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Abstract

Crop rotational diversity is an important part of sustainable agricultural and soil management to improve crop yield and soil
fertility including enhancing soil organic matter (SOM) stabilization. Because of the physical protection via interactions with
soil minerals, SOM in mineral-associated fractions is believed to be longer-lived and more stable relative to SOM in particulate
(Light) fractions. However, it is still unclear how crop rotational diversity alters soil carbon distribution, composition and
stabilization in soil physical fractions. To address this, we studied a 37 years’ agricultural site with different crop rotational
diversity (from continuous corn or alfalfa up to four species (corn, soybean, winter wheat, and red clover)). Soil carbon analysis,
targeted compound analysis and nuclear magnetic resonance spectroscopy methods were used to obtain the distribution
and degradation of SOM components in light and mineral-associated (Fs3-2000 um» F2-s3 um» and Fo; . m) fractions. Higher soil
organic carbon (SOC) concentrations were observed in F., ., with relatively high diversified crop rotations (three and four
types of crops) compared to monoculture or two crops in the rotations, which suggests that carbon storage is enhanced in
mineral-stabilized pools. Higher concentrations of long-chain aliphatic compounds as well as increased accumulation and
preservation of lignin-derived compounds in fine aggregates (<53 pm) were also observed with relatively high diversified crop
rotations. Overall, the increased concentration and preservation of specific SOM compounds as well as increased SOC in finer
mineral-associated fractions (<53 pm) suggests that crop rotational diversity may enhance the long-term stability of SOM in
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agroecosystems.
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Introduction

It is well established that soil organic matter (SOM) is crit-
ical for the stabilization of soil structure and maintenance
of soil health and fertility (Soman et al. 2017; Srivastava
et al. 2019; Yang et al. 2019). Continuously cropping with
monoculture can lower soil organic carbon (SOC) concen-
tration and soil fertility, thus decreasing plant productiv-
ity (Paustian et al. 2000; Lal 2004; Ren et al. 2018). In con-
trast, diversified crop rotations may maintain soil fertility
and enhance crop yields (Reeves 1997; Gagnon et al. 2019;
Agomoh et al. 2021; Janovicek et al. 2021). Some studies re-
ported that high crop rotational diversity can build SOC via
increased crop productivity and litter inputs to soil (West
and Post 2002; Ogle et al. 2003; Hermle et al. 2008; Bai
et al. 2018; Maiga et al. 2019). There is growing evidence
that SOC in light fractions is less protected and more ac-
cessible for biodegradation (Six et al. 2002; Tonon et al.
2010; Poeplau et al. 2018; Haddix et al. 2020). In contrast,
SOC in mineral-associated fractions is longer lived in the

soil due to reduced availability for microbial decomposition
(Jastrow et al. 2007; Sollins et al. 2009; Angst et al. 2017,
2018). Studies have also reported that diversified crop rota-
tions may (Garcia et al. 2013; Moreira et al. 2018) or may
not (Zotarelli et al. 2007) enhance SOC concentrations in
light fractions in the short-term (<10 years). However, the
SOC concentrations in light fractions were consistently in-
creased in the long-term (>10 years) (Garcia et al. 2013; Li
et al. 2018; Poffenbarger et al. 2020). In contrast, SOC sta-
bilized in mineral-associated fractions reflected varied re-
sults after long-term diversified crop rotations (Freixo et al.
2002; Soon et al. 2007; Li et al. 2018; Moreira et al. 2018;
Poffenbarger et al. 2020; Zhang et al. 2020). For example,
some studies reported enhanced SOC concentrations in sta-
bilized carbon pools (Li et al. 2018; Zhang et al. 2020), but
others did not observe significant changes with long-term
crop rotational diversity (Freixo et al. 2002; Poffenbarger et
al. 2020). Therefore, applying diversified crop rotations to en-
hance SOC stability in a long-term manner still needs to be
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further explored to better understand the benefits to agroe-
cosystems.

High crop rotational diversity has also been reported to
alter SOM molecular biogeochemical dynamics and stability
(Lehmann et al. 2020; Savarese et al. 2021; Audette et al. 2021).
For example, diversified crop litter inputs may stimulate mi-
crobial diversity and population, which subsequently altered
SOM composition and stability (Lange et al. 2015; Audette et
al. 2021). The distribution of SOM constituents may also be
altered with varied compositional inputs of crop species. For
example, leguminous biomass contributes more 0-alkyl con-
taining groups but less aromatics (Arshad et al. 2011); corn
contributes less aliphatic lipids (Savarese et al. 2021); and
wheat contributes more root-derived inputs (Agomoh et al.
2021). Also, high crop rotational diversity was found to shift
SOM composition toward more long-lived components, such
as aromatic carbons and aliphatic lipids (Zhao et al. 2021;
Audette et al. 2021), and exhibited more preserved SOM in
the long-term (>10 years) (Savarese et al. 2021; Audette et al.
2021). Some of the slowly decomposed compounds, namely
long-chain aliphatic lipids, have been reported to accumulate
in finer fractions via interactions with soil minerals, which
were protected against microbial decomposition (Baldock et
al. 1992; Guggenberger et al. 1995; Six et al. 2002; Helfrich et
al. 2006; Tonon et al. 2010; Clemente et al. 2011; Saidy et al.
2013; Angst et al. 2017). Angeletti et al. (2021) measured SOM
composition via solid-state 3C nuclear magnetic resonance
(NMR) spectroscopy and observed lower SOM decomposition
states (alkyl/O-alkyl carbon) in mineral-associated aggregates
with diversified crop rotations. This suggests that there may
be significant benefits to using this management practice.
However, more information is required to better understand
how long-term crop rotational diversity alters SOM composi-
tion in different soil fractions.

Our previous study, which focused on analyzing whole
soil samples from the same site, found changes in the dis-
tribution and degradation of SOM constituents with long-
term crop rotational diversity despite minor differences in
SOC concentrations (Man et al. 2021). This study highlighted
the importance of molecular-level assessment of SOM bio-
geochemistry with land management practice (Man et al.
2021). For instance, higher concentrations of long-chain
aliphatic lipids (n-alkanoic acids, n-alkanols, and hydrolyz-
able aliphatic lipids derived from cutin and suberin) were
observed after long-term crop rotations with relatively high
diversification (contained three or four types of crops) com-
pared to low diversification and crop monoculture (Man et
al. 2021). However, it is documented that carbon dynamics
and biogeochemical cycling in light and mineral-associated
SOM fractions are important for soil carbon stabilization
(Guggenberger et al. 1995; Tonon et al. 2010; Clemente et al.
2011; Saidy et al. 2013; Lajtha et al. 2014; Angst et al. 2017;
Angeletti et al. 2021), but this has not been explored in de-
tail with the diversified crop rotations. The hypotheses of
this study are that: (i) long-term highly diversified crop ro-
tations increase the SOC concentrations in both light and
mineral-associated fractions and (ii) highly diversified crop
rotations accumulate more slowly decomposed components
(e.g., long-chain aliphatic components) in mineral-associated

fractions due to the organo-mineral interaction. The objec-
tive of this study is to assess the long-term effect of diver-
sified crop rotation on the distribution and stabilization of
SOM in fractions. To achieve this objective and test these hy-
potheses, soil samples from six different crop rotations from
a 37 years’ agriculture site at the Elora Research Station (On-
tario, Canada) were fractionated and analyzed using elemen-
tal analysis and advanced molecular SOM characterization
methods.

Materials and methods

Soil sampling, fractionation and carbon and

nitrogen content analysis

Soil samples (0-10 cm) were collected from a long-term
crop rotation experiment established in 1980 at the Elora
research station, Ontario, Canada (Congreves et al. 2015).
The soil at Elora was silty loam soil (Congreves et al.
2015). Samples were collected from six different crop ro-
tations of 4 years’ duration each, including continuous
alfalfa ((Medicago sativa L.), AAAA), continuous corn ((Zea
mays L.), CCCC), corn—corn-alfalfa-alfalfa (CCAA), corn-corn—
soybean-soybean ((Glycine max (L.) Merr.), CCSS), corn-corn-
soybean-winter wheat ((Triticum aestivum L.), CCSW), and
corn—corn-soybean-winter wheat with red clover ((Trifolium
pretense L.), CCSWgc), under conventional tillage. Soil samples
were collected before the harvest in October 2017. It was the
second year of corn or alfalfa planting in the 4-year duration.
The average tissue quality of carbon inputs and estimated
SOC stabilization efficiency (by the ratio of SOC stock to to-
tal carbon inputs) of each crop rotation has been published in
King et al. (2020). The collected soil samples were freeze-dried
and passed through a 2 mm sieve. Then, soil samples from the
same crop rotation treatment were combined from four field
replicates as described in Man et al. (2021) before fractiona-
tion. Four different soil fractions were separated based on the
density and the aggregate sizes. Briefly, approximately 250 g
of sample was mixed with 500 mL 1.7 g/mL sodium iodide
solution and mixed for 24 h. The mixture was centrifuged
at 1500 rpm for 50 min (Clemente et al. 2011), the super-
natant was collected and filtered using a GF/F glass microfiber
filter (0.7 um cut off; Whatman, Kent, UK), and then rinsed
with deionized (18 M2 cm at 25 °C) water. This step isolated
the light fraction which was then transferred into tubes and
freeze-dried for further analyses. The soil was not physically
disrupted before further fractionation to preserve aggregate
association, which are more representative of the biogeo-
chemical function of SOM (Sollins et al. 2009). The residual
heavy fraction was passed through a 53 pm sieve with deion-
ized water. The soil aggregate fraction which was retained on
the sieve was collected (Fs3-2000 um)- The fraction that passed
through the sieve was then separated to two additional ag-
gregate sizes (F,_s3 um and F., ) based on Stokes’ law and
sedimentation rates. The suspended portion (F<; .m) was col-
lected by aspiration and mixed with a 0.5 M calcium chloride
solution to promote flocculation and avoid the loss of ultra-
fine particles. Deionized water was then used to rinse excess
calcium chloride solution. All fractions were freeze-dried,
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ground and stored at room temperature for further analyses.
Soil carbon and nitrogen concentrations of each fractionated
sample were analyzed using a Thermo Flash 2000 Elemen-
tal Analyzer (Thermo Scientific, Hudson, NH, USA). Samples
were combusted at 950 °C under a stream of oxygen gas. The
concentration of SOC and nitrogen was reported as an aver-
age of duplicate analyses.

Solid-state '*C nuclear magnetic resonance
(NMR) spectroscopy sample preparation and
analysis

Three soil aggregate size fractions (Fs3-2000 ym» F2-53 um and
F., um) were repeatedly extracted with hydrofluoric acid (HF
acid; 10% by volume in deionized water) to concentrate or-
ganic matter and decrease the concentration of paramag-
netic materials which improves the signal to noise ratio in
solid-state '3C NMR analysis (Schmidt et al. 1997; Mitchell
et al. 2018). Samples were rinsed with deionized water af-
ter HF treatment to remove excess salts and freeze-dried.
Light fraction samples were not HF treated due to the low
yield and high SOC concentration, which did not require pre-
treatment before NMR analyses. Samples were packed into
a 4 mm zirconium rotor with a Kel-F cap and then charac-
terized by solid-state '3C cross-polarization magic angle spin-
ning (CP-MAS) NMR spectroscopy. The NMR spectra were ac-
quired using a 500 MHz Bruker BioSpin Avance III spectrom-
eter (Bruker BioSpin, Rheinstetten, Germany) equipped with
a 4 mm H-X MAS probe, using an 11 kHz spinning speed,
a ramp-CP contact time of 1 ms, a recycle delay of 2 s with
40960 scans for light fractions and F., ., and a recycle de-
lay of 1 s with 61440 scans for Fs3 5000 um and Fp_s3 um. Spec-
tra were processed using a line broadening of 150 Hz. Four
main chemical shift regions were used for the integration
of 13C NMR spectra and normalized to the total signal us-
ing Analysis of Mixtures (AMIX; v. 3.9.15) software (Bruker
BioSpin, Rheinstetten, Germany): (i) alkyl carbon (0-50 ppm;
from cutin, suberin, aliphatic side chains and lipids); (ii) O-
alkyl carbon (50-110 ppm; from carbohydrates, peptides and
methoxyl carbon in lignin); (iii) aromatic and phenolic car-
bon (110-165 ppm; from lignin and amino acids observed in
peptides and black carbon) and (iv) carboxyl and carbonyl car-
bon (165-220 ppm; from fatty acids and amino acids in pep-
tides and other degradation products) (Baldock et al. 1992;
Preston et al. 1997; Simpson et al. 2008). The ratio of alkyl/O-
alkyl carbon was calculated by dividing the integrated re-
gions of alkyl carbon and O-alkyl carbon to establish the rela-
tive degradation stage of SOM in each fraction (Baldock et al.
1992; Baldock and Preston 1995; Preston et al. 1997; Kogel-
Knabner 1997; Simpson and Simpson 2012).

Targeted soil organic matter (SOM) compounds
extraction and analysis with gas

chromatography - mass spectrometry (GC-MS)
Targeted SOM compounds with various microbial- and
plant-derived sources were isolated and quantified using
gas chromatography - mass spectrometry (GC-MS). Soil
fractions were sequentially extracted in duplicate using
solvent (dichloromethane/methanol), base hydrolysis and

‘Canadian Science Publishing

copper (II) oxide (CuO) oxidation extractions, which are de-
scribed in detail in the Appendix A (Otto and Simpson 2005,
2006a, 2006b). The isolated compounds (including aliphatic
lipids, steroids, as well as the cutin-, suberin-, and lignin-
derived compounds) from each extraction step were ana-
lyzed by GC-MS using established methods (Otto and Simp-
son 2005, 2006a, 2006b). Briefly, soil fractions (light frac-
tion 0.2 g Fs3 2000 um and Frs3um 15 g and Fooum 3 g)
were solvent-extracted sequentially with dichloromethane,
dichloromethane and methanol mixture (1:1 by volume), and
methanol to isolate the solvent-extractable SOM components
in each fraction (Otto and Simpson 2005). Air-dried solvent
extracted samples were then base hydrolyzed with methano-
lic potassium hydroxide (KOH, 1 M in methanol) solution
in Teflon lined bombs at 100 °C for 3 h to obtain ester-
bound lipids (Goii and Hedges 1990b; Otto and Simpson
2006a). The base hydrolyzed samples were then oxidized with
1 g CuO, 100 mg ammonium iron (II) sulphate hexahydrate
[Fe(NHy)2(SO4)2-6H20] and 15 mL of sodium hydroxide (NaOH,
2 M in deionized water) in Teflon lined bombs at 170 °C for 2.5
h (Hedges and Ertel 1982; Hedges et al. 1988; Otto and Simp-
son 2006b). Then the supernatants were solid-phase extracted
using HLB SPE cartridges (Waters Limited, Mississauga, ON,
Canada) to obtain the lignin-derived compounds (Pinto et al.
2010).

All the soil extracts were derivatized before GC-MS anal-
ysis so that the targeted compounds are more volatile and
amenable to GC separation and analysis (Otto and Simp-
son 2005, 2006a, 2006b). Compounds isolated via solvent
and CuO oxidation extraction were derivatized using N, O-
bis(trimethylsilyl)trifluoroacetamide and pyridine. Base hy-
drolysis extraction products were first methylated using N,
N-dimethylformamide dimethyl acetal and then derivatized
with N, O-bis(trimethylsilyl)trifluoroacetamide and pyridine.
The derivatized samples were analyzed by GC-MS using an
Agilent 7890B gas chromatograph equipped with a 5977B
mass spectrometer operated with electron impact (70 eV)
ionization. Samples were diluted with hexane and 1 pL of
each sample was injected using an Agilent 7603 A automatic
sampler at an inlet temperature of 280 °C onto an HP-5MS
fused silica capillary column (30 m x 0.25 mm i.d. x 0.25
pm film thickness). The oven temperature gradient started
at 65 °C for 2 min, followed by an increase of 6 °C min~!
to 300 °C, and then a 20 min isothermal hold. The flow rate
of carrier gas (helium) was 1 mL min~!. Data acquisition
was performed using Agilent Mass Hunter GC-MS Acquisi-
tion (version B.07.03.2129) and data were processed using Ag-
ilent Enhanced ChemStation software (version E.02.02.1431).
The identification of the targeted compounds was obtained
by comparing the mass spectra with Wiley Registry (9th edi-
tion) plus the National Institute of Standards and Technology
(NIST) mass spectral databases, the mass spectral library of
soil compounds and published mass spectra. External stan-
dards were used to quantify the concentration of targeted
compounds from extractions (Otto and Simpson 2005, 2006a,
2006b). Tetracosane, 1-docosanol, methyl tricosanoate and
cholesterol were used as external standards for solvent ex-
tractable compounds. Methyl tricosanoate was used as an ex-
ternal standard for cutin- and suberin-derived compounds,
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and vanillic acid and vanillin were used as external standards
for lignin-derived phenols.

Solvent extractable compounds included: short-chain
aliphatic lipids (<Cy, n-alkanes, n-alkanols, and n-alkanoic
acids), long-chain aliphatic lipids (>Co, n-alkanes, n-alkanols,
and n-alkanoic acids), and cyclic lipids (cholesterol, er-
gosterol, campesterol, stigmasterol, sitosterol and stigmas-
tanol) (Otto and Simpson 2005). Cutin-derived compound
concentrations (XC) were calculated as the sum of mid-
chain hydroxy Ci4, C;5, Cy7 acids, Ci¢ mono- and dihy-
droxy acids and diacids (Otto and Simpson 2006a). The w-
hydroxy Cy6 acids (w-Cqg) are relatively more persistent than
other fatty acids, thus the increased abundance of w-Cig
in Cy¢ hydroxy acids (w-C16/2Cs6) is indicative of cutin de-
composition (Otto and Simpson 2006a). The concentration
of suberin-derived compounds (XS) was calculated as the
sum of long-chain w-hydroxyalkanoic acids (Cyo-Cs3), o,w-
diacids (Cy0—Csz2) and 9,10-epoxy-18-hydroxy Cig dioic acid
(Otto and Simpson 2006a). Suberin- or cutin-derived com-
pounds concentration (XSvC) was calculated as the sum of
w-hydroxyalkanoic acids Cy¢, Cy3, C1g di- and trihydroxy acids,
9,10-epoxy-w-hydroxy C;s acid, and «, w-diacids Cy¢, C15 (Otto
and Simpson 2006a). The ratio of suberin- to cutin-derived
compounds (suberin/cutin ratio, which was calculated as
(E2S4+XSvC)/(2C+ESvC)) informs root-derived (ratio > 1) or
leave-derived (ratio < 1) sources (Otto and Simpson 2006a).
The concentrations of lignin-derived phenols were calculated
as the sum of cinnamyl (p-coumaric acid and ferulic acid),
syringyl (syringic acid, syringaldehyde and acetosyringone),
and vanillyl (vanillic acid, vanillin and acetovanillone) phe-
nols (Gomi and Hedges 1990a; Otto and Simpson 2006b). Ra-
tios of syringyl to vanillyl (syringyl/vanillyl) phenols versus
the ratios of cinnamyl to vanillyl (cinnamyl/vanillyl) phe-
nols can discriminate different lignin sources (Hedges and
Ertel 1982; Hedges et al. 1988; Goni and Hedges 1990a; Otto
and Simpson 2006b). The oxidation state of lignin was deter-
mined by the acid to aldehyde ratios of two lignin monomer
classes, vanillyl ((Ad/Al),) and syringyl ((Ad/Al)s), which in-
crease with progressive degradation (Hedges et al. 1988).

Statistical analyses

Statistical analyses were performed using IBM SPSS Statis-
tics version 22. Independent samples t-test was used to exam-
ine the differences in soil chemical properties (i.e., soil carbon
and nitrogen contents as well as concentration and degrada-
tion of groups of SOM components) between crop rotations in
each soil fraction with a significant level of P < 0.05 and n = 2.
The independent samples t-test analysis was also used to ex-
amine the significant differences (P < 0.05) of SOM charac-
teristics (e.g., groups of SOM components concentration and
degradation) between relatively low (AAAA, CCCC, CCAA, and
CCSS, in total n = 8) and high (CCSW and CCSWkc, in total
n = 4) crop rotational diversity in each soil fraction. Linear
regression was used to evaluate the relationships of the SOM
characteristics between whole soil and fractionated samples
(including SOC concentration, carbon to nitrogen (C: N) ra-
tio, the relative contribution of different functional groups
and alkyl/O-alkyl carbon ratio from *C NMR spectroscopy,

targeted compounds concentration and the degradation
proxies for specific groups).

Results

Soil carbon and nitrogen analysis

The mass recovery of samples from different crop rota-
tions was greater than 97% (Table A1). The carbon recovery
of the samples ranged from 86% to 95% (Table A1). The SOC
concentration was highest in the light fractions followed by
the Fo, um> F53_2000 um to F2_53 um fractions (Table 1). Higher
SOC concentrations were observed in light and F., . frac-
tions compared to whole soil (Table 1). Within the same soil
fraction, SOC concentrations from different crop rotations
exhibited significant differences (P < 0.05, Table 1). For ex-
ample, the SOC concentrations in light fractions were sig-
nificantly different between crop rotations (Table 1). Within
the same mineral fraction (Fsz—2000 jum» F2-53 um OT F<z pim)s
there were fewer significant differences observed between
rotations compared to the light fractions. The SOC concen-
trations in mineral fractions (Fsz-2000 ym» F2-53 um and Fop m)
with the AAAA treatment were the highest compared to other
crop rotations (Table 1). Significant differences were observed
in SOC concentrations in light fractions and F,_s3 ;. between
relatively high and low crop rotational diversities (Table 2).
Higher SOC concentrations were observed in light fractions
from relatively high diversified crop rotations (CCSW and
CCSWkc) and in F,_53 um from low diversified crop rotations
(AAAA, CCCC, CCAA and CCSS; Table 2). The C: N ratios de-
creased from light fractions, Fs3 2000 pm> F2-53 um t0 Fez um
among all crop rotations whereas the C: N ratio of the un-
fractionated soil samples was only higher than F., ., ratios.

Solid-state *C nuclear magnetic resonance
(NMR) analysis

The NMR spectra from all crop rotations exhibited sim-
ilar chemical signatures (Fig. A1) but different abundances
of SOM components (Table 3). Alkyl carbon was relatively
higher in the F., . (29%-31%) than in other fractions ana-
lyzed (Table 3). The relative abundance of O-alkyl carbon were
observed to be higher in Fs3 000 um (45%—46%) and F;_s3 ;im
(42%—-43%) than in F., ,m (27%-32%). The highest relative con-
tribution of aromatic and phenolic carbon was observed in
light fractions (20%-30%) and the lowest relative contribution
was found in F., m (16%-18%). The highest relative abun-
dance of carboxylic and carbonyl carbon was in Fo; ,m (22%-
26%) and lowest was in Fs3 5000 um (8%-9%) across crop ro-
tations. The relative degradation state of SOM (alkyl/O-alkyl
carbon), which increases with progressive organic matter
degradation (Baldock et al. 1992; Preston et al. 1997; Kogel-
Knabner 1997), was higher from Fs3 5000 um> F2-53 um tO
F<, um. The light fraction had the lowest alkyl/O-alkyl carbon
ratio compared to mineral-bound fractions. The alkyl/0O-alkyl
carbon ratio of F., ,,m was closer to the ratio of the whole soil
than other fractions (Table 3).

Within the same fraction class, similar trends of the rel-
ative contribution of groups of SOM were observed, except
for light fractions and F., ,,;, with monoculture crops (AAAA
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Table 1. Soil organic carbon (SOC) concentration (with the unit g OC/kg soil for whole soil and g OC/kg
fraction for soil fractions) and carbon to nitrogen (C: N) ratios (standard error from duplicate samples) of

Fs3-2000 um» F2-53 pum>» F<2 um, and light fraction was compared to whole soil (Man et al. 2021).

Whole soil Light fraction Fs3-2000 M Fp53 um Fop um
SOC concentration
AAAA 25.9 2814+ 1.9b 20.6 £ 0.5a 16.1 + 0.2a 64.7 £ 1.2a,b
CCCC 22.6 245.1 +£0.2d 16.2 + 0.7b 10.5 £ 0.3c 57.2 + 1.3b,c
CCAA 23.8 259.5 £+ 1.7c 19.2 + 0.9a,b 10.8 £+ 0.2b,c 56.0 &+ 0.6¢
CCSS 19.5 180.9 £+ 0.3e 17.3 £ 0.6a,b 9.3 + 0.9b,d 51.2 + 2.1c
CCSW 21.2 295.3 + 0.3a 14.7 £ 0.9b 9.0 + 0.1d 56.1 + 1.0c
CCSWg¢ 21.8 283.7 + 1.0b 19.1 +0.3a 8.8 £ 0.3c,d 61.3 + 0.4b
C: N ratio
AAAA 9.63 15.3 £ 0.1d 13.1 £ 0.1c 12.0 £ 0.1b,c 7.7 + 0.2a,b,c
CCCC 10.25 19.5 + 0.2a 16.8 = 0.1a 11.9 + 0.1c 8.2 £ 0.0a
CCAA 9.94 17.3 £ 0.2b,c 15.3 £ 0.1b 11.6 + 0.1c,d 7.5 + 0.0c
CCSS 10.05 18.7 + 0.0b 18.3 + 1.0a,b 13.0 £ 0.1a 7.9 + 0.1a,b,c
CCSW 9.95 19.7 £ 0.6a,b,c 16.7 + 0.8a,b 11.3 £ 0.1a,d 7.6 £ 0.1b,c
CCSWgc 9.65 18.1 £ 0.1c 16.8 + 0.4a,b 12.3 £ 0.0b 7.9 + 0.0b

Note: AAAA, CCCC, CCAA, CCSS, CCSW and CCSWyc represent continuous alfalfa, continuous corn, corn—corn-alfalfa-alfalfa, corn-corn—
soybean-soybean, corn-corn-soybean-winter wheat, and corn-corn-soybean-winter wheat with red clover, respectively. SOC concentration
or C: N ratio of samples is significantly different from other crop rotations within the same soil fraction at P < 0.05; significant differences
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between crop rotations are represented by different letters.

and CCCQ). In diversified crop rotations, the relative contri-
bution of SOM components from light fraction samples de-
creased from O-alkyl carbon, aromatic and phenolic carbon,
alkyl carbon to carboxyl and carbonyl carbon (Table 3). The
AAAA light fraction had relatively higher alkyl carbon (23%)
than aromatic and phenolic carbon (20%), and the CCCC had
slightly higher carboxyl and carbonyl carbon (17%) than alkyl
carbon (16%). In F.; ,,m, the relative contribution of compo-
nents from high to low was alkyl carbon, 0-alkyl carbon, car-
boxyl and carbonyl carbon and aromatic and phenolic carbon
for samples from diversified crop rotations (Table 3). AAAA
and CCCC had relatively higher 0-alkyl carbon (32%) than
alkyl carbon (29%-30%) in the F; \m.

Targeted soil organic matter (SOM) compounds
analysis by gas chromatography — mass
spectrometry (GC-MS)

The concentration of solvent extractable compounds (n-
alkanes, n-alkanols, n-alkanoic acids and steroids) differed
among soil fractions (Fig. 1). Higher concentrations of plant-
derived steroids and n-alkanoic acids were observed in light
fractions and Fs3_5000 um in comparison to F;_s3 ;,m and Fop pim.
The concentrations of n-alkanoic acids and plant-derived
steroids in light fractions were much higher than in the un-
fractionated soil (Fig. 1). In contrast, n-alkane and n-alkanol
concentrations were higher in F, 53 ,m and F;  than in
light fraction and Fs3 3000 um for all crop rotations (Fig. 1).
F., um contained a much higher concentration of n-alkanols
than the whole soil (Fig. 1). The concentrations of long-
chain n-alkanes and n-alkanols (>Cy) in Fs3 3000 um and soil
samples were inversely correlated (Fig. A2). Positive linear
correlations were observed between concentrations of long-
chain n-alkanes and n-alkanols (>Cy) in F,_s3 \m and whole
soils across crop rotations (Fig. A2). N-alkanes, n-alkanols

and steroids from all fractionated samples were predom-
inantly plant-derived (>Cyo, Fig. 1 and Table A2). For the
light fractions, Fs3-2000 um and F,_s3 um, the main contribution
of n-alkanoic acids are microbial-derived compounds (<Csg,
Fig. 1 and Table A2) for all crop rotations.

Within the same fraction class, a few solvent extractable
compound concentrations in relatively high diversified (more
than two crop species) crop rotations were significantly dif-
ferent compared to low diversified (monoculture or two crop
species) crop rotations (P < 0.05, Table 2). In light fractions,
concentrations of long-chain aliphatic lipids, n-alkanes, and
n-alkanols in highly diversified crop rotations (CCSW and
CCSWpgc) were significantly lower than in low diversified crop
rotations (AAAA, CCCC, CCAA, and CCSS; P < 0.05, Table 2).
The plant-derived steroids and cyclic lipids concentrations in
relatively high diversified crop rotations (CCSW and CCSWgc)
were higher than the concentrations in low diversified crop
rotations (AAAA, CCCC, CCAA, and CCSS) in Fs3 3000 um and
Fy53 um (Table 2). AAAA exhibited the most distinctive re-
sults compared to other crop rotations within the same frac-
tion class or in soil samples (Fig. 1). For example, AAAA ex-
hibited higher concentrations of long-chain aliphatic lipids
(=Cyo) in the light fraction and Fs3 5000 uym than other crop
rotations (Table A2). Significantly higher concentrations of
total n-alkane and long-chain n-alkanes (>Cyy) of AAAA in
Fs3-2000 um (P < 0.05) but lower in Fy 53 um or Foo ym than in
other crop rotations were observed (Table A2). The concentra-
tion of short-chain n-alkanols (<Cyo) of AAAA in the light frac-
tion was higher than other crop rotations (P < 0.05, Table A2),
and long-chain n-alkanols (>Cy) and total n-alkanols concen-
trations of AAAA in Fs3 5000 um Were higher than other crop
rotations (P < 0.05, Table A2).

Higher concentrations of cutin- and suberin-derived com-
pounds were observed in F.; ,;, than in other fractions or
whole soil among different crop rotations (Figs. 2a and 2b).
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Table 2. Soil organic carbon (SOC) concentration, carbon to nitrogen ratio, the relative contribution of alkyl, 0-alkyl, aromatic and phenolic and carboxyl and carbonyl

carbon, alkyl/O-alkyl carbon ratio, and specific groups of compounds (solvent extractable compounds, cutin- and/or suberin-derived compounds, and lignin-derived
phenols) concentrations (which were normalized to SOC concentration of fractions, ug/g OC) and degradation between relatively low (AAAA, CCCC, CCAA and CCSS;
mean =+ standard error) and high diversified (CCSW and CCSWg(¢; mean =+ standard error) crop rotations.

Light fraction Fs3--2000 um fraction Fy_53 um fraction F.; . m fraction

Low diversity High diversity Low diversity High diversity Low diversity High diversity Low diversity High diversity
SOC concentration (g OC/kg fraction) 241.7 £ 14.2 289.5 + 3.4 18.3 +£0.7 169 + 1.3 11.7 £ 1.0 8.9 +0.1 572+ 1.9 58.7 + 1.6
Carbon to nitrogen ratio 17.7 £ 0.6 18.9 £ 0.5 15.9 + 0.8 16.7 + 0.4 12.1 £ 0.2 11.8 £ 0.3 7.8+ 0.1 7.7 +£0.1
Alkyl carbon (%) 193+ 1.5 175+ 1.5 25.0 £ 0.4 23.5+ 0.5 26.8 £ 0.5 26.0 £ 0.0 29.8 £ 0.5 29.5 £ 0.5
0-alkyl carbon (%) 40.0 + 1.1 40.5 + 0.5 453 + 0.3 45.0 + 0.0 425+ 0.3 425+ 0.5 29.8 +1.3 28.0 £ 0.0
Aromatic and phenolic carbon (%) 263 +2.2 275+ 15 21.0+0.7 23.0 £ 0.0 21.3+0.5 22.0+0.0 16.5 + 0.5 18.0 £ 0.0
Carboxyl and carbonyl carbon (%) 14.5 £ 0.9 145+ 0.5 8.8 +0.3 85+0.5 9.5+ 0.3 9.5+ 0.5 24.0 £ 0.9 245+ 0.5
Alkyl/0-alkyl carbon ratio 0.5 + 0.0 0.4 + 0.0 0.6 + 0.0 0.5 + 0.0 0.6 + 0.0 0.6 + 0.0 1.0+ 0.1 1.0 + 0.0
Short-chain n-alkanes (<Cy) 11.8+1.2 154 + 0.3 9.2+1.1 6.3 +2.8 3.5+0.8 3.8+1.9 10.6 £1.7 85+ 1.6
Long-chain n-alkanes (>Cjo) 64.6 £ 5.5 442+ 14 170.8 + 24.7 126.7 + 1.0 95.6 + 9.5 113.5+ 4.3 169.8 + 6.4 168.8 + 6.2
Total n-alkanes 76.3 £ 6.3 59.6 + 1.5 180.0 + 25.5 133.0 + 3.8 99.1 £ 9.7 1173+ 2.8 180.4 + 5.7 177.3 £ 5.7
Short-chain n-alkanols (<Cy) 31.8 £5.0 26.1 5.0 246 +29 26.8 + 3.8 11.1+1.0 154 £ 2.7 13.7+1.3 16.0 £ 0.9
Long-chain n-alkanols (>Cyp) 224.5 £ 19.0 749+1.1 367.9 + 46.2 313.2 +15.0 390.5 + 16.4 450.6 = 13.3 828.9 + 34.1 806.2 + 24.1
Total n-alkanols 256.3 + 23.7 101.0 £ 5.3 392.5 + 45.8 340.0 + 18.6 401.6 £ 17.0 466.0 + 14.8 842.6 + 33.6 822.2 + 23.9
Short-chain n-alkanoic acids (<Cxp) 7375.3 £ 436.1 8062.3 + 518.4 1594.7 £ 65.5 1821.3 £ 122.5 462.3 + 62.4 572.1 + 39.4 2461 +£75 310.1 £ 42.1
Long-chain n-alkanoic acids (>Cyo) 495.4 + 32.8 433.2 +22.4 487.2 + 26.7 499.7 + 61.7 289.1 £+ 35.5 327.5 +16.1 260.6 + 28.1 225.7 £ 31.6
Total n-alkanoic acids 7870.7 + 439.3 8495.5 + 504.5 2081.9 + 81.5 2321.0 + 183.9 751.3 + 80.2 899.6 + 53.0 506.8 + 25.9 535.8 + 73.0
Short-chain aliphatic lipids® 7418.8 + 434.2 8103.8 + 523.5 1628.5 £+ 63.1 1854.4 + 128.8 476.8 + 63.1 591.3 +43.1 2704 +£7.9 334.6 + 44.3
Long-chain aliphatic lipids” 784.4 + 47.6 552.4 + 22.7 1025.8 + 86.1 939.6 + 77.2 775.2 £ 53.4 891.6 + 29.0 1259.4 + 21.1 1200.7 + 26.2
Fungal-derived steroid® 7.8 +0.4 7.7+ 0.1 14.5 + 4.8 23.3 +£4.0 1.4 +03 9.8 +3.1 1.7 +£0.3 1.9+ 04
Plant-derived steroids? 734.1 + 39.7 714.3 + 14.4 178.7 £ 4.5 207.5+ 7.3 91.1 £ 6.1 144.3 + 1.8 1329 £5.8 133.6 £ 4.1
Cyclic lipids® 804.0 + 37.2 789.7 £ 13.3 218.3 £ 6.6 269.5 + 12.3 102.9 + 6.6 171.7 £ 2.3 157.9 £ 5.6 165.6 +£ 7.8
Suberin-derived compounds’ 188.9 +£17.9 200.4 £+ 10.9 175.2 £12.5 171.5 £ 4.8 253.5 £ 34.0 215.5 + 10.8 2627.8 + 248.6 3128.4 + 108.6
Cutin-derived compounds® 70.6 + 6.0 50.1 + 8.7 215.1 £+ 52.2 69.6 + 3.9 230.7 £ 28.0 219.8 + 12.8 5086.5 + 601.6 4601.1 + 334.2
Suberin- and cutin-derived compounds" 1143.1 + 138.0 761.0 + 20.1 866.4 + 110.5 523.2 £ 11.6 893.5 + 65.8 763.5 + 13.5 11 303.5 + 470.7 12 062.9 + 438.2
-C16/ECrg' 0.13 £+ 0.01 0.13 + 0.03 0.10 + 0.02 0.10 £ 0.01 0.08 £ 0.01 0.08 £ 0.00 0.07 £ 0.00 0.07 £ 0.01
Lignin-derived phenolsj 9245.2 + 636.3 9952.3 + 392.2 1829.5 £ 175.1 2009.4 + 106.5 2945.9 + 400.2 3237.8 & 54.2 1348.3 +79.4 1216.0 4+ 98.4
(Ad/Al)v" 1.10 £+ 0.06 1.13 £ 0.05 1.86 £+ 0.07 1.80 £+ 0.02 3.91 £+ 1.66 2.26 +=0.02 4.93 + 0.44 3.70 £ 0.30
(Ad/Al)sl 1.23 £ 0.06 1.20 £ 0.07 1.88 £ 0.05 1.97 £ 0.14 3.63 + 1.64 2.22 +0.01 2.63 +0.34 2.75+0.18

Note: AAAA, CCCC, CCAA, CCSS, CCSW and CCSWgc represent continuous alfalfa, continuous corn, corn—corn-alfalfa-alfalfa, corn-corn-soybean-soybean, corn—corn-soybean-winter wheat, and corn-corn-soybean-winter wheat
with red clover, respectively. Significant levels at P < 0.05 after the t-test are in bold.

#Short-chain aliphatic lipids: sum of short-chain (<Cyo) n-alkanes, n-alkanols and n-alkanoic acids.

YLong-chain aliphatic lipids: sum of long-chain (>Cjo) n-alkanes, n-alkanols and n-alkanoic acids.

“Fungal-derived steroid: ergosterol (Otto and Simpson 2005).

dPlant-derived steroids: sum of campesterol, stigmasterol, sitosterol and stigmastanol (Otto and Simpson 2005).

€Cyclic lipids: sum of ergosterol, cholesterol, campesterol, stigmasterol, sitosterol and stigmastanol (Otto and Simpson 2005).

fSuberin-derived compounds: sum of suberin-derived compounds (w-hydroxy acids Cz9—Cs;, @,w-diacids Cz0—Cs,, and 9,10-ep Cyg dioic acid) (Otto and Simpson 2006a).

gCutin-derived compounds: sum of cutin-derived compounds (mid-chain hydroxy Cq4, Ci5, C17 acids, C1¢ mono- and dihydroxy acids and diacids) (Otto and Simpson 2006a).

hSuberin- and cutin-derived compounds: sum of suberin-derived compounds, cutin-derived compounds and suberin- or cutin-derived compounds (w-hydroxyalkanoic acids Cys, C15, C15 di- and trihydroxy acids, 9,10-epoxy-w-hydroxy
Cys acid, and «, w-diacids Cq6, Cqg (Otto and Simpson 2006a)).

iw-C16/2Cy6: cutin degradation state was calculated by the ratio of w-hydroxy Ce acid to the sum of w-hydroxy C; acid, a,w-dioic C;6 acid and C;¢ mid-chain-substituted acids (Otto and Simpson 2006a).

JLignin-derived phenols: sum of cinnamyls (p-coumaric acid and ferulic acid), syringyls (syringaldehyde, acetosyringone and syringic acid) and vanillyls (vanillin, acetovanillone and vanillic acid) (Otto and Simpson 2006b).
X(Ad/Al),: ratio of vanillic acid to vanillin (Gofii and Hedges 1990a; Otto and Simpson 2006b).

1(Ad/Al)s: ratio of syringic acid to syringaldehyde (Gofii and Hedges 1990a; Otto and Simpson 2006b).
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Table 3. Relative contribution (%) of alkyl (0-50 ppm), O-alkyl (50-110 ppm), aromatic and
phenolic (110-165 ppm) and carboxyl and carbonyl (165-220 ppm) carbon (Baldock et al. 1992;
Preston et al. 1997; Simpson et al. 2008) integrated from solid-state 3C NMR spectra with the
alkyl/0-alkyl carbon ratios (Baldock and Preston 1995; Preston et al. 1997; Kogel-Knabner 1997;
Simpson and Simpson 2012) from whole soil (Man et al. 2021) and different soil fractions.

Whole soil Light fraction Fs532000 pum F2o53 um Foo um
Continuous alfalfa (AAAA)
Alkyl (%) 25 23 26 28 29
0-alkyl (%) 25 43 46 42 32
Aromatic and phenolic (%) 31 20 19 20 16
Carboxyl and carbony!l (%) 19 14 9 10 23
Alkyl/0-alkyl 0.98 0.53 0.57 0.67 0.89
Continuous corn (CCCC)
Alkyl (%) 28 16 24 27 30
0-alkyl (%) 26 40 45 43 32
Aromatic and phenolic (%) 29 27 22 21 16
Carboxyl and carbonyl (%) 17 17 9 9 22
Alkyl/0-alkyl 1.08 0.40 0.53 0.63 0.95
Corn-corn-alfalfa-alfalfa
Alkyl (%) 24 20 25 26 29
0-alkyl (%) 27 39 45 43 27
Aromatic and phenolic (%) 30 28 21 22 18
Carboxyl and carbonyl (%) 19 13 9 9 26
Alkyl/O-alkyl 0.91 0.51 0.56 0.60 1.10
Corn-corn-soybean-soybean
Alkyl (%) 32 18 25 26 31
0-alkyl (%) 22 38 45 42 28
Aromatic and phenolic (%) 28 30 22 22 16
Carboxyl and carbonyl (%) 18 14 8 10 25
Alkyl/0-alkyl 1.44 0.47 0.56 0.62 1.08
Corn-corn-soybean-winter wheat
Alkyl (%) 31 16 23 26 29
0-alkyl (%) 23 40 45 42 28
Aromatic and phenolic (%) 28 29 23 22 18
Carboxyl and carbonyl (%) 18 15 9 10 25
Alkyl/0-alkyl 1.33 0.40 0.51 0.62 1.02
Corn-corn-soybean-winter wheat with red clover
Alkyl (%) 30 19 24 26 30
0-alkyl (%) 23 41 45 43 28
Aromatic and phenolic (%) 29 26 23 22 18
Carboxyl and carbony!l (%) 18 14 8 9 24
Alkyl/0-alkyl 1.30 0.46 0.53 0.60 1.05

Positive correlations were observed between suberin-derived
and suberin- and cutin-derived compounds concentrations
in Fo, ., and in whole soil (Fig. A2). Samples from Fo; i
had a relatively lower cutin degradation state (w-Ci6/ZCys)
compared to other fractions for the majority of crop rota-
tions, but this fraction was more degraded than whole soil
(Fig. 2c). The suberin/cutin ratios varied in fractions across
crop rotations but were mostly lower than the ratios of
soil (Fig. 2d). Lower concentrations of suberin- and cutin-
derived compounds with significance (P < 0.05) were ob-
served in relatively high diversified crop rotations (CCSW
and CCSWRC) compared to low diversity (AAAA, CCCC, CCAA

and CCSS) only in the light fractions and Fs3 000 .m (Table
2). The concentrations of suberin- and cutin-derived com-
pounds also varied with crop species in the F., um. Crops
containing alfalfa (AAAA and CCAA) had relatively lower
suberin-derived compounds and higher cutin-derived com-
pounds than soybean-containing treatments (CCSS, CCSW
and CCSWgc; Table A3) in the Foy \iy.

Identified and quantified lignin-derived phenols (Table
A4) included: cinnamyl (p-coumaric acid and ferulic acid,
Fig. 3a), syringyl (syringic acid, syringaldehyde and ace-
tosyringone, Fig. 3b), and vanillyl (vanillic acid, vanillin,
acetovanillone, Fig. 3c) classes (Goni and Hedges 1990a;
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Fig. 1. The concentrations of solvent extractable compounds (n-alkanes, n-alkanols, n-alkanoic acids and steroids, which the
concentrations were normalized to soil organic carbon content of whole soil or fractions) among different crop rotational
diversity within the whole soil (Man et al. 2021), light fractions, Fs3 2000 um» F2-53 um and Fe; m (error bars indicate the standard
error, n = 3 for whole soil (Man et al. 2021) and n = 2 for fraction samples). The concentration ranges on the y-axis were different
for each graph. AAAA, CCCC, CCAA, CCSS, CCSW, and CCSWg¢ represent continuous alfalfa, continuous corn, corn-corn—
alfalfa—alfalfa, corn—corn-soybean-soybean, corn—corn-soybean-winter wheat, and corn—corn-soybean-winter wheat with red

clover, respectively.
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Otto and Simpson 2006b). The total concentration of lignin-
derived phenols (sum of vanillyl, syringyl and cinnamyl com-
pounds) decreased from light fraction, F,_s3 ;um» Fs32000 pum»
to Fop um (Fig. 3d). The total concentrations of lignin-derived
phenols in the light fraction were similar to that of the whole
soil (Fig. 3d). Positive correlations were observed between
the total concentration of lignin-derived phenols in the un-
fractionated soil and light fraction, as well as in the soil
and F,53 um (Fig. A2). The distribution of phenols in differ-
ent fractions across crop rotations was further examined us-
ing plots of syringyl/vanillyl versus cinnamyl/vanillyl phenols
(Fig. 4). The ratios of syringyl/vanillyl and cinnamyl/vanillyl
phenols have been used to assess the origin of lignin (i.e.,
gymnosperm or angiosperm wood, non-woody vascular plant
tissues) (Ertel and Hedges 1984; Goii et al. 2000; Otto and

220

Simpson 2006b) and exhibit a range of lignin-derived phenol
ratios (Fig. 4) that are consistent with non-woody angiosperm
sources. Compared to the unfractionated soil, there was a
greater separation of lignin-derived phenol distributions in
fractions across crop rotations, especially in F 53 ,m and
Fo um (Fig. 4). Relatively higher cinnamyl/vanillyl phenols ra-
tios of samples from light fraction and Fs3 3000 um than the
other two fractions were observed, but the syringyl/vanillyl
phenols ratios were similar among fractions and with the
whole soil (Fig. 4). Both oxidation state proxies ((Ad/Al), and
(Ad/Al)s) decreased from Fo, ums Fy_s3 ums F53_2000 um to light
fraction (Figs. 3e and 3f), except for the F, 53 ,.m sample of
CCSS. The degradation state of lignin-derived phenols of the
unfractionated soil was at a similar level with F, s3 ., for
the majority of crop rotations (Figs. 3e and 3f). Within the
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Fig. 2. The distribution of (a) cutin-derived compounds and (b) suberin-derived compounds concentrations (which were nor-
malized to soil organic carbon content of whole soil or fraction), (c) cutin degradation state and (d) suberin/cutin ratio among
varied crop rotational diversities in the whole soil (Man et al. 2021), light fraction, Fs3-2000 pum» F2-s3 um» and F o ., (error
bars indicate standard error, n = 3 for whole soil (Man et al. 2021) and n = 2 for fraction samples). AAAA, CCCC, CCAA, CCSS,
CCSW, and CCSWg( represent continuous alfalfa, continuous corn, corn—-corn-alfalfa-alfalfa, corn—corn-soybean-soybean,
corn-corn-soybean-winter wheat, and corn—-corn-soybean-winter wheat with red clover, respectively.
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same soil fraction, lignin phenol distributions varied across
crop rotations, especially between monoculture and diversi-
fied crop rotations (Fig. 4). Compared to monoculture treat-
ments (AAAA and CCCC), the distributions of phenols (sy-
ringyl/vanillyl versus cinnamyl/vanillyl phenol ratios) from
diversified crop rotations were less distinct from each other
(Fig. 4). The total lignin-derived phenol concentrations were
higher in relatively high diversified crop rotations (CCSW and
CCSWrgc) than in low diversified crop rotations (AAAA, CCCC,
CCAA, and CCSS) in llght fraction, F53_2000 um and F2_53 um
(Table 2). Both oxidation state proxies ((Ad/Al), and (Ad/Al)s)
in Fys3,.m were higher in low diversified crop rotations
(Table 2).

Discussion

In this study, higher SOC concentrations were observed
in light fractions and F., . compared to the whole soil
(Table 1). The light fraction represents the biogeochemi-
cally active carbon pool where the SOM components are
less protected and more readily available for decomposition
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(Six et al. 2002; Tonon et al. 2010; Poeplau et al. 2018; Haddix
et al. 2020). In contrast, the mineral-associated fine fractions
(F2-s3 um and F., ,,;n) contain carbon that is mainly stabilized
via organo-mineral association (Jastrow et al. 2007; Sollins
et al. 2009; Angst et al. 2017, 2018). In the light fractions
and F.; um, higher SOC concentrations were observed in rel-
atively high (more than two crop species) diversified crop ro-
tations than in low diversified crop rotations (monoculture
or two crop species, Table 2). These results suggest that the
SOC concentration is enhanced with diversified crop rota-
tions not just in the biogeochemically active carbon pool but
also in the mineral-stabilized pool, which is consistent with
the first hypothesis. The SOC concentrations in light frac-
tions were significantly higher in relatively high crop rota-
tional diversity than low diversity (Table 2). The SOC concen-
trations in light fractions also exhibited more variance across
crop rotations (which were significantly different amongst
crop rotations) than in other fractions (Table 1). These re-
sults indicate that the SOC concentrations in light fractions
might be more sensitive to different crop rotations than in
other fractions. This may be due to the enrichment of organic
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Fig. 3. The concentrations (which were normalized to soil organic carbon content of whole soil or fraction) of (a) total cin-
namyls, (b) total syringyls, (c) total vanillyls and (d) sum of three groups of lignin-derived phenols, and lignin-derived phenols
degradation state of (e) vanillyl phenols and (f) syringyl phenols among varied crop rotational diversities in the whole soil
(Man et al. 2021), light fractions, Fs3-2000 um» F2-53 um and F<; ., (error bars indicate standard error, n = 3 for whole soil (Man
et al. 2021) and n = 2 for fraction samples). AAAA, CCCC, CCAA, CCSS, CCSW, and CCSWg¢ represent continuous alfalfa,
continuous corn, corn—corn-alfalfa-alfalfa, corn-corn-soybean-soybean, corn—-corn-soybean-winter wheat, and corn-corn-

soybean-winter wheat with red clover, respectively.
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residues in light fractions which are in the early stages of
decomposition and are not bound to minerals (Gregorich et
al. 2006) and thus are more sensitive to crop input changes
(Yang et al. 2012; Angst et al. 2018; Maiga et al. 2019; Zhang et
al. 2020). Within stabilized carbon pools (mineral-associated
fractions), targeted compound analyses showed increased
concentrations of long-chain aliphatic compounds in fine
fractions with relatively high crop rotational diversity. Pos-
itive linear correlations were observed between the con-
centrations of long-chain n-alkanols and n-alkanes (>Cy) in
Fy 53 um and soil, as well as between the concentration of
suberin-derived and suberin- and cutin-derived compounds
in F.; .m and soil (Fig. A2), suggesting that these components
accumulate in fine aggregate sizes (F,_s3 ym and F., .m). These
results are consistent with other studies that reported long-
chain aliphatic compounds were preferentially stabilized in
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fine fractions (<53 wm) due to the strong association with
soil minerals (Baldock et al. 1992; Guggenberger et al. 1995;
Clemente et al. 2011). The study found higher concentrations
of these specific groups of compounds with relatively highly
diversified crop rotations in comparison to low diversifica-
tion (Table 2), suggesting that crop rotational diversity likely
enhanced the accumulation of long-chain aliphatic com-
pounds in fine fractions. These groups of compounds persist
longer in soil (Schmidt et al. 2011), which suggests that high
crop rotational diversity may enhance SOC stability in the
long-term.

When comparing the relatively high and low diversified
crop rotations, greater contributions of aromatic and phe-
nolic carbon were observed in relatively high (more than
two crop species) diversified crop rotations across fractions
with overall SOM composition analysis (Table 2); however,
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Fig. 4. Plots of lignin distribution changed with varied crop rotations in different fractions (hallow symbols) compared with
whole soil (Man et al. 2021) (solid symbols), where the error bars indicate standard error (n = 3 for whole soil (Man et al.
2021) and n = 2 for fraction samples); AAAA, CCCC, CCAA, CCSS, CCSW, and CCSWg¢ represent continuous alfalfa, continu-
ous corn, corn—-corn-alfalfa-alfalfa, corn—corn-soybean-soybean, corn-corn-soybean-winter wheat, and corn—corn-soybean-

winter wheat with red clover, respectively.
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the difference was not significant (P < 0.05). This result par-
tially supports the second hypothesis that higher crop rota-
tional diversity is likely shifting SOM composition towards
more aromatic groups (Audette et al. 2021), but larger sam-
ple sizes and further studies are needed to ascertain this
change. Enhanced aromatic and phenolic carbon accumula-
tion and preservation with relatively high crop rotational di-
versity were also observed with the targeted compound anal-
ysis of extractable phenols derived from lignin (Fig. 3). These
lignin-derived phenols were mainly distributed in F» 53 ym
compared to other mineral-associated fractions (Fig. 3d) and
the total concentrations of lignin-derived phenols in F>_s3 um
and in the unfractionated soil had a positive correlation (Fig.
A2). In F_53 um, the higher concentrations of total lignin-
derived phenols with lower oxidation states in relatively
high diversified crop rotations (Table 2) indicate that higher
crop rotational diversity may facilitate the accumulation of
this group of compounds in soil (Audette et al. 2021). Some

studies found that constantly adding plant inputs with dif-
ferent molecular compositions (i.e., relatively high crop ro-
tational diversity (King et al. 2020)) enhanced soil microbial
dynamics and substrate acquisition, which may help promote
SOM functional complexity and preservation (McDaniel et al.
2014; Lehmann et al. 2020). Although the overall SOM degra-
dation state (from '3C NMR analysis) did not reveal differ-
ences between relatively high and low diversified crop ro-
tations in this study, the distribution and degradation dif-
ferences of specific SOM compounds were observed in fine
fractions (F2-s3 um and F., ;). These results suggest that the
crop rotational diversity is likely to foster the specific ac-
cumulation of SOM components in fine mineral-associated
fractions.

This study found that higher crop rotational diversity may
increase soil carbon concentration and the accumulation of
specific SOM components in soil fractions; meanwhile, the
specific crop species (i.e., alfalfa and winter wheat) in the
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rotation may also alter soil carbon stabilization (King and
Blesh 2018; King et al. 2020; Man et al. 2021). For example,
alfalfa may help enhance soil carbon storage in agroecosys-
tems, which is likely due to the high ability of photosynthet-
ically fixed carbon (King et al. 2020) and high root biomass
inputs (Li et al. 2019; Song et al. 2021). In this study, higher
SOC concentration was observed in AAAA in both unfraction-
ated soil and mineral-associated fractions than in other crop
rotations (Table 1). This suggests that alfalfa is likely to in-
crease carbon sequestration in soil (Gregorich et al. 2001;
Sanford et al. 2012; Jarecki et al. 2018; Poffenbarger et al.
2020). When comparing CCAA and CCSS (both contained
two types of crops), CCAA had higher long-chain aliphatic
lipids and suberin- and cutin-derived compounds concentra-
tions in mineral-associated fractions (Fs3-2000 ;um» F2-53 pm and
F.; um; Tables A2 and A3). This further suggests that alfalfa
is likely to enhance the accumulation of specific SOM com-
pounds in the mineral-stabilized carbon pools. Winter wheat,
on the other hand, was also found to increase crop yield
(Franzluebbers et al. 1994; Gagnon et al. 2019) and enhance
SOC concentration due to deep root systems (Franzluebbers
et al. 1994). However, increased mineral-associated SOC con-
centration in relatively high crop rotational diversity treat-
ment in comparison to low diversification with and with-
out winter wheat suggested that diversified crop rotation
could be the main driver (Agomoh et al. 2021). In this study,
the results indicated that the more diversified crop rotations
(CCSW and CCSWgc) may enhance the accumulation of sta-
bilized SOM components. However, these crop rotations con-
tained winter wheat, which may also contribute to the en-
hancement of root-derived SOM (suberin-derived aliphatic
lipids) concentrations. Therefore, further studies are needed
to assess whether the crop rotational diversity or including
winter wheat in the crop rotation controls the accumulation
of stabilized SOM.

Conclusions

This study used molecular-level analyses to assess the bio-
geochemistry differences of carbon (including SOC and spe-
cific SOM component concentrations, as well as SOM degra-
dation states) in soil fractions with diversified crop rotations.
The results suggested that diversified crop rotations may help
enhance SOC concentration in the long-term, especially for
relatively high crop rotational diversity (CCSW and CCSWkgc),
where increased SOC concentrations in both light and
mineral-associated fractions were observed. Accumulation of
long-lived components (i.e., long-chain aliphatic lipids) in sta-
bilized carbon pools (mineral-associated fractions) suggests
that this practice may increase long-term SOC stability. These
findings support our hypotheses that crop rotational diver-
sity help to promote SOM stabilization in both active and sta-
bilized carbon pools, thus may subsequently enhance soil sta-
bility and improve soil health and crop yields. The benefit of
including alfalfa to build SOC was also confirmed from our re-
sults in which higher SOC concentrations and accumulation
of long-chain aliphatic lipids in soil physical fractions were
observed in crop rotations containing alfalfa. Overall, this
study indicates that long-term diversified crop rotations may

enhance SOM stability via the accumulation of longer-lived
SOM components. Furthermore, our results demonstrate that
soil carbon biogeochemical cycling in agroecosystems is al-
tered uniquely by different crop rotation practices.
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Appendix A

Detailed sequential extraction procedure

Soil fractions (light fraction 0.2 g; Fs3 2000 uym and Fa_s3 um
15 g and Fo,um 3 g) were weighed into 50 mL Teflon
tubes and then sonicated with 30 mL of dichloromethane,
dichloromethane and methanol mixture (1:1 by volume),
and methanol (each for 15 min). Then the combined sol-
vent extracts were filtered through GF/A and GFJF glass fil-
ters (Whatman, Kent, UK) and concentrated by rotary evap-
oration. The concentrated extracts were further dried with
nitrogen (N3) gas in 2 mL glass vials (Otto and Simpson
2005). Air-dried solvent extracted samples were then base
hydrolyzed with 20 mL of methanolic potassium hydroxide
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(KOH, 1 M in methanol) solution in Teflon lined bombs at
100 °C for 3 h. The samples were sonicated twice with a
mixture of 15 mL dichloromethane and methanol (1:1 by
volume). The combined extracts were centrifuged, and the
supernatants were acidified to pH 1 with hydrochloric acid
(HCL, 6 M in deionized water) and rotary evaporated. The
solution was then liquid-liquid extracted three times with
30 mL of diethyl ether. The combined extracts were dried
with anhydrous sodium sulphate (Na,SO,), concentrated by
rotary evaporation, and evaporated to dryness under N, gas
in 2 mL glass vials (Gofii and Hedges 1990b; Otto and Simpson
2006a). The base hydrolyzed samples were then oxidized with
1 g CuO, 100 mg ammonium iron (II) sulphate hexahydrate
[Fe(NHy)2(SO4)2-6H,0] and 15 mL of sodium hydroxide (NaOH,
2 M in deionized water) in Teflon lined bombs at 170 °C for
2.5 h. The extracts were acidified to the pH of 1 with 6 M
HCI and kept at room temperature in the dark for 1 h to pre-
vent the polymerization of cinnamic acids (Hedges and Ertel
1982; Hedges et al. 1988; Otto and Simpson 2006b). Then the
supernatants were solid-phase extracted using HLB SPE car-
tridges (Waters Limited, Mississauga, ON, Canada) and eluted
with 0.5 mL of dichloromethane, methyl acetate and pyri-
dine mixture (70:25:5 by volume, three times) followed by
two x 0.5 mL of methanol (Kaiser and Benner 2012). The ex-
tracts were dried with anhydrous Na,SO4, concentrated by
rotary evaporation, and dried under N, gas in 2 mL glass
vials.

Table A1. The soil fractionation yields and the soil organic carbon (SOC) concentration in fractions with the unit g OC/kg soil.

Light fraction F53-2000 um F2-53um Fooum Recovery (%)

Continuous alfalfa

Fraction yield (%) 0.3 40.7 43.9 12.1 97.0

SOC concentration (g/kg) 1.0 £ 0.0a 8.4+ 0.2a 7.1+ 0.1a 7.9+ 0.1c 93.7
Continuous corn

Fraction yield (%) 0.3 33.1 50.1 13.8 97.3

SOC concentration (g/kg) 0.8 + 0.0b 5.4+ 0.2b 5.2 £0.1b 7.9 £ 0.2c 85.6
Corn-corn-alfalfa-alfalfa

Fraction yield (%) 0.2 30.8 50.5 15.7 97.2

SOC concentration (g/kg) 0.6 £ 0.0e 5.9+ 0.3b 5.5+ 0.1b 8.8 £0.1b 87.4
Corn-corn-soybean-soybean

Fraction yield (%) 0.3 29.6 52.7 15.2 97.8

SOC concentration (g/kg) 0.6 £+ 0.0e 5.1+ 0.2b 4.9 £+ 0.5b,c 7.8 £+ 0.3b,c 94.5
Corn-corn-soybean-winter wheat

Fraction yield (%) 0.2 34.9 47.3 15.3 97.7

SOC concentration (g/kg) 0.7 £ 0.0c 5.1+ 0.3b 4.2 £ 0.0c 8.6 £ 0.1b,c 88.1
Corn—-corn-soybean-winter wheat with red clover

Fraction yield (%) 0.2 28.2 53.2 15.8 97.4

SOC concentration (g/kg) 0.7 £ 0.0d 54 +0.1b 4.7 + 0.2b,c 9.7 £ 0.1a 93.8

Note : SOC concentration of the sample is significantly different from other crop rotation treatments within same soil fraction at P < 0.05; significant differences between
every two treatments are represented by different letters. SOC concentration was determined based on the SOC values measured in the fractions (Table 1) multiply the

mass yield of each fraction.
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Table A2. Solvent extractable compound concentrations (which were normalized to soil organic carbon (OC) concentration of fractions, ug/g OC) from four fractions
within crop rotation treatments (continuous alfalfa (AAAA), continuous corn (CCCC), corn—-corn-alfalfa—alfalfa (CCAA), corn—corn-soybean-soybean (CCSS), corn-
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corn-soybean-winter wheat (CCSW) and corn—-corn-soybean-winter wheat with red clover (CCSWgc¢)) (mean + standard error; n = 2).

AAAA Ccccc CCAA CCsS CCsw CCSWrc
Light fraction
Short-chain n-alkanes (<Cyq) 16.2 4+ 0.9a,b 13.0 &+ 1.2a,b,c 8.8 £ 0.0a,c 9.1 £+ 0.4c 15.7 + 0.6a,b 15.1 + 0.4b
Long-chain n-alkanes (>Cyo) 67.6 + 0.3b 86.9 + 1.0a 51.0 + 2.2¢,d 52.8 + 0.4c 46.5 + 1.4d 42.0 +£0.2d
Total n-alkanes 83.7 £ 1.2b 100.0 & 2.2a 59.8 + 2.1c,d 61.8 + 0.8c 62.2 + 0.8c¢ 57.1+0.2d
Short-chain n-alkanols (<Cy) 50.0 &+ 2.2a 14.7 + 0.4d 25.1 +1.0c 37.3 £ 0.3b 34.7 + 2.1b,c 17.5 £ 0.3e
Long-chain n-alkanols (>Cyo) 278.4 £+ 25.1a,c 150.2 + 3.8b 218.7 £ 13.0a 250.7 £ 11.8a 74.9 + 1.8c 74.9 £+ 2.0c
Total n-alkanols 328.4 £ 27.2a 164.9 + 4.3b 243.8 £ 11.9a 288.0 £ 12.1a 109.6 £ 3.9¢ 92.4 £+ 2.3c
Short-chain n-alkanoic acids (<Cyo) 6187.0 & 29.8a,d 8048.6 + 75.3a 6421.4 + 55.4¢,d 8844.2 4+ 619.3a,b,d 8951.3 4+ 5.4a,b 7173.3 4 178.5b,c
Long-chain n-alkanoic acids (>Cpp) 564.7 £ 61.2a,b 400.9 + 20.2b 435.3 + 23.2a,b 580.5 + 28.3a 406.2 £+ 32.5a,b 460.3 £+ 22.1a,b

Total n-alkanoic acids
Short-chain aliphatic lipids®

6751.7 + 91.0c
6253.1 + 32.8¢

8449.5 + 95.4b
8076.3 = 77.0a

6856.8 + 78.6¢
6455.4 + 56.4b,c

9424.7 + 591.0a,b
8890.5 + 618.6a,b,c

9357.5 &+ 27.1a
9001.7 &+ 3.9a,b

7633.6 & 200.6b,c
7205.9 + 178.5b

Long-chain aliphatic lipids? 910.7 £ 86.6a,b,c 638.1 £+ 25.0b,c 705.0 £ 12.4a,b 884.0 + 40.5a 527.5 £ 35.6C 577.2 £+ 24.3c
Fungal-derived steroids® 9.2 +0.3a,b 8.3+ 0.3b 7.1 £0.0a 6.4 + 0.4b 7.8 £0.2a,b 7.6 £0.2a,b
Plant-derived steroids? 830.2 + 20.5a 700.0 + 3.5b 579.1 + 2.8c¢ 827.0 + 24.3a 691.2 + 2.8b 737.5 £ 12.6a,b
Cyclic lipids® 936.0 + 25.5a,c 737.3 =+ 0.9¢ 689.4 + 9.3d 853.5 + 24.6a,b,c 769.6 + 3.3a,b 809.8 + 15.5a
Fs53-2000 umfraction

Short-chain n-alkanes (<Cyg) 12.2 + 1.6a,b,c 6.0 £ 0.0b 10.9 £ 0.1a 7.8 +2.9a,b,c 1.4+ 0.1c 11.2 £ 0.6a,b
Long-chain n-alkanes (>Cxo) 278.5+9.9a 127.6 £ 0.0b,c 164.3 £ 11.0b,c,d 112.8 £ 0.3d 125.2 £ 0.5¢ 128.3 £ 0.5b
Total n-alkanes 290.7 + 11.5a 133.6 £ 0.1b,d 175.2 + 10.9b,c 120.6 + 2.7¢,d 126.5 + 0.6¢ 139.5 +£ 1.1b
Short-chain n-alkanols (<Cy) 20.8 + 0.5b 22.5 £+ 0.2b,c 37.0 + 2.0a 18.3 & 3.9a,b,c 20.3 £+ 0.0b,c 33.2 + 1.5a
Long-chain n-alkanols (>Cyo) 575.2 £+ 20.8a 272.4 £ 7.1c 326.7 £ 20.5b,c 297.1 £+ 4.4c 287.7 £ 6.1c 338.6 £+ 3.6b
Total n-alkanols 595.9 + 21.3a 294.9 £+ 7.3c 363.7 £ 22.6b,c 315.4 + 0.5¢ 308.1 + 6.0c 371.8 £ 2.1b
Short-chain n-alkanoic acids (<Cyo) 1771.7 + 121.0a,b 1661.3 £ 68.9b 1587.2 &+ 95.0a,b 1358.5 + 0.7b 1614.9 £+ 53.7b 2027.8 +44.0a
Long-chain n-alkanoic acids (>Cyg) 560.8 + 31.2a 537.8 £ 16.2a,b 389.7 + 23.8c 460.4 + 0.6a,b,c 394.6 + 8.1c 604.8 + 26.0a,b
Total n-alkanoic acids 2332.5 + 89.7a,b 2199.1 + 85.1a,b 1976.9 + 118.8b 1818.9 + 0.1b 2009.4 + 61.8b 2632.6 £ 70.0a
Short-chain aliphatic lipids® 1804.7 &+ 123.1a,b,c 1689.7 £+ 69.1b,c 1635.0 &+ 96.9a,c 1384.6 + 7.5b 1636.6 & 53.8b,c 2072.1 + 41.9a
Long-chain aliphatic lipids® 1414.4 £+ 0.5a 937.8 £+ 23.3b,c 880.8 + 55.3a,b,c 870.4 £ 5.2b 807.5 £ 2.5¢ 1071.7 + 29.1a,b
Fungal-derived steroid® 2.1 £0.0b,c 29.2 + 0.5a 1.8 £ 0.1b 25.0 = 0.0a 17.2 £ 4.1a,b,c 29.3+2.1a
Plant-derived steroids? 196.4 + 4.2b 173.5 £ 2.2¢ 166.2 + 4.8c 178.6 + 4.1b,c 220.2 £ 1.8a 194.9 £+ 0.7b
Cyclic lipids® 234.5 + 1.0b 221.4 + 2.4c,e 189.8 +£5.8d 2274 £ 1.0c 290.2 + 5.4a 248.7 + 4.4b
F-53 (mfraction

Short-chain n-alkanes (<Cyg) 2.1 £0.1a,c 7.2 + 0.6a 2.7 £0.3c 1.8 + 0.1a,b,c 7.0 £ 0.5b 0.6 £ 0.0a,c
Long-chain n-alkanes (>Cyg) 61.0 £ 0.7d 101.5 + 10.0b 128.6 + 7.6a,b 91.4 £ 3.3c 106.6 + 2.6a 120.4 + 3.0b
Total n-alkanes 63.1 £ 0.7e 108.6 + 10.6b 131.4 +7.9a,b 93.3 £ 3.2¢ 113.6 + 3.2c,d 121.0 &+ 3.0a
Short-chain n-alkanols (<Cy) 7.2 +0.2¢ 11.5 + 0.1b,c 13.0 = 0.6a 12.7 + 2.1a,b,c 20.0 £+ 0.5¢,d 10.7 = 0.2a
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28 Table A2. (concluded).

=R

aN

i > AAAA CCCC CCAA CCSS CCSW CCSWgc

g i

% N Long-chain n-alkanols (>Cpyo) 338.9 £ 12.2¢ 399.4 + 30.3a 446.6 + 2.4a,b 377.2 £ 20.6a 461.9 + 13.3a 439.4 + 25.1b

‘g%’ Total n-alkanols 346.1 + 12.1c 411.0 £ 30.2a 459.6 £ 3.0a 389.9 + 18.5a,b 481.9 £ 13.8a 450.1 + 24.9b

?S Short-chain n-alkanoic acids (<Cyg) 267.2 £13.2c 435.7 +12.7b 441.8 +12.2b 704.4 + 104.1a,b,c 626.4 £ 19.9a 517.9 £ 54.9a,b

i% Long-chain n-alkanoic acids (>Cpo) 169.0 4+ 8.2a,d 427.5 £ 30.8a,c 280.1 + 22.6b,d 279.8 +£5.2d 337.8 + 27.0b 317.1 &+ 24.6a,c

"

Q >C§' Total n-alkanoic acids 436.2 + 21.4b,c 863.2 + 43.6b,c 721.9 £+ 34.7a,b 984.1 + 98.8a 964.3 + 46.8a,b 834.9 + 79.5¢

2 8‘_ Short-chain aliphatic lipids® 276.5 £ 13.1c 454.4 + 13.2b 457.6 + 12.5b 718.9 + 106.3a,b,c 653.4 + 20.9a 529.2 + 54.8a,b

%3 Long-chain aliphatic lipids® 568.9 + 21.1b 928.4 + 71.2a 855.3 £ 17.4a 748.4 £+ 29.2a 906.3 £+ 42.9a 876.8 £ 52.6a

_g g Fungal-derived steroid® 0.4 £ 0.0b 0.8 £ 0.0c 2.0+ 0.2b 2.6 £ 0.0a 4.5 + 0.5a,b,c 15.0 + 1.4a,c

5 :‘ Plant-derived steroids? 66.1 &+ 2.4b 99.6 + 6.1c 89.9 + 0.3c 108.8 + 0.3b,c 145.6 + 2.4a 143.0 + 3.4b

2 § Cyclic lipids® 77.4 + 2.0a 108.3 £+ 5.9¢,d 101.3 £ 0.3d 124.8 + 1.4c 169.6 + 3.3b 173.7 £ 3.7a

? (QD F<3 ymfraction

S Short-chain n-alkanes (<Cyg) 18.0 £ 1.3a 8.5+ 0.0a,b 7.3 £ 0.1a,c 8.5+ 0.2b 5.9 + 0.6b,c 11.1 + 1.4a,b,c

3N

8 Q Long-chain n-alkanes (>Cyg) 153.7 +£12.3a,b 163.6 + 13.0a,b 192.1 +2.2a 169.9 + 5.0a,b 176.1 + 1.0b 161.4 + 10.8a,b

o

> g Total n-alkanes 171.8 + 13.6a,b 172.1 + 13.0a,b 199.4 + 2.1a 178.3 +5.2a,b 182.0 + 0.4b 172.5 £ 12.2a,b

< § Short-chain n-alkanols (<Cy) 16.2 = 0.0a 13.7 £ 0.1b 7.9 + 0.3c 16.9 & 0.4a 14.8 £+ 0.9a,b 17.3 +£0.9a,b

N Long-chain n-alkanols (>Cyo) 922.7 £+ 44.5a 764.2 £ 32.0c 904.3 £+ 0.3b 724.6 £ 5.1a 837.7 £ 31.0a,c 774.7 £ 23.0a,c

& Total n-alkanols 938.9 + 44.5a 777.9 £ 31.9a,b 912.2 £ 0.1a 741.5 £ 4.7b 852.5 £ 31.9a,b 792.0 £+ 23.9a,b
Short-chain n-alkanoic acids (<Cyg) 252.1 £ 12.1b 267.4 £ 10.6b 244.6 £ 3.1b 220.5 £ 12.1b 238.9 + 21.5a,b 381.3 £+ 1.0a
Long-chain n-alkanoic acids (>Cpo) 179.1 + 15.8d 292.1 + 14.3a,b 206.6 £ 12.0c,d 364.7 £ 10.0a 172.3 + 4.2d 279.1 £ 16.4b,c
Total n-alkanoic acids 431.2 + 27.9d 559.5 + 3.7¢ 451.2 + 15.1d 585.2 + 2.1b 411.2 + 25.8d 660.4 + 15.4a
Short-chain aliphatic lipids® 286.3 + 13.3b 289.5 + 10.7b 259.8 + 3.5b 2459 + 11.5b 259.6 £+ 23.0a,b 409.7 £ 1.3a
Long-chain aliphatic lipidsb 1255.5 + 72.6a 1219.9 + 59.3a 1303.0 &+ 9.5a 1259.2 +9.8a 1186.2 + 34.2a 1215.2 + 50.2a
Fungal-derived steroid® 1.5+ 0.1ae 1.6 +0.0a 0.7 £ 0.0b 2.9 £0.0c 2.5 £ 0.0d 1.3 + 0.0e
Plant-derived steroids? 123.7 £ 4.7a,b,d 139.4 + 2.1a,c,d 114.6 + 3.8b 153.7 + 3.5¢ 138.6 + 1.8¢,d 128.6 + 6.8a,b,c
Cyclic lipids® 151.8 £ 5.7a,b 162.4 + 2.8a,b 139.4 + 5.3a 177.8 + 3.5b,c 177.6 + 1.5¢ 153.5 + 8.3a,b,c

Note : The concentration of a group of solvent extractable organic matter which is significantly different from other crop rotation treatments within the same soil fraction at P < 0.05; significant differences between every
two treatments are represented by different letters.

4Short-chain aliphatic lipids: sum of short-chain (<Cy) n-alkanes, n-alkanols and n-alkanoic acids.

bLong-chain aliphatic lipids: sum of long-chain (>Cyo) n-alkanes, n-alkanols and n-alkanoic acids.

“Fungal-derived steroid: ergosterol (Otto and Simpson 2005).

dPplant-derived steroids: sum of campesterol, stigmasterol, sitosterol and stigmastanol (Otto and Simpson 2005).

€Cyclic lipids: sum of cholesterol, ergosterol, campesterol, stigmasterol, sitosterol and stigmastanol.
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Table A3. Suberin- and cutin-derived compound concentrations (which were normalized to soil organic carbon (OC) concen-
tration of fractions, pg/g OC) and degradation proxy from different fractions within varied treatments (continuous alfalfa
(AAAA), continuous corn (CCCC), corn—corn-alfalfa—-alfalfa (CCAA), corn—corn-soybean-soybean (CCSS), corn—-corn-soybean-—
winter wheat (CCSW) and corn—-corn-soybean-winter wheat with red clover (CCSWpyc)) (mean =+ standard error; n = 2).

AAAA CCCC CCAA CCSS CCSW CCSWgc
Light fraction
s 185.5 + 2.8 1913+ 79 123.2 £ 3.9 255.7 £9.0 217.0 £11.2 183.8 +£5.7
zcP 80.1 +£2.3 46.8 + 1.5 67.6 £ 0.0 88.0 £5.2 65.1 £2.0 35.1+24
2 SvC* 1472.2 = 18.9 522.3 + 32.6 795.2 +10.0 744.6 + 60.6 499.7 £+ 26.3 521.3+ 7.0
=scd 1737.8 +13.8 760.4 + 42.1 986.0 + 6.1 1088.3 = 56.8 781.8 + 39.4 740.2 £+ 3.7
Suberin/cutin ratio® 1.07 £ 0.00 1.25 £ 0.00 1.07 £ 0.01 1.20 £ 0.03 1.27 £ 0.00 1.27 £ 0.02
w-Cy6f 80.1 £ 2.3 46.8 +£ 1.5 67.6 £ 0.0 88.0 £ 5.2 65.1 £2.0 351+24
2Ci68 612.2 £ 3.5 412.3 +10.7 529.5+ 0.9 550.3 +1.9 400.5 + 8.7 355.8 +10.6
®-C16/XC16 0.13 £+ 0.00 0.11 £+ 0.00 0.13 £+ 0.00 0.16 £+ 0.01 0.16 & 0.00 0.10 £+ 0.00
Fs3-2000 ©wm fraction
»se 219.1 £ 23.9 1475+ 24 186.7 = 5.6 147.5 + 13.7 179.5 £ 0.1 163.4 + 2.5
ple 436.2 £+ 33.6 137.2 £ 3.0 214.1 £ 10.1 73.0£2.1 66.5 £ 5.1 72.7 £ 6.9
2SvCt 564.0 + 57.7 458.9 + 6.0 634.2 £ 22.7 247.3 £17.7 291.0 £ 14.7 2734 £ 34
»scd 1219.3 +115.1 743.6 + 0.5 1034.9 £+ 27.1 467.8 £+ 33.5 537.0 £19.9 509.5 + 6.0
Suberin/cutin ratio® 0.78 £ 0.01 1.02 £ 0.00 0.97 £ 0.02 1.23 + 0.02 1.32 £ 0.03 1.26 + 0.02
0-Ci¢ 61.2 £ 0.5 53.1+1.8 35.5+0.7 22.7 £2.1 23.2£0.7 25.7 £ 1.7
¥Ci68 686.8 +41.8 384.1 +£4.6 559.4 + 13.5 223.7 £16.2 257.8 £14.2 250.0 £1.5
@-C16/%C16 0.09 £ 0.00 0.14 £+ 0.00 0.06 £ 0.00 0.10 £+ 0.00 0.09 £ 0.00 0.10 £ 0.01
F>_53  :m fraction
»se 165.5 + 3.7 235.1 £12.9 401.4 £ 20.6 2119+ 11.0 2069+ 1.4 2241 £ 234
ple 308.5 = 11.1 298.1 £10.8 167.0 + 18.8 149.2 + 0.1 219.3 £ 26.6 220.3 £ 16.5
¥ SvCt 448.6 = 14.1 3674 £ 2.2 545.5 + 31.1 276.0 £9.5 339.3+75 316.9 + 3.6
PN 922.5 £+ 28.9 900.5 + 4.3 1113.9 £ 70.5 637.2 £204 765.6 £ 32.7 761.3 + 3.3
Suberin/cutin ratio® 0.81 £+ 0.00 0.91 + 0.03 1.33 £ 0.02 1.15 £ 0.02 0.98 + 0.05 1.01 £ 0.08
-Cr¢ 292 +£1.2 42.2 + 4.7 65.0 £0.1 32.7 £ 0.1 36.3 £ 2.6 36.2+1.0
¥Ci68 498.2 + 13.7 586.9 + 10.1 581.3 + 41.8 368.6 = 9.1 492.4 + 34.4 454.8 £ 21.9
-C16/2Ci6 0.06 + 0.00 0.07 £ 0.01 0.11 £ 0.01 0.09 £+ 0.00 0.07 &+ 0.00 0.08 £+ 0.00
F<3 . m fraction
=S¢ 1737.9 £ 119.9 2693.2 + 64.1 2515.8 +158.8 3564.2 + 31.3 3205.5 + 221.0 3051.3 + 100.3
bl 4693.5 + 468.7 5741.8 + 321.8 7032.5 £+ 654.9 2878.3 + 367.5 5006.0 &= 453.1 4196.3 £+ 370.1
2 SvCt 3216.0 = 115.2 4232.7 £+ 148.3 2525.0 £ 0.8 4383.3 £ 251.3 4534.2 £ 194.3 4132.6 £ 197.6
»scd 9647.3 + 233.7 12667.6 £ 237.6 12073.3 +495.3 10825.8 £+ 650.1 12745.6 + 37.8 11380.2 £ 467.5
Suberin/cutin ratio® 0.63 £+ 0.06 0.69 £+ 0.02 0.53 £ 0.05 1.10 £ 0.05 0.81 &+ 0.07 0.87 £ 0.05
w-Cy6f 439.3 £9.8 5449 + 20.4 503.4 + 31.7 372.4 +10.7 679.0 £+ 63.9 457.0 £ 27.4
2Ci68 6412.6 + 276.4 7972.8 + 144.1 7206.3 £+ 537.8 6466.6 = 520.8 8753.4 &+ 305.1 7597.5 £+ 533.2
-C16/2C16 0.07 £ 0.00 0.07 £ 0.00 0.07 £ 0.00 0.06 £ 0.00 0.08 £ 0.01 0.06 £ 0.00

4% S: sum of suberin-derived compounds (w-hydroxy acids Co—Csz, o, w-diacids Cz—Csz, and 9,10-ep C;5 dioic acid) (Otto and Simpson 2006a).
Y¥C: sum of cutin-derived compounds (mid-chain hydroxy Ci4, C;s, Cy7 acids, C;6 mono- and dihydroxy acids and diacids) (Otto and Simpson 2006a).

€XSvC: sum of suberin- or cutin-derived compounds (w-hydroxy acids Cs6, C1s, C1s di- and trihydroxy acids 9,10-ep-»-OH Cy3 acid, and «,w-diacids Cy6, Cys).
43SC: (£S+ZC+2SvC) (Otto and Simpson 2006a).
€Suberin/cutin ratio: (£S+XSvC)/(£C+XSvC) (Otto and Simpson 2006a).

fw-Cy6: w-hydroxy Cyg acid (Otto and Simpson 2006a).

£%Cy6: sum of w-hydroxy Cy¢ acid, o,w-dioic Cy6 acid and Cq¢ mid-chain-substituted acids.
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Table A4. Lignin-derived phenols (vanillyls (vanillin, acetovanillone and vanillic acid), syringyls (syringaldehyde, acetosy-
ringone and syringic acid) and cinnamyls (p-coumaric acid and ferulic acid)) concentrations (which were normalized to
soil organic carbon (OC) concentration of fractions, pg/g OC) and degradation proxies from different fractions within var-
ied treatments (continuous alfalfa (AAAA), continuous corn (CCCC), corn—corn-alfalfa-alfalfa (CCAA), corn—corn-soybean—
soybean (CCSS), corn-corn-soybean-winter wheat (CCSW) and corn-corn-soybean-winter wheat with red clover (CCSWkgc))

(mean + standard error; n = 2).

AAAA CCcC CCAA CCSS CCSW CCSWgc

Light fraction
zCe 2274.3 +£49.4 5809.2 + 777.7 5127.9 £+ 312.1 4787.4 £ 103.5 5168.9 + 347.5 5401.7 + 583.0
nsb 1729.1 + 160.3 2701.2 + 207.2 2489.0 + 55.5 2965.8 + 23.0 2359.3 + 14.4 2651.0 + 62.5
AV 2557.1 £ 50.7 1539.4 + 84.9 2153.1 +27.8 2847.1 + 81.0 2070.8 + 6.9 2252.8 =944
»Vscd 6560.5 + 260.4 10049.8 + 1069.7 9770.0 + 395.4 10600.3 + 45.4 9599.0 +354.9 10305.6 + 739.9
TS[EV 0.68 £ 0.05 1.75 £ 0.04 1.16 £ 0.01 1.04 £ 0.04 1.14 £ 0.01 1.18 £ 0.02
2C/EV 0.89 £ 0.00 3.76 £ 0.30 2.38 £0.11 1.68 + 0.08 2.50 £0.18 2.39 £ 0.16
(Ad/Al),© 0.94 + 0.09 1.19 + 0.08 1.09 + 0.01 1.17 £+ 0.00 1.18 + 0.05 1.08 £ 0.05
(Ad/Al)sf 1.10 £ 0.09 1.39 £ 0.05 1.22 £ 0.00 1.20 £ 0.05 1.27 £ 0.05 1.13 £ 0.07
Fs3-2000 . m fraction
zce 560.6 + 13.9 1590.9 £ 150.8 926.6 £+ 23.9 928.5 +44.4 1227.9 £+ 25.5 971.4 + 30.7
=sb 321.8 + 3.4 561.7+79 398.7 + 9.6 399.1 +13.8 504.1 £ 9.1 4475+ 4.6
zVe 4234+ 6.4 404.0 £5.3 403.6 £ 9.7 399.1 + 20.1 459.0 £ 9.6 408.9 £ 9.8
»vscd 1305.8 &+ 23.7 2556.5 + 163.9 1728.9 £ 43.2 1726.8 = 78.3 2191.1 £ 6.7 1827.7 £ 45.1
TS[EV 0.76 £ 0.00 1.39 £ 0.00 0.99 £ 0.00 1.00 £ 0.02 1.10 £ 0.00 1.09 £ 0.01
C/ZV 1.32 £ 0.01 3.93 £ 0.32 2.30 £+ 0.00 2.33 £ 0.01 2.68 +£0.11 2.37 £ 0.02
(Ad/Al)© 1.85 £ 0.00 1.78 £ 0.02 1.77 £ 0.08 2.05 £ 0.09 1.77 £ 0.04 1.82 £ 0.01
(Ad/Al)sf 1.80 £ 0.13 1.83 + 0.03 1.86 + 0.07 2.02 £ 0.04 1.83 + 0.07 2.11 £ 0.03
F> 53 . m fraction
zct 486.0 +49.5 1337.6 £+ 89.5 1226.1 £ 73.5 1947.2 +108.3 1340.0 = 10.2 1288.8 £ 16
»sb 426.6 + 20.8 769.2 + 11.6 686.5 + 16.8 11929 £ 5.6 863.2 £ 0.0 8151+ 1.9
A 634.0 + 35.7 838.2 £+ 30.5 868.3 £16.1 1371.2 £ 3.9 11275+ 7.1 1040.9 £+ 18.3
=Vscd 1546.6 + 106.0 2945.0 + 131.6 2780.9 + 106.4 4511.3 £ 98.9 3330.7 £17.3 3144.8 + 3.6
=S/ZV 0.67 £ 0.01 0.92 £ 0.02 0.79 £ 0.00 0.87 £ 0.00 0.77 £ 0.00 0.78 £ 0.01
=C/zV 0.76 £ 0.03 1.59 £ 0.05 1.41 £ 0.06 1.42 £ 0.08 1.19 £ 0.00 1.24 £+ 0.04
(Ad/Al)© 2.09 +0.01 2.31 £ 0.09 2.36 £ 0.10 8.88 + 0.46 2.28 + 0.04 2.24 £0.19
(Ad/Al);f 1.64 £ 0.11 2.17 £ 0.08 2.16 £0.13 8.53 = 0.04 2.20 £ 0.06 2.23 £0.17
F<3  mfraction
zct 476.2 = 25.4 879.8 + 50.3 661.2 £9.1 506.9 + 4.1 612.7 £ 6.4 486.0 £ 3.2
»sb 314.7 £ 13.1 414.6 £ 39.1 405.7 £ 0.7 356.0 9.7 407.1 £ 15.7 283.5 + 3.8
A 335.0+1.1 334.5 £ 23.1 3764 + 0.6 332.0 + 24.0 365.7 + 0.5 277.0 £ 3.9
»vscd 1125.9 £ 374 1628.9 £ 112.5 1443.4 +£9.2 1194.9 + 37.8 1385.5 £ 22.5 1046.5 £+ 10.9
ZS[EV 0.94 + 0.04 1.24 + 0.03 1.08 + 0.00 1.08 £ 0.05 1.11 £ 0.04 1.02 £ 0.00
2C/EV 1.42 £+ 0.08 2.63 £ 0.03 1.76 = 0.03 1.53 £ 0.10 1.68 + 0.02 1.75 £ 0.01
(Ad/Al)¢ 6.05 £ 0.81 5.09 £ 0.53 4.31+0.14 4.18 + 0.36 4.03 +0.10 3.42 £ 0.19
(Ad/Al)gf 3.50 £ 0.10 2.82 £ 0.32 2.22 £0.01 1.97 £ 0.02 2.57 £0.27 2.92 £0.01
23 C: total cinnamyls (p-coumaric acid and ferulic acid) (Otto and Simpson 2006b).
b35S: total syringyls (syringaldehyde, acetosyringone and syringic acid) (Otto and Simpson 2006b).
€¥V: total vanillyls (vanillin, acetovanillone and vanillic acid) (Otto and Simpson 2006b).
d¥VSC: =C + £S + TV (Otto and Simpson 2006b).
€(Ad/Al): ratio of vanillic acid to vanillin (Gofii and Hedges 1990a; Otto and Simpson 2006b).
f(AdJAl)s: ratio of syringic acid to syringaldehyde (Gofii and Hedges 1990a; Otto and Simpson 2006b).
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Fig. A1. Solid-state >C NMR spectra of fractionated (light fraction, Fs3_2000 ums F2-s3 um and Fo, um) soil samples (including con-
tinuous alfalfa (AAAA), continuous corn (CCCC), corn—-corn-alfalfa-alfalfa (CCAA), corn—corn-soybean-soybean (CCSS), corn-
corn-soybean-winter wheat (CCSW) and corn-corn-soybean-winter wheat with red clover (CCSWgc)) with four main regions:
(a) alkyl carbon (0-50 ppm), (b) O-alkyl carbon (50-110 ppm), (c) aromatic and phenolic carbon (110-165 ppm) and (d) carboxyl
and carbonyl carbon (165-220 ppm) (Baldock et al. 1992; Preston et al. 1997; Simpson et al. 2008).
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Fig. A2. Linear relations of targeted compound concentrations (ug/g OC of whole soil or fraction) between whole soil and
fraction samples and the linear relation between relative soil organic matter (SOM) degradation and carbon to nitrogen (C:N)
ratio of light fraction.
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