates, siderite (FeCO3) and vivianite (FePO4), and ferrous oxalate (FeC2O4). Non-relevant standards
were eliminated from analysis step-wise and fits for each sample converged on a set of five common
standards: goethite (α-FeOOH, synthesized), hornblende (amphibole, Stanford Mineral Collection),
nontronite (Fe-rich smectite, NAu-2, Source Clay Repository), phlogopite (magnesium mica, Stanford
Mineral Collection), and vermiculite (2:1 clay mineral, typical weathering product of phlogopite,
Stanford Mineral Collection).

2.6. Chemical Extractions

Citrate-bicarbonate-dithionite (CBD) and ammonium oxalate extractions [25] were performed on
bulk soil as well as size and density fractions. CBD extractions were performed by mixing 6.75 mL
of 1 M NaHCO3 and 0.75 mL of 0.3 M NaC6H7O7 with 0.15 g of soil in a 15 mL Falcon centrifuge

http://nexpy.github.io/nexpy/
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tube. Samples were mixed on a shaker table at 90 rpm and then equilibrated in a water bath at 80 ◦C.
Samples were briefly removed from the bath to add 0.15 g of Na2S2O4 then placed back in the bath for
15 min with periodic mixing. This step was repeated with an additional 0.15 g of Na2S2O4 and mixed
for 10 min. Samples were then cooled and centrifuged, and supernatant was filtered through 0.22-µm
filter prior to analysis on ICP-OES.

Oxalate extractions were performed using ~0.25 g sample mixed with 10 mL of 0.2 M oxalate
solution adjusted to pH 3 using 0.2 M oxalic acid. Samples were briefly mixed on a vortex agitator then
placed on a rotary shaker (90 rpm) for 4 h in the dark. Samples were then centrifuged and supernatant
filtered (0.22-µm) prior to analysis on ICP-OES.

Extractable Fe concentrations were determined using ICP-OES. Measured aqueous concentrations
were converted to soil extractable mass concentrations and reported as mg Fe per kg dry soil. Analyses of
bulk soil and size fractions were performed in triplicate. Density fraction samples were extracted
in triplicate when sufficient sample was available, and duplicate when sample mass was limiting.
Precision is reported as standard error of the mean.

2.7. Statistics

We performed the Shapiro-Wilk and Bartlett tests to determine normality and heteroskedasticity,
respectively, for all data except spectroscopy data. For all analyses, the conditions for using parametric
tests were not met, so we used the non-parametric Wilcoxon signed rank sum test to compare between
the CC and NCC treatments.

3. Results

3.1. Mass, Carbon, and Nitrogen Distribution in Aggregates

3.1.1. Size Separated Aggregates

The mass distribution of size separated (wet sieved) soil aggregates was significantly different
between CC and NCC only in the 250–2000 µm (p < 0.05) and <53 µm (p < 0.1) size fractions (Figure 1A).
In the top 10 cm, soil was mainly composed of larger microaggregates (53–250 µm; 43.8% total, 44.5%
CC and 43.0% NCC; p = 0.48) and smaller macroaggregates (250–2000 µm; 39.4% total; 37.7% CC and
41.1% NCC; p = 0.03). About 13% of soil mass was in microaggregates (<53 µm; 14.1% CC, 12.7% NC,
13.4% total; p = 0.057), ~3% in large macroaggregates (>2000 µm; 3.6% for CC; 3.0% for NCC; and 3.3%
total; p = 0.34) and ~0.1% in the floating light fraction (Figure 1A; 0.1% CC; 0.1 NCC; 0.1% total; p = 0.88).

Carbon distribution was similar to mass distribution, with the majority of C contained in aggregates
between 53 and 2000 µm (Figure 1C). Carbon distribution was not significantly different between NCC
and CC treatments when comparing within an aggregate size fraction (Figure 1C). The C proportion
of NCC was significantly different between 53 to 250 µm and 250 to 2000 µm but no difference in C
allocation was observed between these two fractions with CC (Figure 1C). The free light fraction (FLF)
and large macroaggregates (>2000 µm) had higher C content (mass percentage basis, Table 1) than
small microaggregates (<53 µm), and thus even the small masses of the >2000 µm and FLF (Figure 1A)
substantially contributed to the total C pool (Figure 1C). There were no significant differences between
the %C in any of the size fractions or in the bulk soil between CC and NCC treatments (p > 0.1).

C:N ratios were not significantly different between CC and NCC soil for any aggregate size class or
bulk soil (p > 0.1; Table 1). C:N ratios in the FLF were >20, indicating dominance of less degraded plant
material, while the C:N ratio of all aggregate size fractions ranged between 9.8 and 12.7, indicating
relatively processed organic matter compared to FLF.

Soil bulk chemical composition was similar between CC and NCC soils. Elemental composition
was typical for this soil type with ~24% Si and 5% Fe and Al (Table 1). Elemental composition generally
had little variation between aggregate sizes except for S content, which increased as aggregate size
decreased (Table 1).
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Table 1. Elemental and isotopic composition of size separated aggregates from 0 to 10 cm depth of cover crop and no cover crop fields.

C δ13C N δ15N C/N Mg Al Si P S K Ca Mn Fe

% %� % %� % % % % Ppm % % Ppm %

Bulk Soil
NCC 1 1.00(2) 3 −25.2 ** 0.11 4.1(2) 11.1 3.4 5.3 24.1 0.0 270 1.3 0.8 1010 5.2
CC 2 1.04(4) −25.6 ** 0.11 3.8 11.3(5) 3.6 5.4 24.6 0.1 280 1.3 0.8 1030 5.2

>2000 µm NCC 1.28(6) −25.7(4) 0.15 4.2(6) 9.8(2) 2.9 4.8 21.7 0.0 250 1.2 0.8 920 5.0
CC 1.81(29) −26.7(4) 0.19(2) 4.1(3) 11.1(6) 3.1 4.7 21.0 0.0 260 1.1 0.7 900 4.8

250–2000 µm NCC 1.24(5) −25.1 ** 0.12 6.5(6) 12.2(2) 1.8 4.0 19.5 0.0 289 1.1 0.8 951 5.4
CC 1.25(4) −25.4 ** 0.12 5.9(3) 12.6(2) 3.2 5.0 22.3 0.0 250 1.2 0.8 949 5.5

53–250 µm NCC 0.94(2) −25.1 0.09 6.8(5) 11.7(2) 3.1 5.0 22.2 0.0 419 1.2 0.8 918 4.9
CC 1.01(2) −25.3 0.1 6.1(4) 12.3(3) 3.1 4.8 21.7 0.0 403 1.2 0.8 909 4.8

<53 µm NCC 1.09(4) −25.3 0.13 5.1(4) 9.9(2) 3.4 5.9 24.1 0.1 621 1.2 0.8 1168 5.5
CC 1.07 −25.4 0.13 4.6(5) 10.0(2) 3.1 5.5 22.1 0.1 601 1.2 0.8 1163 5.5

FLF
NCC 27.3 −22.4 1.38 1.2 23.2
CC 26.0 −27.2 1.22 −0.2 25.8

1 No cover crop; 2 Cover crop; 3 Values in parentheses indicate standard error of the last digit, no parentheses indicate an error of unity; * denotes that NCC and CC are significantly
different at p < 0.1 while ** denotes that NCC and CC are significantly different at p < 0.05.
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Figure 1. (A) Mass distribution in size separated aggregates; (B) carbon distribution in size
separated aggregates; (C) mass distribution in density separated aggregates; (D) carbon distribution
in density separated aggregates. Error bars represent ± standard error. FLF is the free light fraction.
Asterisk represent p values according to the following: * (p < 0.1); ** (p < 0.05).

3.1.2. Density Separated Aggregates

The dense fraction (>2.4 g cm−3) contributed >80% of soil mass in both NCC and CC soils
(Figure 1B) while the remainder of the soil mass was dominated by intermediate density aggregates
with little mass in the light density fraction. The C content (mass C per mass dry soil basis) decreased
as density fraction increased from light (26–38% C) to intermediate (2–7% C) to heavy (0.4–0.6% C)
(Table 2). The light fraction contributed 15–18% of total soil C pool (Figure 1D) despite making up only
~0.5% of the soil mass (Figure 1C).

3.1.3. Sequential Size-Density Separation

Size-separated aggregate fractions were subsequently separated by density to determine C
associations with mineral fractions within each aggregate size class. The mass distribution between
density separations was similar across samples with <1% in the light fraction, 7–20% in the intermediate
fraction, and 79–93% in the dense fraction (Table 2).

Carbon content of bulk soil was ~400 mg kg−1 higher in CC than in NCC, but this difference was
not statistically significant (Table 1). The C content of the light density fraction of each size fraction
was higher in CC than in NCC except for the <53 µm size fraction (Table 2). In the <53 µm size
fraction, the intermediate density fraction had 7.2% in CC compared to 5.0% C in NCC (Table 2).
Density separation was not performed on >2000 µm samples due to small mass recovery from
wet sieving.
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Table 2. Mass distribution, carbon and nitrogen abundance, and isotopic composition of sequential size-density separated aggregates from 0 to 10 cm depth of cover
crop and no cover crop soils.

Starting Material Density 1

g cm−3
C
%

δ13C
%�

N
%

δ15N
%�

C/N

NCC 2 Bulk Soil
<1.65 27(2) 4 −24.6(5) * 1.4 1.6(4) 21.8 *

1.65–2.4 4.6(6) −24.8 ** 0.4(2) 2.8 12.4(2)
>2.4 0.5 −24.9 ** 0.1 4.1(2) ** 7.7 *

CC 3 Bulk Soil
<1.65 26(2) −25.7(2) * 1.6 1.2(2) 19.5(6) *

1.65–2.4 4.3(7) −25.3 ** 0.4 2.9 12.6
>2.4 0.5 −25.0 ** 0.1 4.3 ** 7.7 *

NCC 250–2000 µm
<1.65 26 23.7 1.5 0.8 20.5

1.65–2.4 2.6 −24.9 0.2 3.0 12.8
>2.4 0.6 −24.8 0.1 4.5 9.9

CC 250–2000 µm
<1.65 32 −24.9 1.9 0.2 19.4

1.65–2.4 2.5 −25.5 0.2 2.6 12.4
>2.4 0.6 −25.0 0.1 4.0 9.8

NCC 53–250 µm
<1.65 29 −24.1 1.6 1.9 21.5

1.65–2.4 2.1 −24.9 0.2 3.1 12.1
>2.4 0.4 −24.7 0.1 4.7 8.6

CC 53–250 µm
<1.65 38 −24.0 2.0 −0.8 22.2

1.65–2.4 2.3 −25.2 0.2 2.9 12.3
>2.4 0.4 −24.9 0.1 3.4 8.3

NCC <53 µm
<1.65 36 −25.3 1.7 2.4 21.7(4)

1.65–2.4 5.0(7) −25.1 ** 0.4 3.0 ** 13.7(2) **
>2.4 0.5 −24.9 0.1 4.2 7.2

CC <53 µm
<1.65 28(6) −25.6(4) 1.3(3) 1.3(8) 25.3(4)

1.65–2.4 7(1) −25.4 ** 0.6 3.1 ** 14.8(2) **
>2.4 0.5 −24.9 0.1 4.4(2) 7.3

1 Density separation performed using sodium polytungstate; 2 No cover crop; 3 Cover crop; 4 Values in parentheses indicate standard error, no parentheses indicate an error of unity.
* NCC and CC are significantly different at p < 0.1; ** NCC and CC are significantly different at p < 0.05. Statistical significance was determined using a Wilcoxon test.
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3.2. Carbon and Nitrogen Isotopes

Bulk soil under CC had more negative δ13C (−25.6%�) compared to NCC (−25.2%�) (p < 0.05,
Table 1). Although δ13C become more similar between NCC and CC as aggregate size decreases, δ13C
in CC remains lower than NCC in all size fractions, and is significantly different in the 250–2000 µm
fraction (p < 0.05, Table 1). In the FLF, soil with CC had δ13C 4.8%� lower than NCC soil (Table 1) but
due to small sample recovery this value was determined based on a composite of replicate samples,
and thus statistical tests do not provide additional information. In density separated bulk soil, δ13C
of CC soil was lower (more negative) than NCC soil in all three density fractions; however, the δ13C
values became more similar as density increased from 1.1%� in <1.65 g cm−3 fraction to 0.5%� in the
1.65–2.4 g cm−3 fraction to 0.1%� in the >2.4 g cm−3 fraction (Table 2).

δ13C, δ15N, and C:N ratio were significantly different between CC and NCC in the 1.65–2.4 g cm−3

fraction of small microaggregates (<53 µm) (Table 2). Cover crop resulted in a δ13C value 0.3%� more
negative compared to NCC, an increase of 0.1%� in δ15N, and an increase in C:N ratio of 1.1.

Lower δ15N values are consistent with an N fixation signal that could be attributed to the presence
of legumes in CC. However, in the 1.65–2.4 g cm−3 fraction of small microaggregates (<53 µm) and
>2.4 g cm−3 fraction of bulk soil, δ15N values were higher in CC than NCC soils (Table 2). Within a set
of density fractions, δ15N values always increased with increasing density (Table 2).

3.3. X-ray Absorption Spectroscopy

3.3.1. Carbon NEXAFS Spectroscopy

Carbon K-edge NEXAFS spectra of CC and NCC bulk soil were characterized by strong aromatic
(285 eV) and carboxyl (288.5 eV) resonances, and also contained some carbonate signal (290.2 eV)
(Figure 2). Spectra collected on size-separated microaggregates (<53 and 53–250 µm size fractions)
are similar between CC and NCC soils and also exhibited strong aromatic and carboxyl resonances
with a small carbonate peak in the <53 µm fraction (Figure 2). In both macroaggregate size fractions,
a shifted and more intense phenolic (286.7 eV) resonance is observed in CC compared to NCC samples
in addition to similar aromatic and carboxyl peaks (Figure 2).

Intermediate and heavy density fractions of bulk soil and stepwise size-density fractionated
soil had similar C NEXAFS spectra between CC and NCC treatments (Figure 3). Compared to bulk
soil samples, the intermediate density samples showed a stronger aliphatic resonance at 287.4 eV
(Figures 2 and 3). In the dense fraction of the 250–2000 µm size fraction, CC resulted in a stronger
aliphatic resonance relative to NCC (Figure 3).
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Figure 2. Carbon NEXAFS spectra of bulk soil and size-separated aggregates from soil with (black
lines) and without (blue lines) cover crop. Dashed line at 286.7 eV highlights the more intense and
shifted phenolic peak in macroaggregates from cover crop soil.
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soils show that Fe mineralogy is similar (Figure 4, Table 3). The Fe pool is composed of 17–21% oxide 
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remainder of the Fe pool. Intermediate density fractions contain Fe in minerals more similar to 
nontronite (Fe-rich smectite) and phlogopite (Mg-rich mica) than the heavy density fraction, which 
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Figure 3. Carbon NEXAFS spectra of (A) intermediate density (1.65–2.4 g/mL−1) and (B) heavy density
(>2.4 g/mL−1) fractions of bulk soil and sequential size-density separated samples. Black lines indicate
the soil with the cover crop, and blue lines indicate no cover crop.

3.3.2. Fe K-Edge EXAFS Spectroscopy

Iron EXAFS spectra of intermediate and heavy density fractions of bulk soil from CC and NCC
soils show that Fe mineralogy is similar (Figure 4, Table 3). The Fe pool is composed of 17–21%
oxide (fit with goethite standard) across samples (Table 3), while Fe in silicate minerals makes up
the remainder of the Fe pool. Intermediate density fractions contain Fe in minerals more similar to
nontronite (Fe-rich smectite) and phlogopite (Mg-rich mica) than the heavy density fraction, which has
Fe in minerals more similar to hornblende (amphibole) and vermiculite (swelling, partially weathered
phlogopite and/or biotite) (Table 3). However, the presence of cover crop had little effect on Fe
mineralogy as observed by Fe K-edge EXAFS during the time period of this experiment.
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Figure 4. Fe K-edge k3 weighted EXAFS spectra of intermediate (1.65–2.4 g/mL−1) and heavy
(>2.4 g/mL−1) soil density fractions from no cover (blue lines) and cover crop (red lines) treatments.
Grey dashed lines indicate the least squares best fit for each sample (see Table 3 for fit results).

Table 3. Fe EXAFS linear combination fit results.

Treatment Density (g cm−3) Goethite Hornblende Nontronite Phlogopite Vermiculite x2

No Cover 1.65–2.4 17% 23% 43% 12% 6% 0.43
Cover Crop 1.65–2.4 18% 25% 40% 14% 4% 0.38

No Cover >2.4 21% 32% 27% 4% 16% 0.33
Cover Crop >2.4 19% 28% 31% 3% 19% 0.31

3.4. Chemical Extractions

3.4.1. Acid Ammonium Oxalate

Oxalate extractable Fe was 6.4 and 6.8 mg Fe (g soil)−1 for CC and NCC soils, respectively,
representing 12–13% of the total soil Fe pool (Table 1, Figure 5A). Oxalate extractable Fe was highest in
the <53 µm size fraction in both CC and NCC treatments and lowest in the 53–250 µm size fraction, but
ranged between 6 and 8 mg Fe (g soil)−1 for all size separated samples (Figure 5A). In dense fractions
(>2.4 g cm−3) oxalate extractable Fe was higher in NCC bulk soil, lower in NCC <53 µm, and similar
between NCC and CC in the 53–250 and 250–2000 µm size fractions (Figure 5B). Oxalate extractions
were not performed on intermediate fractions due to lack of available sample.
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Figure 5. Acid ammonium oxalate (blue bars) and citrate-bicarbonate-dithionite (red bars) extractable
Fe for no cover crop (solid bars) and cover crop (dashed bars) soils. Values are expressed as mg
Fe per g dry soil mass for (A) bulk soil and aggregate size fractions, and (B) the heaviest density
fraction (>2.4 g cm−3) of bulk soil and aggregate size fractions. Error bars represent ± standard
error. Differences between cover crop and no cover crop were significant for the CBD extraction of
250–2000 µm size fraction (p = 0.1) and for the oxalate extraction of bulk soil and bulk >2.4 g cm−3

density fraction (p = 0.01).

3.4.2. Citrate-Bicarbonate-Dithionite

Citrate-bicarbonate-dithionite (CBD) extractable Fe was 9.5 and 8.9 mg Fe (g soil)−1 for CC and
NCC bulk soils, respectively. Aggregate size fractions had higher CBD extractable Fe in CC compared
to NC soils. Dense fraction CBD extractable Fe was higher in CC compared to NC soils in bulk soil and
every size fraction (Figure 5).

4. Discussion

4.1. Cover Crop Effect on Carbon Inputs

The gross results suggest that the average C content of CC bulk soil was ~400 mg kg−1 higher
than NCC in the top 10 cm measured during a single season of CC (Table 1), but this difference was
not statistically significant. We hypothesized that new C inputs from CC would, at least initially,
be incorporated into macroaggregates, which are less stable and have faster turnover times than
microaggregates [8]. Multiple lines of evidence point to dynamic C cycling in both micro-and
macroaggregates in our site, despite a relatively small and statistically insignificant difference in bulk
SOC content or aggregate distribution (Figure 1). This pattern may be explained by the multiple
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influences of plant roots on soil aggregate destruction and formation which have been extensively
reviewed [26–28].

Large macroaggregate (>2000 µm) bulk SOC content and the C:N ratio were higher and δ13C
was more negative in CC compared to NC (Table 1). Although these differences were not statistically
significant at the p < 0.1 level, together they indicate that fresh plant inputs in CC are stabilized in
macroaggregates. Carbon NEXAFS data indicated that CC macroaggregates had increased phenolic
character relative to NCC (Figure 3), providing spectroscopic evidence for the impact of CC on SOC
in macroaggregates. Plant roots both destroy aggregates [29] and provide root fragments, mucin,
and exudates that act as nucleation points and binders for aggregate formation [30,31]; thus they are
likely a major contributor of additional plant material into CC macroaggregates. Higher frequency
drying-wetting cycles due to increased transpiration in CC could also increase macroaggregate
turnover rate compared to NCC [32]. Importantly, the effects of plant roots are also dependent on soil
mineralogy [33], but this was not varied in the experiment. Overall it appears that CC roots promoted
faster macroaggregate turnover but with limited net change in aggregation or C content over a short
time period of CC.

The small macroaggregate fraction (250–2000 µm) had lower δ13C in CC compared to NCC
(p < 0.05), indicating incorporation of less processed organic matter (Table 1). Increased phenol
resonance in the C NEXAFS spectrum of CC compared to NCC (Figure 3) further indicated that
although the amount of C did not significantly change with CC, the C pool was actively cycled and C
chemical composition changed to reflect more plant-like character in small macroaggregates.

4.2. Aggregate Dynamics

These results are consistent with the aggregate hierarchy framework where macroaggregates are
sensitive to management, especially root growth [4,14] and possibly mechanical soil disturbances related
to planting CC. Our results provide direct spectroscopic evidence that macroaggregates (>250 µm)
incorporated plant material within a single cover cropping season (Figure 2). Interestingly, little
variation in C chemical composition was observed in density fractions across bulk soil, macroaggregates,
and microaggregates (Figure 3). Thus, we propose that, at least initially, changes in C chemical
composition following CC are largely a function of incorporation of particulate C into macroaggregates
and not alteration of C in mineral fractions. Rapid incorporation of particulate C into macroaggregates
is further supported by the similarity in the mass of FLF and <1.65 g cm−3 fractions between CC and
NCC despite additional plant inputs with CC (Table 1, Table 2).

Cover crop roots also may alter Fe mineralogy in bulk soil and aggregates through production of
organic acids [15] or polysaccharides [34]. In bulk soil samples, CC slightly increased total extractable
Fe content (CBD extraction) in the bulk soil and <53 µm microaggregates while no change was observed
in the poorly crystalline (oxalate extraction) Fe pool (Figure 5A). In the dense fraction (>2.4 g cm−3),
CBD-extractable Fe was higher in bulk soil and all stepwise size-density fractions (Figure 5B). However,
the dense fraction oxalate-extractable Fe was lower with CC in bulk soil and higher in the dense
fraction of small microaggregates (Figure 5B). The decrease in oxalate-extractable (poorly crystalline)
Fe minerals with CC could be due to dissolution from additional root exudates with CC [24] or due to
the presence of more recent aggregates with fewer organic-Fe complexes and less weathered primary
minerals. The CBD extractable Fe content compares well with Fe EXAFS data, indicating that the soil
Fe pool is comprised of ~18% Fe-oxides. Changes in Fe mineral crystallinity or extractability could be
affected by increased organic acids interacting with Fe minerals [15,35,36]. Extractable Fe increased
with CC in the dense fraction of bulk soil and both macroaggregates and microaggregates, perhaps
due to an increase in polysaccharide production in the dense fraction [34].

The impact of CC on C composition in aggregates was detected after only a single season of
CC. Based on this work, we propose a conceptual model of SOC replacement within aggregates
driven by plant roots (Figure 6). The presence of additional roots drives aggregate turnover through
physical aggregate breakup and increased C mineralization due to root exudate sugars and ligands [15].
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However, root fragments and fungal hyphae also provide nuclei for aggregate reformation [37].
During macroaggregate reformation following tillage and root growth but before the introduction of
summer irrigated tomato crop, bulk SOC content increased slightly in the >2000 µm macroaggregates
under CC (Table 1), and δ13C, C:N ratios (Tables 1 and 2), and C NEXAFS (Figure 2) results all show
a dynamic C pool where some C is replaced with plant root inputs. This idea is supported by the
preferential retention of root compared to aboveground OM [8]. Density fractionation and δ13C results
show that changes in bulk soil and macroaggregate C are primarily particulate (<1.65 g cm−3) and,
to a lesser extent, mineral-associated (1.65–2.4 g cm−3), but no change in the dense fraction δ13C was
observed (Table 2).
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Figure 6. Conceptual model of the influence of cover crop roots on fresh carbon incorporation into
macroaggregates. Root growth (and potentially the act of planting cover crop) physically breaks apart
macroaggregates while organic acids disrupt mineral-organic associations (MOAs). These processes,
combined with organic matter decomposition stimulated by root sugars, lead to enhanced carbon
turnover in cover crop soil. However, carbon loss due to root exudates is balanced and slightly exceeded
by input of additional root biomass. Although bulk carbon contents do not significantly change, cover
crop accelerates carbon turnover in soil macroaggregates.

5. Conclusions

Size-separated microaggregates (53–250 and <53 µm) had similar C content between CC and
NCC soils, and δ13C values were lower in bulk soil and 250–2000 µm size fractions with CC (Table 1).
Carbon NEXAFS spectra showed similar C chemical composition in CC and NC microaggregates
(Figure 3). Based only on examining size-separated aggregates, little incorporation of new C occurred
with CC relative to NCC soil. Stepwise size-density separation, however, provides a more detailed view
of C dynamics in microaggregates. In all density fractions of bulk soil δ13C values were significantly
lower in CC compared to NCC soils. One explanation for these responses is that CC root exudates [15]
may liberate particulate C from minerals, enriching C content in the light fraction of CC soil while
providing potential for mineral (re)precipitation with fresh C to produce higher C content intermediate
density fractions. This explanation is further supported by extraction results, where the proportion of
poorly crystalline Fe (oxalate/CBD extractable) was 77% in NC bulk soil compared to 67% in CC bulk
soil, indicating that CC may lead to increased Fe oxide crystallinity, likely through a combination of
selective dissolution of less crystalline Fe oxides by root exudates (e.g., oxalate) and recrystallization
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through dissolution and precipitation reactions [38–40]. However, this explanation would require
exudate transport into aggregates either through advection or diffusion, or root/hyphae penetration
into aggregates.
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